
1.  Introduction
The Arctic near-surface atmosphere has warmed at more than twice the rate of the global average over recent 
decades, while summer sea ice coverage has reduced by around 50% (Walsh, 2014). The positive ice-albedo feed-
back along with several other feedback mechanisms have contributed to these rapid changes (Goosse et al., 2018; 
Serreze & Barry, 2014). Because the Arctic climate is generally dry, where column-integrated water vapor on 
seasonal time scales is less than ∼20 mm even in the wettest summer (Rinke et al., 2019; Serreze & Barry, 2014; 
Serreze et al., 1995), winter snow accumulation is generally limited to ∼20–30 cm in the Eurasian and the Pacific 
Seas (Petty et al., 2018; Shalina & Sandven, 2018; Webster et al., 2019). As sunlight returns to the Arctic Ocean 
in spring, dry snow turns to wet snow/ponded ice and bare ice is exposed when the snow completely melts and 
drains (Ehn et al., 2006; Grenfell & Maykut, 1977; Perovich et al., 2002).

Abstract  In the Arctic, short-lived summer snowstorms can provide snow cover that can increase surface 
reflectivity and heat capacity. Despite their potential importance, little research has been done to understand 
the impact of summer snowstorms on basin-scale Arctic sea ice cover. Our observational analysis shows that 
a summer snowstorm event is accompanied by cyclonic ice drift, increases in surface albedo and surface air 
cooling that can persist for up to ∼2 weeks, dampening sea ice loss. Specifically, multiple snowstorm events 
in a summer, on average, results in net increase in sea ice extent of ∼0.2 × 10 6 km 2 by early September. 
Experiments with a sophisticated ice-ocean model framework indicate that the initial expansion of sea ice 
extent is driven by cyclonic wind-driven ice drifts driving sea ice southwards and increasing albedo around the 
summer ice edge, however the thermal effects from the associated snowfall and atmospheric conditions result 
in a stronger overall impact on basin-averaged sea ice extent at seasonal scales. Additional model experiments 
were carried out to isolate the physical processes contributing to the thermal response of Arctic sea ice to 
summer snowstorms. Our results show the impact of surface air cooling on sea ice extent is about 3.5 times 
larger than the snowfall/albedo response. However, our simulated albedo response is weaker than the observed 
response, likely due to the negligible difference in surface albedo between old snow and freshly fallen snow—a 
limiting factor in our analysis and a topic worthy of future focus.

Plain Language Summary  In this study we seek to better understand the impact on summer Arctic 
sea ice cover from short-lived summer snowstorms. We use satellite-derived observational data to show that 
summer snowstorms in the Arctic are accompanied by surface air cooling, increases in sea ice cover, and 
increases in averaged Arctic Ocean surface reflectivity (sea ice is more reflective than the ocean). Using a 
sophisticated sea ice-ocean model and targeted sensitivity studies, we quantify the impact of summer Arctic 
snowstorms on sea ice, showing that multiple summer snowstorms can substantially increase the end of summer 
Arctic sea ice extent. Additional model experiments suggest that surface air cooling associated with a given 
summer snowstorm plays a bigger role in reducing sea ice loss compared to the direct impact of snowfall and 
increases in reflectance. Snowstorms are also associated with anti-clockwise winds and ice drifts that push 
Arctic sea ice southwards, increasing sea ice cover and surface reflectance around the ice edge but decreasing 
sea ice cover and reflectance within the Central Arctic. Our findings suggest that the continued warming of the 
Arctic and decreases in summer snowfall could play an important role in accelerating Arctic sea ice decline in 
future decades.
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Snow over sea ice is an excellent thermal insulator that prevents ice melting from sunlight until snow is melted 
away. Moreover, because the albedo of melting snow (0.8–0.5) and ponded ice (0.1–0.6) is much lower than 
that of cold, snow covered sea ice (>0.8) (Grenfell & Maykut, 1977; Perovich & Polashenski, 2012; Perovich 
et  al.,  2002), snow can substantially reduce the absorption of sunlight by sea ice until late spring and early 
summer. The timing of spring snow melt and/or the coverage of melt ponds over sea ice is thus thought to be a 
contributing factor to seasonal Arctic sea ice loss (Petty et al., 2017; Schröder et al., 2014; Webster et al., 2018).

While the seasonal snow cover is expected to largely melt out each year (Hezel et al., 2012; Warren et al., 1999), 
leaving behind either melt ponds or bare ice, summer snowstorms can provide ephemeral snow cover which can 
delay melt onset. In the Arctic, storms are most prevalent in summer (Screen et al., 2011; Serreze & Barrett, 2008; 
Simmonds et al., 2008) and multiple reanalysis data consistently indicate that there are more snowfall than rain-
fall over the central Arctic Ocean in summer (Figure S1 in Supporting Information S1). A recent case study found 
that a summer Arctic snowstorm event in early June in the Chukchi Sea delayed melt onset by ∼11 days (Perovich 
et al., 2017). The results of Perovich et al. (2017) showed that a single summer snowstorm can provide a strong 
influence on large-scale surface albedo, surface turbulent heat flux and sea ice conditions, but research into these 
effects is still lacking.

Using atmospheric and sea ice data from observations and reanalyzes, we show that summer snowstorm events 
are accompanied by increasing sea ice albedo, persistent surface air cooling, increased surface turbulent heat 
fluxes and positive sea ice extent anomalies. Using an ocean-sea ice model, we aim to disentangle the dynamics 
and thermodynamic effects on sea ice during the summer snowstorms.

2.  Materials and Methods
2.1.  Observations and Reanalysis Data

2.1.1.  Observations

All the observation and reanalysis data used in this study are summarized in Table 1. To identify the response of 
Arctic sea ice cover, we use satellite-observed daily sea ice concentration (SIC) data at a nominal 25 by 25 km 
polar stereographic grid resolution (Meier et al., 2017) and a daily aggregated Arctic sea ice extent index (Fetterer 
et  al.,  2017) provided by the National Snow and Ice Data Center (NSIDC). NSIDC provides SIC using data 
collected through Scanning Multichannel Microwave Radiometer, the Special Sensor Microwave Imager, and 
Special Sensor Microwave Imager/Sounder. SIC data are produced by the Climate Data Recording algorithm, a 
combination of two algorithms that characterize the spectral behavior of ice or open water NASA Team (Cavalieri 
et al., 1984) and Bootstrap (Comiso, 1986).

To assess surface air temperature (Tsfc) over Arctic sea ice, we use data obtained from the Atmospheric Infrared 
Sounder on NASA's Aqua satellite (AIRS; Aumann et al., 2003) spanning 2003–2019. AIRS is a 2,378 spectral 
channel infrared spectrometer/radiometer measuring a 3.7–15.4 μm spectral range and has a ∼13.5 km horizontal 
resolution at nadir.

To identify the observed response of downward radiations and albedo accompanying snowstorms, we use 
the Clouds and the Earth's Radiant Energy System (CERES) Synoptic 1° × 1° (SYN1deg) product (Doelling 
et  al.,  2013) from 2000 to 2019. The surface fluxes in SYN1deg are computed from geostationary satellite 
(GEO) retrievals (e.g., cloud optical depth and height) of the Goddard Earth Observing System Data Assimila-
tion System (GEOS) version 5.4.1 (Suarez et al., 2008). Cloud and aerosol properties are derived from Moder-
ate Resolution Imaging Spectroradiometer and geostationary satellites. The cloud liquid water of SYN1deg has 
been extensively verified through satellite data such as the Advanced Microwave Scanning Radiometer-Earth 
Observing System sensor on NASA's Aqua satellite (Minnis et al., 2011) and ground-based measurements such 
as Atmospheric Radiation Measurement (Dong et al., 2008). The Arctic summer surface radiative flux biases of 
CERES are generally within ∼15 W m −2 (Huang et al., 2022). The albedo of CERES SYN1deg over sea ice tends 
to be slightly underestimated. Comparisons with in situ observations from the Tara drifting (Riihelä et al., 2017) 
and the Multidisciplinary drifting Observatory for the Study of Arctic Climate (Huang et al., 2022) indicate that 
CERES SYN1deg underestimates summer upwelling shortwave radiation over sea ice by around 5%. However, 
the temporal variability of CERES albedo matches well with in situ observations (Riihelä et al., 2017).
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To identify sea ice drift anomalies, we use satellite-observed sea ice motion data from the Polar Pathfinder 
Version 4 Daily Sea Ice Motion Vectors product (M. A. Tschudi et al., 2019), which provides daily data span-
ning October 1978 to December 2020. Satellite-derived sea ice drift data can include significant uncertainties at 
synoptic time-scales, especially in the summer when surface melt affects the passive microwave identification of 
ice parcels (Sumata et al., 2014; M. Tschudi et al., 2020). The uncertainty range of the satellite-observed sea ice 
drift speed is 1.0–1.8 cm s −1 in Arctic summer (Sumata et al., 2015).

2.1.2.  Reanalysis Data

Because there is no observed snowfall data that can cover the basin-scale Arctic Ocean in summer, we instead 
assess snowfall estimates from multiple reanalyzes. To identify atmospheric circulations during snowstorm events, 
we also investigate sea level pressure (SLP) and 10 m winds from the reanalyzes. To identify the thermal effects 
during snowstorm events, we examine 2 m air temperature (T2m), downward shortwave and longwave radiations, 
upward shortwave radiation, surface latent heat flux (LHF), and surface sensible heat flux (SHF). Among these 
variables, T2m, downward shortwave and longwave radiations are also used to force our sea ice-ocean model. In 
this study, we use three reanalysis products: the Japanese 55-year Reanalysis (JRA55; Kobayashi et al., 2015), 
the European Center for Medium-Range Weather Forecasts version 5 (ERA5; Hersbach et al., 2020), and the 
modern-era retrospective analysis for research and applications version 2 (MERRA2; Gelaro et al., 2017).

2.2.  Methods

2.2.1.  Definition of Snowstorms

In this study, we define a snowstorm event when the daily snowfall averaged over the Eurasian-Pacific sector of 
the Arctic (80–240°E; 69–90°N) exceeds 0.75 standard deviations for 3 or more consecutive days. Here, “stand-
ard deviation” is the daily standard deviation calculated from 40 summers (June-July-August), which is a total 
of 3,680 days from 1980 to 2019. We focus on snowstorms over the Eurasian-Pacific sector of the Arctic that 
can have a strong influence on the basin-scale summer Arctic sea ice cover compared to North Atlantic storm 
activity (Serreze & Barrett, 2008; Simmonds et al., 2008). Our snowstorm definition was guided by the study of 
Perovich et al. (2017) that assessed the impact of a relatively heavy snowstorm with observed snowfall of around 
∼5 cm day −1 for 4 consecutive days in early June 2014. The climatological mean lifetimes of summer Arctic 
storms are about 3–7 days (Sepp & Jaagus, 2010; X. Zhang et al., 2004).

The number of summer snowstorm events detected from 1980 to 2019 from JRA55, ERA5, and MERRA2 are 
95, 96, and 96, respectively. Lag day 0 is defined as the peak snowfall day averaged over the Eurasian-Pacific 
sector. The lagged composites of the areal-averaged snowfall show that snowfall sharply increases from lag day 
−2 and sharply decreases after peaking at lag day 0 (Figure S2 in Supporting Information S1). While the majority 
of our snowstorms are relatively short in duration, generally less than 5 days, several snowstorms show signifi-
cantly longer durations. Summer snowstorms persisting for 5 days or more make up ∼36% and ∼30% of the total 
number of summer snowstorm events in JRA55 and MERRA2, respectively. The composite maps of accumulated 
snowfall during the snowstorm events show that the snowfall accumulates over wide areas of the Arctic, more 
than 5 mm day −1 in snow water equivalent (s.w.e.) over the Central Arctic Ocean (Figure S2 in Supporting Infor-
mation S1). Here, the accumulated snowfall implies the integration of daily snowfall from lag day −7 to day +7.

Product Time span Variables Product type

CERES 2000–2019 𝐴𝐴 SW
↓ , 𝐴𝐴 𝐴𝐴𝐴𝐴

↑ , 𝐴𝐴 𝐴𝐴𝐴𝐴
↓ Observation

AIRS 2003–2019 T2m Observation

NSIDC 1980–2019 SIC, sea ice drift Observation

JRA55 1980–2019 Snowfall, rainfall, T2m, 𝐴𝐴 SW
↓ , 𝐴𝐴 SW

↑ , SHF, LHF, SLP, 10 m-winds Reanalysis

MERRA2 1980–2019 Snowfall, rainfall, T2m, 𝐴𝐴 SW
↓ , 𝐴𝐴 SW

↑ , SHF, LHF Reanalysis

ERA5 1980–2019 Snowfall, rainfall, T2m, 𝐴𝐴 SW
↓ , 𝐴𝐴 SW

↑ , SHF, LHF Reanalysis

CICE5 (model simulation results) 1980–2019 SIC, sea ice drift, snow depth, ice thickness, Tsfc, 𝐴𝐴 SW
↓ , 𝐴𝐴 SW

↑ Model

Table 1 
Time Periods and Variables of Each Observation and Reanalysis Data
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2.2.2.  Composite Analysis

While the majority of satellite observations and reanalysis products start from year 1979/1980, several satellite 
observations are available only after 2000. Daily surface radiation data from CERES are available since 2000, 
whereas surface air temperature data of AIRS are available since 2003. For surface radiations and albedo, the 
analysis period is from 2000 to 2019 both for CERES and reanalysis data. In this time period, we detect 47 
snowstorm events in JRA55. Likewise, the analysis period for surface air temperature is from 2003 to 2019, 
which includes 36 snowstorm events. In this study, we removed the long-term trends of all the variables prior to 
generating our spatial composites. We tested statistical significance using Student's two-tailed t test at the 95% 
significance level.

2.3.  Idealized Ice-Ocean Model Experiment

We utilized an ice-ocean coupled model within the Community Earth System Model version 2 framework 
(Danabasoglu et al., 2020) to quantify the effects of surface wind and snowfall anomalies on sea ice cover during 
snowstorm events. The ocean and sea-ice components are the second version of the second version of the Parallel 
Ocean Program (POP; Smith et al., 2010) and the Community Ice Code version 5 (CICE5) sea ice model version 
5.1.2 (Hunke et al., 2015). POP2 has a dipolar displaced pole grid centered at Greenland with 1° nominal reso-
lution (gx1v7) and monotonically increasing 60 vertical levels from 10 to 250 m. CICE5.1.2 use a mushy-layer 
thermodynamics (Feltham et al., 2006; Turner & Hunke, 2015), which reflect a prognostic vertical salinity profile 
within the ice, and improved melt pond parametrization (Hunke et al., 2013). The CICE5.1.2 has the same reso-
lution as POP2.

The ocean-ice coupled model simulation is forced using JRA55-do atmospheric data (Tsujino et al., 2018), which 
is based on JRA55. The JRA55-do is improved over the Coordinated Ocean-ice Reference Experiment-interannual 
forcing (Griffies et al., 2009) with spatial and temporal resolution and greater self-consistency between forced 
fields. JRA55-do has been proposed as the new standard global ocean-ice model forcing for hindcast simulations 
including the Ocean Model Intercomparison Project (Griffies et al., 2016). JRA55-do includes 3-hourly atmos-
pheric variables (surface temperature, humidity, winds, and SLP), radiative fluxes (downward longwave and 
shortwave), precipitation and daily run off variables from 1958 to the present. CICE5 calculates snowfall  and 
rainfall rates explicitly based on total precipitation and surface air temperature forcings. CICE5–simulated snow-
fall using the JRA55-do forcing is ∼35% lower than that of JRA55 throughout the season. A recent study indi-
cates that the ERA5 snowfall, around ∼0.3 mm day −1, shows the best correspondence with satellite observations 
(from CloudSat) in the summer (Cabaj et al., 2020). As the JRA55 summer snowfall rate is similar to ERA5 
(∼0.3 mm day −1), CICE5 with JRA55-do forcing is likely to simulate smaller amount of snowfall than the satel-
lite observations. If JRA55-do snowfall data are used, summer Arctic snowfall climatology and variations are 
about ∼35% and ∼20% smaller than those of JRA55.

To test the sensitivity of our model simulation results, the ocean-ice coupled model simulation is forced using 
atmospheric forcings (snowfall, surface air temperature, and specific humidity) from another reanalysis, 
MERRA2. The summer snowfall of MERRA2 is about 40% higher than JRA55 (Figure 1) and the anomalous 
snowfall of MERRA2 during snowstorm events are ∼15% higher than JRA55 (Figure S2 in Supporting Infor-
mation S1). In this study, we replaced the snowfall of JRA55-do data set with MERRA2 snowfall to identify the 
impact of different snowfall forcing on sea ice during snowstorm events.

2.3.1.  Historical Simulation (Hist)

We integrated our CICE5-POP2 framework with JRA55-do surface forcings (but snowfall nudged to JRA55) 
for 62 years from 1958 to 2019. The first 22 years (from 1958 to 1979) is used as a spin-up simulation and the 
remaining 40 years (from 1980 to 2019) as a historical simulation. For MERRA2 surface forcings, the initial 
conditions of 1980 simulated by JRA55-do surface forcings were used for the initial conditions.

Figure S3 in Supporting Information S1 shows that the majority of Arctic sea ice is covered by snow in June: 
CICE5 with JRA55 snowfall and CICE5 with MERRA2 snowfall consistently simulate snow depth larger than 
15 cm over the Central Arctic Ocean and larger than 3 cm over the marginal ice zone. The interannual variations 
of June snow depth over sea ice, averaged over the entire Arctic, show a clear declining trend. In July, CICE with 
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JRA55 and MERRA2 surface forcing simulations show that snow, generally less than 5 cm, still exists over the 
Central Arctic Ocean (Figure S3 in Supporting Information S1).

2.3.2.  Quantifying the Wind (Mechanical) Effect on Sub-Seasonal Time Scales (Figure 6)

To identify how the cyclonic wind-driven ice drifts during the summer snowstorm events impact the sea ice 
cover, we produce a control run from 1980 to 2019 using JRA55-do atmospheric forcing (Tsujino et al., 2018) 
then test the sensitivity to the associated wind anomalies, by prescribing climatological-mean 10 m wind and 
SLP anomalies during snowstorm events from around lag day −7 to day +7. The wind-driven mechanical effect 

Figure 1.  Interannual variations of Arctic summer snowstorms and snowfall. (Left panels (a, c, and e)) The year-to-year variations of summer (June-July-August) 
snowstorm frequency (red lines) and accumulated snowfall (black lines) in SWE averaged over the Eurasian-Pacific sector of the Arctic (black line in panel (b)) for (a) 
JRA55, (c) ERA5, and (e) MERRA2. Composite map of accumulated snowfall anomalies (in SWE) during the summer snowstorm events (from (Right panels (b, d, and 
f)) lag day −7 to day +7) for (b) JRA55, (d) ERA5, and (f) MERRA2. In right panel figures, statistically significant values (p < 0.05) are stippled.
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on sea ice can be estimated by the difference between the control simulation and the climatological-mean 10 m 
wind simulation.

2.3.3.  Quantifying the Thermal and Mechanical Effects of Multiple Snowstorms (Figure 7)

To identify the thermal and mechanical impacts of multiple summer snowstorm events on seasonal sea ice cover, 
we configured another idealized simulation. From lag day −7 to day +14 of each snowstorm event, snowfall, 
surface air temperature, and surface specific humidity were replaced by climatological means, referred to as a 
“no snowstorm scenario run.” The delayed post-storm date, day +14, is because preliminary testing showed that 
the surface air cooling signal can persist much longer than a week, as shown in Figure 4e. The thermal effect of 
summer snowstorm event on sea ice cover can be estimated by the difference between the historical run and this 
“no snowstorm scenario run.” Similarly, the mechanical effect is identified by imposing climatological-mean 
10 m winds from lay day −7 to around day +7 for each snowstorm event in CICE5. As shown in Figure 2, the low 
SLP anomaly during snowstorm events starts to manifest ∼1 week before the peak snowfall day, but substantially 
weakens ∼1 week after. The wind-driven mechanical effect on sea ice can be estimated by the difference between 
the historical run and the climatological-mean 10 m wind simulation.

These thermal and mechanical effects on seasonal sea ice cover are identified for each summer, from 1980 to 
2019. The preceding snowstorm can affect the SIC of the subsequent snowstorms in a summer. However, the 
previous year's summer snowstorms cannot affect the SIC of the given simulation year.

2.3.4.  Separating the Effects of Snowfall and Surface Air Cooling on Sea Ice (Figure 8)

The thermal impact can be further decomposed into the “snowfall effect” and “surface air effect.” While summer 
Arctic snowstorm events are also accompanied by changes in rainfall and downward radiation, these anomalies 
are relatively small (see Table 3). The “snowfall effect” includes the impact on changes in albedo and also changes 
in surface heat capacity. The “surface air effect” includes the impact from changes in near-surface air temperature 
and humidity and their impact on turbulent heat fluxes and surface temperature. The “snowfall effect” can be 
identified by imposing climatological-mean snowfall from lag day −7 to day +14 during the snowstorm event(s), 
while other variables are given as the same historical forcings. Likewise, the “surface air effect” can be identified 
by imposing climatological-mean 2 m air temperature and specific humidity during the snowstorm event(s), 
while other variables are given as the same historical forcings. All of our model experiments are summarized in 
Table 2.

3.  Sea Ice Response to Summer Snowstorms
3.1.  Summer Snowstorm Events

Figures 1a, 1c, and 1e (Left panel of Figure 1) show the interannual variability of accumulated snowfall (black 
lines) and the number of snowstorms (red lines) in summer (June-July-August), averaged over the Eurasian-Pacific 
sector of the Arctic (80–240°E; 69–90°N, black line of Figure 1b) for JRA55, ERA5, and MERRA2 reanalyzes. 
Sea ice in the Atlantic sector of the Arctic retreats early in spring and exerts less influence on summer sea ice 
extent and is thus excluded from this analysis. Consistent with previous studies (Barrett et al., 2020; Boisvert 
et al., 2018), the three reanalyzes show similar interannual variability in summer snowfall: the detrended correla-
tion coefficient between JRA55 and ERA5 is 0.94 and between JRA55 and MERRA2 is 0.79.

Arctic summer (June-July-August) snowfall generally exhibits decreasing trends in recent decades (black lines in 
Figures 1a, 1c, and 1e), consistent with previous studies that suggest lower tropospheric warming has increased 
the fraction of precipitation falling as rain instead of snow (Bintanja & Andry, 2017; Screen & Simmonds, 2012). 
The declining trend in summer snowfall is statistically significant (p < 0.05) in JRA55 and MERRA2 but is not 
statistically significant in ERA5. Consistent with previous studies (Barrett et al., 2020; Boisvert et al., 2018; Cabaj 
et al., 2020), Arctic summer snowfall in MERRA2 is generally higher than other reanalysis products. Likewise, 
the numbers of snowstorm events in these three reanalyzes show similar interannual variations and long-term 
trends (red lines in Figures 1a, 1c, and 1e). Over the 40 years from 1980 to 2019, we identify a total of 95, 96, and 
96 snowstorm events in JRA55, ERA5, and MERRA2, respectively. JRA55 and ERA5 indicate that there was no 
snowstorm event in 2007 summer (only one snowstorm event in MERRA2), during which observed downward 
shortwave radiation at the surface was exceptionally high due to reduced cloud cover (Kay et al., 2008).
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The composite map of accumulated snowfall anomalies during the snowstorm events, specifically from lag day 
−7 to day +7 shows basin-scale increase in snowfall including the Laptev, East Siberian, Chukchi, and Beaufort 
Seas as well as the inner Arctic Ocean (Figures 1b, 1d, and 1f). The total accumulated snowfall during these 

Figure 2.  Observed sea ice drift and extent anomalies. The lag composite maps of anomalous (a–d) sea level pressure (hPa) with 10-m winds (m/s), (e–h) sea ice 
drifts (cm/s; vector), and (i–l) sea ice concentration (%) during summer (June-July-August) snowstorm events (97 cases) from 1980 to 2019, specifically for (a, e, and 
i) lag day −6, (b, f, and j) lag day 0, (c, g, and k) lag day +6, and (d, h, and l) lag day +12. (m) The composite Arctic sea ice extent anomaly (10 6 km 2) during and after 
summer snowstorm events. In (i–l), statistically significant values (p < 0.05) are stippled. Gray shadings in panel (m) indicate 95% intervals of the composite Arctic sea 
ice extent anomalies.
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snowstorm events are 104, 100, and 151 cm of snow water equivalent for JRA55, ERA5, and MERRA2, respec-
tively, accounting for ∼56%, 54%, and 51% of the total summer snowfall, respectively.

3.2.  Observed Response of Sea Ice to Summer Snowstorms

As discussed in Webster et al. (2019), snowstorms are associated with the development of synoptic-scale low pres-
sure cyclones. The composite maps of summer SLP anomalies show that a low pressure system starts to develop 
around a week before the peak snowfall day (Figure 2a). During the snowfall peak, SLP anomalies in the center 
of the cyclones are about 6–7 hPa lower than average (Figure 2b). These low-pressure anomalies rapidly weaken 
∼1 week after the peak (Figure 2c). Satellite-derived sea ice drift vectors (M. A. Tschudi et al., 2019) show that 
the development of low pressure is accompanied by a cyclonic ice drift circulation pattern, which can persist for 
1–2 weeks (Figures 2e–2h). During the snowstorm peak, at lag day 0, strong south-westerlies (north-eastward 
wind stress) over the Chukchi–Beaufort Seas (Figure 2b) are accompanied by anomalously strong eastward ice 
drifts (Figure 2f) because the ice velocity is angled to the right of the wind velocity by around 20–40° in Arctic 
summer (Park & Stewart, 2016). The cyclonic ice drifts weaken the transpolar transport of ice from the Chukchi 
Sea to the Fram Strait (Figure 2f), which has previously been highlighted as a possible contributor to positive 
summer ice extent anomalies (Schreiber & Serreze, 2020; Screen et al., 2011).

Our lagged composite map shows that SIC gradually increases by more than 5% over wide areas of the Arctic 
including the Kara, Laptev, East Siberian, Chukchi, and Beaufort Seas (Figures 2i–2l) after the snowstorm peak. 
Arctic sea ice extent continuously increases even 30 days after the snowstorm peak (Figure 2m), although internal 
variability is superimposed on this trend (gray shadings in Figure 2m). From lag −8 day to +30 day, sea ice extent 
increases by about 0.1 × 10 6 km 2, which is ∼0.34 standard deviations of the (detrended) interannual variability 
in summer Arctic sea ice extent. The reanalyzes suggest between 2 and 3 snowstorms occur on average each 
summer. The impacts of multiple snowstorms on seasonal Arctic sea ice cover are investigated using the ocean-
sea ice model in Section 4.2.

3.3.  Observed Response of Surface Heat Fluxes Over Sea Ice

As shown in a recent observational study (Perovich et al., 2017), summer snowstorms can be accompanied by 
changes in surface albedo and turbulent heat fluxes, which can affect sea ice cover on seasonal time scales. Net 
surface heat flux over snow can be written as:

𝑄𝑄net = −SW
↓
(1 − 𝜶𝜶) +

(

LW↑ − LW
↓
)

+
(

SHF
↑
+ LHF↑

)

+ 𝐶𝐶 + 𝑅𝑅𝑅� (1)

where 𝐴𝐴 SW
↓ is downward shortwave radiation and 𝐴𝐴 𝜶𝜶 is surface albedo. 𝐴𝐴 LW

↓ and 𝐴𝐴 LW
↑ imply downward and upward 

surface longwave radiations, respectively (e.g., Dou et al., 2019; Parkinson & Washington, 1979; Wu et al., 1999). 
𝐴𝐴 SHF

↑ and 𝐴𝐴 LHF
↑ denote surface sensible and LHFs, respectively. Downward surface heat flux implies negative 𝐴𝐴 𝐴𝐴net 

and upward surface heat flux implies positive 𝐴𝐴 𝐴𝐴net . In Arctic summer, 𝐴𝐴 𝐴𝐴net is generally negative because of strong 

Experiment

Forcings

10 m-winds Snowfall Surface air temperature (T) Surface air humidity (Q)

Hist Hist a Hist Hist Hist

Clim_Wind Clim−7 + 7 b Hist Hist Hist

Clim_Snow + T + Q Hist Clim−7 + 14 c Clim−7 + 14 Clim−7 + 14

Clim_Snow Hist Clim−7 + 14 Hist Hist

Clim_T + Q Hist Hist Clim−7 + 14 Clim−7 + 14

 aHist is historical forcing.  bClim−7 + 7 is climatological forcing from lag day −7 to 7.  cClim−7 + 14 is climatological 
forcing from lag day −7 to 14.
Note. Mechanical effect: Hist—Clim_Wind, Thermal effect: Hist—Clim_Snow  +  T  +  Q, Snowfall effect: Hist—Clim_
Snow, Surface air cooling/drying effect: Hist—Clim_T + Q.

Table 2 
Summary of Model Experiments
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sunlight (𝐴𝐴 SW
↓ ). 𝐴𝐴 𝐴𝐴 is the conductive heat flux from the top of ice to snow surface, and 𝐴𝐴 𝐴𝐴 is the heat input by rain. 

We cannot calculate C (conductive heat flux) directly from observations. We can also express Equation 1 as the 
contributions to changes in the surface heat flux: 

∆�net = −(1 − �)∆SW↓ + SW↓∆� + ∆
(

LW↑ − LW↓
)

+ ∆
(

SHF↑ + LHF↑
)

+ ∆� + ∆�� (2)

3.3.1.  Surface Albedo

How does surface albedo change (𝐴𝐴 ∆𝜶𝜶 ) during/after snowstorm events? JRA55, ERA5, and MERRA2 show consist-
ent increase in surface albedo (Figures 3b–3d), although show little change in albedo within the Central Arctic 
Ocean where perennial sea ice is dominant and where the wind-driven SIC response is small (Figures 2i–2l). 
Satellite-derived estimates of surface albedo from CERES (Doelling et al., 2013) shows albedo-induced increases 
in upward shortwave radiation (−SW↓∆� ) of up to ∼8 W m −2 over wide regions of the Arctic Ocean including 
the Central Arctic (Figure 3a). The albedo anomalies averaged over the Eurasian-Pacific sector of the Arctic 
indicate that the albedo responses in the reanalyzes are weaker than CERES (Figures 3e and 3f): the albedo 
anomaly increases by up to ∼2% of the climatological albedo in CERES, whereas it is generally around 1%–1.5% 
in JRA55, ERA5, and MERRA2. The CERES data alludes to the direct importance of summer snowfall, and not 
associated sea ice drift/concentration-driven changes, on albedo increases within the consolidated Central Arctic 
Ocean, where sea ice cover persists until late summer.

Figure 3.  Observed upward shortwave radiation and surface albedo anomalies. (Left panels (a–d)) Composite maps of anomalous upward shortwave radiation driven 
by albedo changes (W m −2) during/after summer snowstorm events, averaged from lag day −7 to day +14 for (a) Clouds and the Earth's Radiant Energy System 
(CERES), (b) JRA55, (c) ERA5, and (d) MERRA2. (Right panel) The lagged composites of (e) anomalous upward shortwave radiation driven by albedo changes 
(W m −2) and (f) albedo anomaly (%) averaged over the Eurasian-Pacific sector of the Arctic for CERES (black), JRA55 (orange), ERA5 (red), and MERRA2 (blue) 
during/after snowstorm events. In (a–d), statistically significant values (p < 0.05) are stippled.
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The notable difference in surface albedo response between the observation and reanalysis data is probably due 
to the simplistic representation of sea ice albedo in reanalysis products. In JRA55, sea ice surface albedo is 
calculated as a function of solar zenith angle, skin temperature, and SIC (Kobayashi et al., 2015). In ERA5 and 
MERRA2, climatological mean, seasonally varying sea ice albedo is prescribed as a function of SIC. In ERA5, 
the surface albedo climatology is estimated from surface types (dry snow, melting snow, bare ice, meltwater 

Figure 4.  Observed surface air temperature anomalies. (a–d) Composite maps of surface air temperatures (K) during/after 
summer snowstorm events, averaged from lag day −7 to day +14 for (a) Atmospheric Infrared Sounder on NASA's Aqua 
satellite (AIRS), (b) JRA55, (c) ERA5, and (d) MERRA2. (e) The lagged composites of surface air temperature (K) averaged 
over the Eurasian-Pacific sector of the Arctic for AIRS (black), JRA55 (orange), ERA5 (red), and MERRA2 (blue) during/
after snowstorm events. In (a–d), statistically significant values (p < 0.05) are stippled.
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pond, open water) (Ebert & Curry, 1993), whereas the surface albedo climatology of MERRA2 was estimated 
from the flux tower measurements collected during the Surface Heat Budget of the Arctic Ocean experiment 
(Duynkerke & de Roode, 2001; Koster et al., 2015). Although the magnitudes of the albedo response are different 
between CERES and these reanalyzes, they exhibit similar temporal variations. Because the cyclonic wind-driven 
ice drift increases sea ice extent and snowfall is generally initiated a week before the snowfall peak (lag day 0), 
the areal-averaged surface albedo rapidly increases around lag day −6. The albedo anomaly peaks at lag day +6 
and the increased albedo anomaly persists for more than lag +20 day (Figure 3f).

A ∼1%–2% increase in surface albedo in CERES and reanalysis data (Figure 3f) can have a nontrivial influence 
on the surface energy balance and sea ice response. In the Arctic summer, the climatological-mean downward 
shortwave radiation to the surface (𝐴𝐴 SW

↓ ) is around 200 W m −2 in CERES. Therefore, a 1% increase in surface 
albedo (𝐴𝐴 ∆𝜶𝜶  = 0.01) can reduce surface shortwave absorption by around 2 W m −2. Due to the different albedo 
responses, the increase in shortwave radiation is around 2–3.5 W m −2 in CERES and 1–2 W m −2 in the three 
reanalysis products which generally persists for over a month (Figures 3e and 3f).

3.3.2.  Surface Air Temperature and Turbulent Heat Fluxes

The surface albedo response from snowstorms is accompanied by similarly persistent surface air cooling 
(Figure 4). Satellite-observed surface air temperature, specifically AIRS (Aumann et al., 2003) and the three 
reanalysis products (Figures 4a–4d) show that surface air temperatures decrease over almost the entire Arctic 
Ocean. Surface air temperature anomalies averaged over the Eurasian-Pacific sector of the Arctic start show 
a rapid cooling during the onset of snowstorm, approximately a week before the peak snowfall when snowfall 
rapidly accumulates (Figure 4e). The negative surface air temperature anomalies persist after the snowstorms, 
until around lag day +10 in the AIRS observations and lag day +14 in the reanalyzes. A closer examination 
reveals that the surface air cooling is strongest in JRA55. In JRA55, the statistically significant cooling occurs 
over wide areas of the Arctic, whereas the surface air cooling is somewhat concentrated over the Chukchi Sea in 
AIRS, ERA5, and MERRA2 (Figures 4a–4d).

Because snowstorms are often accompanied by wind strengthening (Figures 2a–2c), the combined effect of winds 
and surface air cooling can increase surface turbulent heat fluxes. Indeed, the three reanalyzes consistently indi-
cate that the upward turbulent heat flux increases in the basin-wide Arctic Ocean during/after the snowstorm 
(Figure 5). The upward turbulent heat flux averaged over the Eurasian-Pacific increases from lag day −6 and 
positive anomalies persists until around day +10. The increase of turbulent heat flux is particularly large in 
JRA55 up to ∼4 W m −2, which is twice larger than the increases in ERA5 and MERRA2. The ∼4 W m −2 increase 
in turbulent heat flux during the peak of snowstorms in JRA55 is larger than the increased albedo effect in JRA55 
(orange line in Figure 3e), although the albedo anomaly persists for longer.

3.3.3.  Downward Shortwave and Longwave Radiations

In CERES, downward shortwave radiation 𝐴𝐴 ∆SW
↓ reduces during snowstorm events by up to ∼3 W m −2, contrib-

uting to delayed snow melt (Figure S4 in Supporting Information S1). However, the composite time series further 
show that 𝐴𝐴 ∆SW

↓ rebounds after snowstorm events: 𝐴𝐴 ∆SW
↓ averaged from lag day −7 to +14 (during and after 

snowstorm events) is within ∼0.3 W m −2. Downward longwave radiation (𝐴𝐴 LW
↓ ) increases by up to ∼0.5 W m −2, 

mainly over the Beaufort Sea, during the peak of the snowstorms, but rapidly reduces towards climatology (Figure 
S4 in Supporting Information S1). Downward shortwave and longwave radiation anomalies, averaged over the 
Eurasian-Pacific sector of the Arctic from lag day −7 to +14, are generally lower than other surface heat flux 
terms such as the albedo-induced upward shortwave radiation anomaly (see Table 3).

3.3.4.  Other Effects (Rainfall and Snow Cold Content)

Unlike snowfall, which rapidly accumulates during snowstorm events, rainfall does not change much: slightly 
increasing over the more marginal Arctic and decreasing over the Central Arctic (Figure S2 in Supporting Infor-
mation S1). During the snowstorm peak, rainfall increases by around 0.15 mm. Assuming that rain temperature is 
close to surface air temperature, the associated 𝐴𝐴 ∆𝑅𝑅 is relatively small, within ∼0.3 W m −2 (Table 3). Newly fallen 
snowfall can also act as an energy sink as it takes energy to increase snow temperature to its melting temperature, 
which is referred to as cold content: 𝐴𝐴 𝐴𝐴i = 𝐶𝐶i 𝜌𝜌sℎs𝑇𝑇s , where 𝐴𝐴 𝐴𝐴i is the specific heat of ice (2.1 × 10 3 J kg −1 °C −1), 𝐴𝐴 𝐴𝐴s 
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is the snow density, 𝐴𝐴 𝐴s the snow depth, and 𝐴𝐴 𝐴𝐴s (°C) the snow temperature. Net surface heat flux is about 40 W m −2 
downward in summer (Uttal et al., 2002), implying that warming ∼10 cm of snow to melting point can happen 
within an hour, even if the snowfall temperature is assumed to be as low as −4°C.

4.  Model Simulated Mechanical and Thermal Impacts on Sea Ice
4.1.  Wind-Driven Mechanical Impact (on Sub-Seasonal Time Scales)

Our observational analysis suggests that a single summer snowstorm event is accompanied by a positive sea ice 
extent anomaly of around 0.12 × 10 6 km 2 (Figure 2m). Here, we seek to identify the specific processes driving 
this increase on sub-seasonal time scales. The wind-driven mechanical effect on sea ice can be estimated by the 
difference between the historical simulation and the climatological-mean 10 m wind simulation (see Section 2 
for details). Our model experiments show that the cyclonic wind forcing (Figures 2a–2d) during the summer 
snowstorm events drives the cyclonic sea ice drifts (Figures 6a–6d). This is consistent with satellite-derived ice 
drift anomalies (Figures 2e–2h), although model-simulated ice drift speed anomalies are generally higher than 
the satellite observations, especially in lag day +6 and +12. Both the satellite observations and model simulations 
show that Arctic summer snowstorms are associated with eastward ice drifts from the Beaufort Sea to the Central 
Arctic (Figures 2f and 6b). Our CICE5 simulations show that cyclonic sea ice drifts also decrease SIC in the 
Central Arctic Ocean while increasing SIC in the Eastern Arctic Ocean, including the Chukchi and East Siberian 
Seas (Figures 6e–6h) due to the divergent ice flux.

A close examination of Figure 6 indicates that the ice flux divergence (red colors in Figure 6f) is somewhat more 
pronounced east of the international date line (e.g., within the Beaufort Sea) than west of the date line. This 

Figure 5.  Observed surface turbulent heat flux anomalies. (a–c) Composite maps of surface turbulent heat fluxes, the sum 
of sensible and latent heat fluxes (W m −2), during/after summer snowstorm events averaged from lag day −7 to day +14 
for (a) JRA55, (b) ERA5, and (c) MERRA2. (d) The lagged composites of surface turbulent heat fluxes averaged over the 
Eurasia-Pacific sector of the Arctic for JRA55 (orange), ERA5 (red), and MERRA2 (blue) during/after snowstorm events. In 
(a–c), statistically significant values (p < 0.05) are stippled.
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is consistent with a recent study that sea ice decreases to the east of Arctic cyclones and increases to the west 
(Clancy et al., 2022). However, the wind-driven sea ice flux divergence pattern varies widely on a case-by-case 
because the response of summer Arctic sea ice cover is highly sensitive to the timing and location of a cyclone 
relative to the sea ice edge (Lukovich et al., 2021). Our model-simulated ice flux divergence pattern shown in 
Figure 6 is an average response of more than 90 summer snowstorm cases.

The lagged composite of sea ice extent anomalies shows a continuous increase in sea ice extent during and after 
snowstorm events, approximately by 0.08 × 10 6 km 2 from lag −8 day to +30 day (black line in Figure 6i). Our 
model simulation underestimates the expansion of sea ice extent shown in the satellite observations, which is 
around 0.12 × 10 6 km 2 from lag −8 day to +30 day (compare black lines in Figures 2m and 6i). The sea ice 
extent anomalies driven by the idealized model experiment with the surface wind anomaly forcing (blue line in 
Figure 6i) compare well to the snowstorm events composite (black line in Figure 6i) from lag day −8 to around 
day +14, suggesting that the initial expansion of sea ice extent during the summer snowstorm events is almost 
entirely driven by the cyclonic wind-driven ice drifts. However, the impact of wind-driven ice drifts on the 
expansion of sea ice extent is limited to around 2 weeks after the snowstorm peak (lag day +14): sea ice extent 
anomaly continuously increases from lag day −8 to around +13, but then continuously decreases (blue line in 
Figure 6i). There is a large difference in sea ice extent anomalies between the historical simulation (black line in 
Figure 6i) and the wind effect during the summer snowstorm events at lag day +30. Our model results suggest that 
the associated summer snowstorm cyclonic sea ice drift may provide significant sea ice extent impacts on daily 
and weekly time-scales but is probably not a key factor in understanding the seasonal sea ice extent response.

4.2.  Thermal and Mechanical Impacts (on Seasonal Time Scales)

Because multiple snowstorm events generally occur in a given summer (Figures 1a, 1c, and 1e), we seek an 
assessment of the impact of multiple summer snowstorms on seasonal Arctic sea ice extent using CICE5. To 
explore the sensitivity of sea ice extent to the net effect of multiple snowstorm events in a given summer, we 
performed idealized perturbation experiments for all the summer snowstorm events detected over our study 
period (Figures 1a, 1c, and 1e). To identify the snowfall-induced thermal effect, climatological-mean snowfall, 
surface air temperature, and surface specific humidity during the snowstorm event(s) are imposed in CICE5 
(see Section 2 for details). The thermal impact of summer snowstorms in a summer can then be estimated from 
the difference between the historical simulation and the snowstorm-removed historical simulation. Likewise, the 
mechanical effect is identified by imposing climatological-mean 10 m winds for each snowstorm event in CICE5. 
These thermal and mechanical effects on seasonal Arctic sea ice cover are identified for each summer, from 1980 
to 2019.

4.2.1.  Thermal Effect

Our CICE5 with JRA55 surface forcing simulations show that the snowfall-induced thermal effect (combination 
of increased surface albedo and surface air cooling) on the expansion of Arctic sea ice extent is relatively small 
until mid-July, generally within 0.05 × 10 6 km 2, but rapidly increases from late July and peaks in early September 

Name of each surface heat flux term
Equation of each surface heat flux 

term The energy flux averaged from day −7 to +14
Time periods for 

climatological means

Downward shortwave radiation −(1 − �)∆SW↓  CERES: 0.27 W/m 2 2000–2019

Downward longwave radiation −∆LW↓  CERES: −0.07 W/m 2 2000–2019

Albedo-induced upward shortwave radiation 𝐴𝐴 SW
↓
∆𝜶𝜶  CERES: 2.3 W/m 2 2000–2019

Turbulent heat flux (SHF + LHF) ∆
(

SHF↑ + LHF↑
)

  No observation 2000–2019

Reanalyzes average: 1.44 W/m 2

Heat input by rain 𝐴𝐴 ∆𝑅𝑅  No observation 2000–2019

Reanalyzes average: −0.3 W/m 2

Note. ∆�net = −(1 − �)∆SW↓ + SW↓∆� + ∆
(

LW↑ − LW↓
)

+ ∆
(

SHF↑ + LHF↑
)

+ ∆� + ∆� .

Table 3 
The Surface Heat Flux Anomaly of Each Term in Equation 2
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(Figure 7a). Because sunlight is strongest from late-June to early-July, fresh snowfall and the associated albedo 
effect is likely to be strongest in July. However, the climatological-mean SICs over the Central Arctic Ocean are 
still close to 100% until mid-July and the response is confined to the marginal ice zone (Figure 7b). As Arctic 
sea ice rapidly retreats in late July and the marginal ice zone expands into the Central Arctic Ocean, the thermal 
effect on SIC emerges clearly. SIC anomalies in August and September show basin-wide increases in sea ice 
cover of over 10% (Figures 7c and 7d), highlighting the thermal impact of the snowstorms in damping summer 
sea ice extent decline. The thermal impact on Arctic sea ice extent is greatest in early September, during which 
the positive sea ice extent anomaly increases to ∼0.2 × 10 6 km 2 on average, which is approximately 0.4 standard 
deviations of the August-September (detrended) interannual Arctic sea ice extent variability.

Figure 6.  Wind-driven ice drift and extent anomalies simulated by CICE5. The CICE response of wind forcing to lag composite map of (a–d) sea ice drift anomalies 
(cm/s; vector) and (e–h) sea ice concentration anomaly (%) during/after summer snowstorm events (95 cases) from 1980 to 2019, specifically for (a and e) lag day −6, 
(b and f) lag day 0, (c and g) lag day +6, and (d and h) lag day +12. (i) The CICE-simulated Arctic sea ice extent anomaly (10 6 km 2) driven by anomalous winds (blue 
line) and by all forcings (black line) during/after summer snowstorm. In (e–h), statistically significant values (p < 0.05) are stippled. Gray shadings in panel (i) indicate 
95% intervals of composite Arctic sea ice extent anomalies driven by all forcings (gray) and by the anomalous winds (blue).
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4.2.2.  Mechanical Effect

Unlike the thermal effects that peak in late summer, the wind-driven mechanical effect on the expansion of sea ice 
extent is greatest in July, which is comparable to the thermal effect during this period (Figure 7a). Consistent with 
Figure 6, the cyclonic wind-driven ice flux divergence decreases SIC in the Central Arctic Ocean but increases 
SIC along the marginal ice zone in July and August (Figures 7e and 7f). The mechanical effect gradually weak-
ens in August (Figure 7f) and slightly decreases sea ice extent anomaly in September (Figure 7a) when only the 
perennial sea ice remains. On seasonal time scales, the thermal effect of snowstorms on Arctic sea ice extent is 

Figure 7.  Thermal and mechanical impacts of snowstorms on seasonal sea ice cover simulated by CICE5. The composite 
means of (a) seasonal sea ice extent anomalies (10 6 km 2) driven the thermal effect of snowfall (red line) and wind-induced 
mechanical effect (blue line), and (b–g) sea ice concentration anomalies (%) driven by (b–d) thermal and (e–g) mechanical 
effects in (b and e) July, (c and f) August, and (d and g) September. These are composite anomalies of all the summer 
snowstorm events from 1980 to 2019 simulated by CICE—JRA55 forcing. Shadings in panel (a) indicate 95% intervals of 
composite anomalies. In (b–g), statistically significant values (p < 0.05) are stippled.
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larger than the mechanical effect and contributes significantly to the interannual variability in late summer Arctic 
sea ice extent.

The wind effect not only changes sea ice drift but also changes surface sensible and LHFs. However, the increased 
surface turbulent heat fluxes during/after the snowstorm events are mostly driven by surface air cooling/drying. 
The wind strengthening alone has little influence on surface turbulent heat flux because the climatological-mean 
air-sea temperature differences are generally small in Arctic summer.

4.3.  Separating the Snowfall Versus Surface Air Effects on Seasonal Sea Ice

The thermal impact can be further decomposed into a “snowfall effect” and “surface air effect.” Surface air 
temperature strongly covaries with surface specific humidity, keeping the surface relative humidity and the asso-
ciated snow sublimation almost unchanged (Lim et al., 2022). The “snowfall effect” can be identified by imposing 
climatological-mean snowfall, whereas the “surface air effect” can be identified by imposing climatological-mean 
2 m air temperature and specific humidity during snowstorm events from lag day −7 to day +14 (see Section 2 
for details).

Our CICE5 simulations show that the snowfall effect and the surface air cooling effect explain about 25% and 
75% of the thermal effect–induced summer sea ice extent anomalies, respectively (Figure  8i). As expected, 

Figure 8.  Surface air versus snowfall effects on summer sea ice simulated by CICE5. The composite means of (a and e) albedo (%), (b and f) surface temperature (K), 
and (c and g) August, (d and h) September sea ice concentration anomalies (%) during/after summer snowstorm events averaged from lag day −7 to day +14, driven 
by (Left panel (a–d)) surface air and (Right panels (e–h)) snowfall. (Bottom panel (i)) The composite means of seasonal sea ice extent anomalies (10 6 km 2) driven by 
surface air (red line) and snowfall (black line). These are composite anomalies of all the summer snowstorm events from 1980 to 2019 simulated by CICE5—JRA55 
forcing.
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snowfall can effectively increase albedo (Figure 8e) but has little influence on surface temperature (Figure 8f). 
The decrease in surface temperature is mostly associated with the surface air effect (Figure 8b). This implies 
that surface air cooling is far more effective in changing conductive heat flux and dampening sea ice loss than 
snowfall in our CICE5 simulations. A decrease in surface temperature during snowstorm events can increase 
the conductive heat flux (𝐴𝐴 ∆𝐶𝐶 𝐶 0 ), which contributes to dampened summer sea ice loss by increasing 𝐴𝐴 ∆𝑄𝑄net 
in Equation 2. However, because surface air cooling of JRA55 is larger than the AIRS observations and other 
reanalyzes during summer snowstorm events (Figure 4), the surface air effect is likely to be overestimated in 
our simulations. Furthermore, snow microstructure is highly simplified as a constant spherical shape in CICE5 
(Briegleb & Light, 2007). Although snow crystal with non-spherical shape has a higher albedo and freshly fallen 
snow has sharp non-spherical curvatures (Jin et al., 2008), CICE5 assumes a constant spherical shape. Therefore, 
the snow albedo effect of freshly fallen snow is potentially underestimated in CICE5 because of the simple snow 
grain radius and shape.

While most of our study is focused on SIC and extent, our CICE5–simulated sea ice thickness anomalies also 
show that the surface air effect can have a nontrivial impact on sea ice thickness over wide areas of the Arctic 
(Figure 9), with the surface air effect again greater than the snowfall effect. However, over the Central Arctic 
Ocean, latitudes higher than 75°N, the impact of snowfall on sea ice thickness is comparable to that of surface 
air cooling/drying (Figure 9f).

4.3.1.  Sensitivity to Reanalysis Forcing

Finally, to assess the sensitivity of our model results to the input snowfall forcing, we forced CICE5 with snowfall 
data from the MERRA2 reanalysis (all other forcings use JRA55-do expect for snowfall, surface air temper-
ature, and specific humidity). Our CICE5–MERRA2 snowfall simulated snow depth is generally larger than 
CICE5–JRA55 in June (blue vs. black lines in Figure S3 in Supporting Information S1). Figure S5 in Supporting 
Information S1 shows the impact of MERRA2 snowfall and surface air cooling/drying on sea ice. Although 
the anomalous snowfall of MERRA2 during snowstorm events are about 15% larger than JRA55 (Figure S2 
in Supporting Information  S1), the impact of snowfall on albedo (Figure  8e and Figure S5e in Supporting 

Figure 9.  Surface air versus snowfall effects on summer sea ice thickness simulated by CICE5. The composite means of (a and c) August and (b and d) September sea 
ice thickness anomalies (cm) during/after summer snowstorm events averaged from lag day −7 to day +14, driven by (a and b) surface air and (c and d) snowfall. The 
composite means of seasonal sea ice thickness anomalies (cm) driven by surface air (red line) and snowfall (black line) for (e) entire Arctic and (f) central Arctic. These 
are composite anomalies of all the summer snowstorm events from 1980 to 2019 simulated by CICE5—JRA55 forcing.
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Information  S1) and SIC (Figures  8g–8h and Figures S5g–S5h in Supporting Information  S1) simulated by 
CICE5–MERRA2 is very similar to those simulated by CICE5–JRA55. MERRA2 snowfall during the summer 
snowstorm events contributes to increasing the sea ice extent anomaly in late August by up to ∼0.5 × 10 5 km 2 
(black line in Figure S5i in Supporting Information S1) and this is about 30% larger than the sea ice extent anom-
aly simulated by CICE5–JRA55 snowfall forcing (black line in Figure 8i), although again we expect our JRA55 
results to be closer to reality.

Consistent with the relatively weak surface air cooling in MERRA2 compared to JRA55 (Figures 4b and 4d), the 
MERRA2's surface air effects on late summer SIC and sea ice extent (Figure S5 in Supporting Information S1) 
are relatively weak: the Arctic sea ice extent anomaly in early September increases by around ∼0.8 × 10 5 km 2 and 
this is about 50% small than the sea ice extent anomaly simulated by CICE5–JRA55. These results highlight the 
high sensitivity of seasonal Arctic sea ice to surface air temperature anomalies.

5.  Summary and Conclusions
Using satellite observations and three reanalysis products, this study has shown that Arctic summer snowstorms 
are accompanied by increasing sea ice extent, increasing surface albedo, and deceasing surface air temperature 
anomalies over basin-scales. Detailed analysis of surface heat fluxes from CERES indicates that the increased 
upward shortwave radiation associated with increased surface albedo provides the largest surface heat flux 
response, followed by increased surface turbulent heat fluxes. Downward longwave and shortwave radiation 
slightly increase and decrease, respectively, but these changes are relatively small (see Table 3).

Using a forced CICE5-POP2 ice-ocean model framework and various sensitivity experiments, we separated and 
quantified the potential snowstorm-induced thermal effect and the wind-driven mechanical effect on summer 
Arctic sea ice from summer snowstorms. Our model simulations indicate that cyclonic wind-driven sea ice drifts 
results in declines in concentration/albedo in across the Central Arctic, but increases in concentration/albedo 
around the summer sea ice edge. The thermal response, in contrast, results in increases in SIC around the ice 
edge providing a greater basin-averaged response. This result is consistent with field observations (Perovich 
et al., 2017), and further demonstrates the basin-scale response of Arctic sea ice to summer snowstorms as well 
as the relative importance of the wind-driven dynamic effect and snowfall-induced thermal effect on sea ice. Our 
study further suggested that the combined impact of summer snowstorms can have a significant influence on the 
late summer minimum Arctic sea ice extent. Approximately 2–3 snowstorm events occur on average in a given a 
summer, which our experiments indicate dampened sea ice loss in early September by ∼0.2 × 10 6 km 2, about 0.4 
standard deviations of the interannual variability.

Further model simulations indicate that surface air cooling/drying (and the associated impact on turbulent fluxes) 
plays a bigger role in mitigating loss of summer Arctic sea ice extent compared to the direct impact of snowfall 
(and the associated changes to surface albedo and heat capacity) during/after the summer snowstorm events. 
However, because surface air cooling of JRA55 is larger than AIRS observation and other reanalyzes, the surface 
air cooling effect is likely to be somewhat overestimated in our CICE5 simulation. Conversely, the snowfall effect 
on sea ice cover may be underestimated in these model simulations. In CICE5, freshly fallen summer snowfall 
has limited influence on snow albedo because snow albedo is a function of snow grain radius that is parameter-
ized as a simple function of snow temperature. For a grid cell where the mean snow depth is smaller than 3 cm, 
snow albedo is a linear function of snow depth. In the case when snow depth is larger 3 cm, snow albedo is not 
dependent on snow depth because snow deeper than that has reached optical thickness but is a function of snow 
grain radius (Brandt et al., 2005). In the Delta-Eddington approximation of CICE5, the snow grain radius is set to 
125 μm in fresh snow and 1,500 μm in melting snow and is linearly interpolated at surface temperatures between 
−1.5°C and 0°C (Holland et al., 2012).

Although continuous warming in the Arctic is likely to increase total precipitation by increasing regional surface 
evaporation (Bintanja & Selten, 2014) and by increasing poleward moisture transport (Kug et al., 2010), snowfall 
is likely to decrease in the summer because of rapid tropospheric warming (Screen & Simmonds, 2012; R. Zhang 
et al., 2019). Consistent with Screen and Simmonds  (2012), JRA55 and MERRA2 show declines in summer 
snowfall and snowstorm events (Figure 1), although ERA5 shows no statistically significant trends. Based on our 
observation-based analysis and model sensitivity experiments, we suggest a better understanding of current and 
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future summer snowfall, surface air temperature and improved modeling of snow albedo over Arctic sea ice is 
needed to improve seasonal forecasts and long-term projections of Arctic summer sea ice.

Data Availability Statement
The Clouds and the Earth's Radiant Energy System (CERES) Synoptic 1° × 1° (SYN1deg) product are available 
at: https://ceres.larc.nasa.gov/data/#syn1deg-level-3. Polar pathfinder sea ice velocity and sea ice concentrations 
data are both available from the National Snow and Ice Data Center (NSIDC): https://nsidc.org/data/NSIDC-
0116/versions/4 and https://nsidc.org/data/G02202/versions/3. The Atmospheric Infrared Sounder on NASA's 
Aqua satellite (AIRS) data are available at: https://airs.jpl.nasa.gov/data/get-data/standard-data/. Outputs of our 
CESM2 simulations can be downloaded from Dryad: https://doi.org/10.5061/dryad.4xgxd25c7. Data used in this 
study are publicly available.
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