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Key Points:

1. CESM2 (CESM-LE) snow depths are thinner (thicker) than observed snow depths.

2. The 1950-2050 trends in springtime snow depths on Arctic sea ice are -0.8 and -3.1 cm
decade™ in CESM2 and CESM-LE, respectively.

3. CESM2 shows enhanced earlier snowmelt, less snow accumulation, more sublimation,

and slightly more snow-ice formation in future decades.
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Plain Language Summary:

Snow on Arctic sea ice is important for several reasons: it creates a habitat for micro-
organisms and mammals, it changes sea-ice growth and melt, and it affects the speed at which
ships and people can travel over sea ice. Therefore, investigating how snow on Arctic sea ice
may change in a warming climate is useful for anticipating its potential effects on ecosystems,
sea ice, and socioeconomic activities. Here, we use experiments from the Community Earth
System Model (CESM) to study how snow conditions change over time and between model
versions. Observations show CESM2 underestimates snow depth and produces an overly-
uniform snow distribution, while CESM1 produces excessively-thick, variable snow. The 1950-
2050 trend in snow depth in CESM2 is 75% smaller than CESM1 due to CESM2 having less
snow overall. Long-lasting, thick sea ice, cool summers, and excessive summer snowfall
facilitate a thicker, longer-lasting snow cover in CESML1. In a warming climate, CESM2 shows
that snow on Arctic sea ice will: (1) have greater, earlier spring melt, (2) accumulate less in
summer-autumn, (3) sublimate more, and (4) cause marginally more snow-ice formation.
CESM2 reveals that snow-free summers can occur ~30-60 years before an ice-free central

Arctic, which may promote faster sea-ice melt.
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Abstract:

Earth system models are valuable tools for understanding how the Arctic snow-ice
system may respond to a warming climate and the feedbacks therein. In this analysis, we
investigate snow on Arctic sea ice to better understand how snow conditions may change under
different forcing scenarios. First, we use in situ, airborne, and satellite observations to assess the
realism of the Community Earth System Model (CESM) in simulating snow on Arctic sea ice.
CESM Versions 1 and 2 are evaluated, with V1 being the Large Ensemble experiment (CESM-
LE) and two configurations of V2 with low- and high-top atmospheric components. The
assessment shows CESM2 underestimates snow depth and produces overly-uniform snow
distributions, whereas CESM-LE produces an excessively-thick, highly-variable snow cover.
Observations indicate that snow in CESM2 accumulates too slowly in autumn, too quickly in
winter-spring, and melts too soon and rapidly in late spring. The 1950-2050 trends in springtime
snow depths are markedly smaller in CESM2 (-0.8 cm decade™) than in CESM-LE (-3.1 cm
decade™) due to CESM2 having less snow overall. A perennial, thick sea-ice cover, cool
summers, and excessive summer snowfall facilitate a thicker, longer-lasting snow cover in
CESM-LE. Under the SSP5-8.5 forcing scenario, CESM2 shows that, compared to present-day,
snow on Arctic sea ice will: (1) undergo enhanced, earlier spring melt, (2) accumulate less in
summer-autumn, (3) sublimate more, and (4) facilitate marginally more snow-ice formation.
CESMZ2 also reveals that snow-free summers can occur ~30-60 years before an ice-free central

Arctic, which may promote faster sea-ice melt.
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1. Introduction

Snow is an integral part of the Arctic sea-ice and climate systems, having both positive
and negative effects on sea-ice mass balance (Sturm and Massom, 2017; Webster et al., 2018).
Snow’s reflectivity is important for maintaining a high surface albedo on sea ice during spring
and summer (Perovich et al., 2002; Perovich and Polashenski, 2012; Holland and Landrum,
2015), which can delay sea-ice surface melt and melt pond formation (Petrich et al., 2012;
Webster et al., 2015; Perovich et al., 2017a). During sea-ice formation, snow is an effective
insulator that limits ocean heat flux through sea ice to the atmosphere, thereby hindering sea-ice
growth rates (Maykut, 1978; Sturm et al., 2002). In some cases, a deep snowpack is sufficiently
heavy to depress the sea-ice surface into the ocean, allowing seawater to flood the snow and
freeze (Provost et al., 2017). These are just some of the snow processes that modify the Arctic
sea-ice mass balance (Sturm and Massom, 2017). With respect to a warming Arctic climate,
questions arise as to how snow processes and conditions will be affected, and whether these
changes will fundamentally change the role of snow in the Arctic sea-ice system.

Earth system models are valuable tools for understanding how the snow-ice system may
respond to a warming climate. Earlier modeling efforts (Hezel et al., 2012; Blanchard-
Wrigglesworth et al., 2015) have projected a decline in snow thickness on Arctic sea ice owing
to later sea-ice formation in autumn, an increasing ratio of liquid-to-solid precipitation, and
transition from a perennial to seasonal sea-ice cover. In the western Arctic, these projections
have been corroborated by observations showing a decrease in spring snow related to later sea-
ice formation in autumn (Webster et al., 2014). Although models show a projected increase in
snowfall during winter, which could facilitate a thicker snow cover, the models show a decline in

the annual mean snowfall as the Arctic transitions to a rain-dominated summer and autumn
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(Holland et al., 2007; Lique et al., 2016; Bintanja and Andry, 2017). Such changes in
precipitation and the concomitant changes in sea-ice conditions will affect whether snow has a
net positive or negative effect on sea-ice mass balance by way of governing which snow
processes dominate. As an example, increased snowfall over thin sea ice may lead to more
widespread snow-ice formation, which would act as a negative feedback in sea-ice mass balance.
In this study, we investigate the changes in snow’s role in the Arctic sea-ice system under
anthropogenic warming using ensemble simulations from two versions of the Community Earth
System Model (CESM). For the first time, projections of snow-on-sea ice processes are
quantified and related to changes in sea-ice conditions and precipitation in an Earth system
model. Snow thickness distributions are evaluated on temporal and spatial perspectives, and
assessed using a synthesis of in situ, airborne, and satellite data. The main findings of this
analysis provide new information on the rate of change in snow conditions on sea ice across
Arctic basins, which snow processes dominate in different climate states, and the atmospheric

and sea-ice conditions that may modify snow’s role in the changing Arctic sea-ice system.

2. Data and Methods
The primary data sets of the analysis are freely available CESM output, supplemented by

field, airborne, and satellite observations of snow and freeboard conditions.

2.1 CESM-LE and CESM?2
CESM output from multiple model experiments was analyzed to understand projections
of snow conditions on sea ice in a warming climate. We evaluate ensemble simulations from

three CESM configurations: (1) CESM Version 1 with the CAMS5 atmospheric component
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(Hurrell et al., 2013) performed as part of the CESM Large Ensemble (CESM-LE) Project (Kay
et al., 2015), and CESM Version 2 (Danabasoglu et al., 2020) with the (2) CAM6 atmospheric
component and (3) WACCMS6 (Gettelman et al., 2019) atmospheric component. To briefly
summarize, the major differences between the CAM6 and WACCMG6 atmospheric models are
the location of the model top (at 40 km in CAM6 and 140 km in WACCMG6) and the presence of
prognostic chemistry in WACCMG6. The CAM6 and WACCM®6 use the same physics and
horizontal resolution. For more details between atmospheric components, we refer readers to
Danabasoglu et al., (2020) and Gettelman et al. (2019).

The sea ice component in CESM2 uses the Los Alamos Sea Ice Model (CICES5; Hunke et
al., 2015). This is a dynamic-thermodynamic model which utilizes the elastic-viscous-plastic
dynamics (Hunke and Dukowicz, 2002) and incorporates a sub-grid-scale ice thickness
distribution. Relative to CESM-LE, which used the earlier CICE4 model version (Hunke and
Lipscomb, 2008) with some updates (Holland et al., 2012), the new CICE5 model simulates sea
ice as a mushy layer and incorporates prognostic salinity (Turner et al., 2013; Hunke et al., 2015;
D. Bailey et al., personal communication, 2020). The melt pond formulation is also updated to
better reflect differences in ponding on level ice (Hunke et al., 2013). Aspects of Arctic sea ice
conditions as simulated by CESM2 are discussed in DuVivier et al. (submitted) and
DeRepentigny et al. (submitted).

For the CESM-LE, we analyze output for the 1920-2100 time period. Each model
configuration and experiment had a different number of ensemble members available (Table 1),
which should be considered when interpreting the results. The long-term changes in snow
conditions were analyzed primarily using results from the RCP8.5 forcing scenario (van Vuuren

et al., 2011) for CESM-LE and the SSP5-8.5 forcing scenario (O Neill et al., 2016) for CESM2.



132

133

134

135

136

137

138

139

140

141

142

143

144

145

146

147

148

149

150

151

152

153

154

WEBSTER ET AL.: SNOW ON ARCTIC SEA ICE

While these are driven with somewhat different forcing scenarios, they have a similar radiative
forcing by the end of the 21° century and, thus, are roughly comparable. Even so, the CESM-LE
with RCP8.5 reaches a higher global mean temperature by 2100 compared to the CESM2 SSP5-
8.5 simulations (Meehl et al., submitted), with consequences for Arctic sea ice loss
(DeRepentigny et al., submitted).

Using CESM2 output, we also evaluate the projections of snow on Arctic sea ice under
four different forcing scenarios: SSP1-2.6, SSP2-4.5, SSP3-7.0, and SSP5-8.5. They can be
summarized as scenarios with low, medium, medium-to-high, and high radiative forcing
conditions and differing shared socioeconomic pathways. Details about these scenarios can be
found in O-Neill et al. (2016).

Snow depth on sea ice is analyzed in model grid cells where the sea ice concentration is
15% and greater. In the trend analyses, all values reported have 99% statistical significance. For
determining the duration of the snow cover, grid cells with at least 0.01 m of snow and 15% sea
ice concentration are counted. We define the duration as the number of days that meet the
criteria, regardless of temporal continuity. To explore the relationship between snow-free and
ice-free conditions, we compare dates at which these conditions occur in the 80°N-90°N region
of the central Arctic. We define ice-free conditions as less than 1 million km? in sea ice area and
snow-free conditions as a monthly mean snow depth value of 0.01 m or less.

We evaluate five snow processes that constitute the snow mass budget: (1) mass gain
from snowfall, (2) mass gain and loss from condensation and sublimation, respectively, (3) mass
loss from snowmelt, (4) mass loss from snow-ice formation, and (5) mass change from sea-ice
dynamics, which is treated as a residual term in the snow mass budget. The total snow mass is

calculated as the difference between the first and last day’s snow depth of a given month,
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155  converted to units of cm day™. A spatial mask of 80°N-90°N is applied to mitigate the effects of
156  sea-ice loss on the snow mass budget terms. The 80°N-90°N region also isolates the same set of
157  model grid cells where sea ice is predominantly present across model ensemble members and
158  decades for each month. In this way, we are able to evaluate changes in snow processes due to
159  feedbacks within the Arctic system (e.g., less snowfall), rather than have the decreasingly

160  extensive sea-ice cover imprinted on any diagnosed snow trends.

161

162 2.2 Field, Airborne, and Satellite Data

163 Four “observational” data sets are used to assess the temporal and spatial aspects of snow
164  depth on Arctic sea ice from CESM-LE and CESM2 (Table 2). These include ground, buoy,

165  airborne, and satellite data.

166

167  2.2.1 Field Observations

168 For examining the seasonal cycle of snow, monthly snow depths were co-located and

169  compared with those measured in situ at the North Pole drifting ice stations in 1954-1991

170  (Radionov et al., 1997) and derived from drifting ice mass balance (IMB) buoys in 1997-2017
171 (Perovich et al., 2017b). The North Pole drifting ice stations encompassed the central and eastern
172 Arctic, whereas the IMBs were mostly located in the central and western Arctic (Supplementary
173 Figure 1). The two periods between data sets represent historical and contemporary sea-ice

174  conditions, although we note earlier work showed no statistical difference in snow accumulation
175  rates between the station and IMB data (Webster et al., 2014). A total of 64 IMBs from 1997-
176 2017 are analyzed, yielding an average of 1,369 individual recordings per month, a minimum of

177 907 in February, and maximum of 1,654 in October. We omit comparisons with the ice station
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data in summer due to ground measurements ceasing when snow covered less than 50% of the
survey lines or when average snow depths were less than 5 cm in thickness (Radionov et al.,

1997; Warren et al., 1999), which would create a high bias in the summer station data.

2.2.1 Airborne Data

We assess the spatial distribution of modeled snow depths for March-April using airborne
data. Snow thickness is derived from measurements from the University of Kansas’ ultra-
wideband microwave radar on NASA’s Operation IceBridge mission (Koenig et al., 2010;
Panzer et al., 2010; Kwok et al., 2011). The spatial assessment using airborne data is limited to
western longitudes due to absence of airborne surveys in the eastern Arctic. We compare
averages between the modeled and observed snow depths in grid cells where at least 100
airborne measurements were collected. The airborne data do not include snow-free surfaces and
therefore may be biased high. Another source of bias may be the effects of saline snow, which
can cause a shallower detection of the assumed snow-ice interface and thus underestimate snow

depth (Nanden et al., 2017).

2.2.3 Satellite Data

Due to the limitation of ground and airborne observations both in space (i.e. western
Arctic) and time (spring season), we use data from NASA’s Ice, Cloud, and land Elevation
Satellite 2 (ICESat-2) mission to derive and examine a full annual cycle of snow depth
distributions across the entire Arctic basin. ICESat-2’s laser altimeter theoretically detects the
surface of the snow-covered (or snow-free) sea ice, and, using a reference sea level height and

assumed densities, total freeboard is determined (Kwok et al., 2019). The difference between the
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total (snow and ice) freeboard and sea-ice freeboard theoretically yields snow depth (Figure 1).
Since snow and ice densities and sea ice thickness values are known in CESM, we can use them
with ICESat-2 total freeboards to infer snow depth.

Assuming hydrostatic balance for sea ice, snow depth (hs) can be solved for as in Kwok et

al. (in review):

Pw Pw—Pi
hs Pw—Ps fe Pw—Ps hs (1)

where hj is sea ice thickness (from CESM), pw is the density of seawater, ps is the density
of snow, pi is the density of sea ice, and f: is the total freeboard (from ICESat-2). Density values
of snow and sea ice - 330 kg m= and 917 kg m™3, respectively - are fixed in the model. Seawater
density is not held constant in CESM; however, we assumed a seawater density of 1026 kg m™
for our calculations, which is commonly used value in the altimetry community (e.g. Kwok et al.,
2020). The along-track freeboard product (Kwok et al., 2019) was gridded to the same resolution
of the CESM data and used to derive a synthesized snow depth estimate for October 2018 —
September 2019. We note a month-long data gap in mid-June to mid-July 2019 due to a software
error putting ICESat-2 into safety mode.

The inferred snow depths were compared with those directly available from CESM to
investigate possible seasonal and regional biases in snow depth distributions. We use monthly
means of sea ice thickness for 2010-2019 to infer snow depth. The 2010-2019 period was chosen
due to the temporal overlap with ICESat-2 data and good agreement of mean sea-ice extent in
CESM2 with the passive microwave observations in 2018-2019 (Fetterer et al., 2017)

(Supplementary Figure 2).

10
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3. Results and Discussion

We first present the spatial and temporal assessments of simulated snow depths from
comparisons with in situ, buoy, airborne, and satellite data. The second component of the
analysis describes the long-term changes in snow depth under different forcing scenarios for
CESM-LE and CESMZ2. The third component of this paper describes the changes in the seasonal
cycle of snow in relation to sea-ice conditions. The final component presents the decadal changes
in the snow mass budget, how the budgets differ between models, and the general spatial

distribution of snow processes over time.

3.1 Comparison with observations
3.1.1 Spatial distribution

The modeled snow depths for the spring season exhibit a similar spatial pattern of Arctic
snow across all model configurations: deep snow is found north of Greenland and the Canadian
Archipelago and thinner snow is predominantly located in the peripheral seas (Figure 2). An
exception to this pattern is the exceptionally deep snow (i.e. greater than one meter) directly east
of Greenland in the CESM-LE. Qualitatively, the cross-basin distribution of snow is consistent
with ground and airborne observations; however, the range in snow depth differs. Snow depths in
CESM-LE were thicker and distributed more heterogeneously than the airborne observations,
with snow depths being greater than one meter in places (Figure 3). CESM-LE exhibited a
bimodal snow depth distribution similar to that in the Operation IceBridge retrievals. The timing
of sea-ice freeze-up and age of sea ice create this bimodal distribution; first-year sea ice has less

time to accumulate snow and therefore tends to have thinner snow conditions than multiyear sea

11
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ice in this region (Kurtz and Farrell, 2011; Webster et al., 2014). The bimodal distribution is not
captured in CESM2, and snow depths in both CAM6 and WACCMG6 are thinner and more
uniform than the airborne observations and CESM-LE. The largest discrepancy occurs north of
Greenland (i.e. Lincoln Sea region), where CESM2 snow depths are ~10-20 cm thinner than the
airborne observations. Interestingly, CESM2-WACCM®6 has a more uniform snow depth
distribution than CESM2-CAMBS, despite having greater variability and a larger range in sea ice

thickness along the Operation IceBridge survey lines (Supplementary Figure 3).

3.1.2 Seasonal cycle

The comparisons of CESM2 snow depths with in situ, buoy, and satellite data suggest
three important findings for the simulated seasonal cycle (Figure 4). CESM2-CAM6 and
WACCMG6 appear to: (1) underestimate snow accumulation and depth in autumn, (2)
overestimate the rate of snow accumulation in late winter and early spring, and (3) melt snow too
early and too rapidly from late spring into early summer. For CESM-LE, the results were in
mixed agreement with the observations. Here, we describe the evaluation of the seasonal cycle,
starting with point measurements, scaling up to ground surveys 500 m — 1000 m in length, and

concluding with a back-of-the-envelope assessment using satellite data.

In situ and buoy comparisons:

We start with the CESM2 analysis at the start of the snow accumulation season in
August, when snow depths increase from their minimum values (Figure 4). Note, the ice station
(1954-1991.: historic) and IMB (1997-2017: contemporary) data represent different time periods.

In August — November, snow accumulates rapidly at the IMBs and ice stations, with IMBs

12
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having slightly larger accumulation rates. The buildup of the snowpack in CESM2-CAM6 and
WACCM6 was approximately half (~2 cm month™) the rate recorded by the IMBs (=5 cm
month™) and at the drifting ice stations (~4 cm month™). From January to May, CESM2 gains
more snow (~2 cm month™) than both the IMBs (~-1 cm month™) and ice stations (~1 cm month-
1)_

During the early melt season, the observations and models exhibit disparate snowmelt
onset dates and rates. In CESM2, a dramatic decline in snow depth began in May, while the
snowmelt rates recorded by the IMBs and at the stations were most extreme in June. CESM2
exhibited snow-free conditions earlier than the IMBs (July vs. August), which has important
implications for a positive albedo feedback. By and large, CESM2 snow depths were thinner
than the drifting ice station data, but produce a representative seasonal cycle for the 1954-1991
period. In contrast, the modeled seasonal cycle of the 1997-2017 period has poor agreement with
the IMB data, although this relationship likely worsens due to the large heterogeneity in point
IMB measurements relative to mean values of model grid cells and ground survey lines.

The CESM-LE snow depths had considerably larger variability at the IMB and ice station
locations than CESM2, which should be considered when interpreting the following results. The
autumn accumulation rate in CESM-LE compares well with the ice stations observations, but the
accumulation rate for the contemporary period is ~2 cm month* smaller than the IMB
observations. From January to May, snow accumulation rates diverge between the historic and
contemporary periods. Both CESM-LE and ice station accumulation rates were ~1 cm month™,
whereas rates in the contemporary period were ~2 cm month™* greater than the IMB
observations. In summer, both CESM-LE and the ice stations exhibited the same melt rate of -8

cm month. At the IMB sites, the melt rate in CESM-LE was double the IMB observations (~-8

13
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cm vs. -4 cm month™). In short, CESM-LE has good agreement with the observations relative to
CESMZ2, better simulates the historic seasonal cycle, but poorly captures the seasonal cycle for

the contemporary period.

Satellite comparison:

To assess the full annual cycle of snow depth distributions across the entire Arctic basin,
we compared modeled snow depths with inferred snow depth using ICESat-2 total freeboard data
and simulated sea-ice thicknesses (Figure 5). Such a comparison gives greater insight into the
unique geographic differences of snow conditions between Arctic regions. While the inferred
snow depths from ICESat-2 show greater spatial variability than the CESM2 snow depths (not
shown), the ICESat-2 data are from 2018-2019 and the model data are an average over 2010-
2019. As a consequence, there may be interannual climate variability muddying the signal. The
results shown in Figure 5 were derived from CESM2-WACCMG6 data and comparable to those
produced using CESM2-CAM6 data (Supplementary 4).

We find that the comparison between the modeled and inferred snow depths show the
same general differences as those with the IMB and station data (Figure 4). During the autumn
buildup of the snowpack, CESM2 appears to underestimate snow depth relative to the inferred
snow depths in most Arctic regions. CESM2 tends to underestimate sea-ice thickness in autumn,
particularly in areas with multiyear ice (i.e. Lincoln Sea and southern Beaufort and Chukchi
seas) (DuVivier et al., submitted). As a consequence, a low bias in sea-ice thickness increases the
inferred snow depths (Equation 1) and may contribute to the discrepancy in autumn snow depths.

Comparing the ICESat-2 and CESM2 total (snow and sea ice) freeboards, we find CESM2 total

14
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freeboards to be smaller than the satellite observations nearly year-round except for July and
August (Supplementary Figure 5).

From December to June, both the accumulation rates and snow depths in CESM2
markedly exceed the inferred snow depth in the eastern Arctic, which is consistent with the
comparisons with the IMB and ice station data. With the exception of a small portion in the
northern Chukchi Sea and the southern Lincoln Sea (i.e. multiyear ice areas), CESM2 snow
depths are thicker than the inferred snow depths across all Arctic basins prior to melt onset. In
May — June, the peak in snowmelt occurs in both CESM2 and the inferred snow depths, with
CESM2 losing ~40 cm of snow in some locations. While CESM2 shows better agreement with
sea-ice thickness observations in spring (see Figure 5 in DuVivier et al., 2020), the total (snow
and sea ice) freeboard comparisons show large discrepancies with CESM2 having predominantly
larger total freeboards than the ICESat-2 data (Supplementary Figure 5).

The results in Figure 4 show strong spatial heterogeneity between Arctic regions, as well
as the inter-annual variability in atmosphere-snow-ice conditions imprinted on the ICESat-2 data.
For example, the feature in the northern Chukchi Sea in March and April has an inferred snow
depth ~10-20 cm deeper than that in CESM2. Given that a monthly ensemble mean from
CESM2 is used to infer snow depth (Equation 1), the source of this feature is the locally-large,
total freeboard values in ICESat-2 data. In Kwok et al., (2020), this particular feature was
attributed to deep snow from anomalously high cyclone activity and cyclone-associated snowfall
over sea ice in the northern Chukchi Sea during the 2018-2019 snow accumulation season

relative to the 1979-2019 cyclone climatology (Webster et al., 2019).

3.2 Long-term changes

15
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3.2.1 Coverage

Snow depth on Arctic sea ice declines under all forcing scenarios over 1950-2050 in
CESM2-CAM6 and WACCMS6 (Figure 6). The 1950-2050 trends range from -0.5 cm per
decade (SSP3-7.0) to -0.7 cm per decade (SSP5-8.5). Interestingly, the SSP3-7.0 forcing scenario
produces the smallest trend of all forcing scenarios, despite having higher radiative forcing, a
stronger global forcing pathway, and a larger shared socioeconomic pathway than the SSP1-2.6
and SSP2-4.5 forcing scenarios. Beyond 2050, the annual mean snow depths have stronger
correspondence to the forcing scenarios, with the deepest snow cover occurring under the
weakest forcing scenario (SSP1-2.6) and the thinnest snow cover occurring under the strongest
forcing scenarios (SSP5-8.5).

As evidenced in Figures 1 and 2, snow conditions between CESM-LE and CESM2 are
strikingly different. The annual mean snow depth in the CESM-LE (for 80°N-90°N) is
approximately twice as thick as that in CESM2-CAM6 and CESM2-WACCM6 for the 1920-
2100 period (Figure 7a). The trends over 1950-2050 also show marked differences between
model configurations. The annual mean in snow depth declines at -3.6 cm decade™ in CESM-LE,
whereas the trends in CESM2-CAM6 and WACCMG6 are notably more gradual at -0.8 cm
decade™. The observed trend, which is limited to the 1954-2013 March-April season only, was -
2.9 cm decade® (Webster et al., 2014). Comparatively, we find that the 1954-2013 March-Agpril
trend in CESM-LE (-2.9 cm decade™) shows strong agreement with the observed trend, while
trends in CESM2 are considerably smaller (-0.4 to -0.5 cm decade™). The discrepancy in trends
between model versions may be partly explained by the thinner snow depth conditions in

CESM2 for the earlier part of its simulated record (Figure 7a).
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The snow cover in CESM-LE was more persistent throughout the 1920-2100 period than
that in CESM2 (Figures 7b and 8). This can be attributed in part to greater coverage and
persistence of sea ice (DeRepentigny et al., submitted) as well as to excessive snowfall and
cooler summers in CESM-LE (Mcllhattan et al., 2017; Mcllhattan et al., submitted), which helps
retain a high surface albedo and consequently promotes a negative albedo feedback (Light et al.,
2015). In contrast, Arctic sea ice is less extensive and the snowfall rate decreased slightly in
CESM2-CAMS6, and both CAM6 and WACCMBG6 exhibit later sea-ice formation than CESM-LE
(DeRepentigny et al., submitted; Mclllhatten et al., submitted). When comparing CESM2
atmospheric components, both the snow and sea-ice covers in CESM2-WACCMG survive longer
during the summer melt season than those in CESM2-CAM6 (Figure 7b and Supplementary
Figure 6). As shown in DuVivier et al. (submitted), CAM6 has more incoming shortwave
radiation, which may promote earlier, faster melt of the snow cover and facilitate a stronger
positive albedo feedback. The largest differences in snow cover duration occur in the peripheral
seas (Figure 8), with the Chukchi and Kara seas exhibiting differences of more than 50 days. As
shown in Figures 3 and 5 in DuVivier et al. (submitted), sea ice is considerably thinner and less

extensive in CESM2-CAMG6 than CESM2-WACCMG in these peripheral seas.

3.2.2 Seasonality

Across all CESM configurations, the snow depth minimum occurs in mid-August, nearly
a month before the sea ice minimum extent in September (Figures 8, a). This suggests that,
while new snow may accumulate in mid-summer, the albedo impact is not sufficient to halt
summer ice melt and that other factors such as bottom melt sustain summer ice loss through to

mid-September. This is further supported by the prolonged decrease in sea ice thickness after the
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snow depth minimum (Figure 9, ¢). The snow depth maximum occurs at similar times across all
model configurations; however, peak snowmelt is distinctly earlier in CESM2 than CESM-LE in
the 1950s and 2000s. DuVivier et al., (2020) found that CESM2-CAMBG6 exhibits earlier, stronger
melt than CESM2-WACCM6 due to fewer clouds, which subsequently allows greater shortwave
radiation at the surface. By the 2050s, peak melt is concurrent across all model configurations.

In general, CESM-LE produces more annual snowfall than CESM2 over 80-90°N
(Figure 9, d and Figure 10, a). The largest differences occur in June — August (~2-4 mm month"
1), when freshly accumulated snow has the largest effect in increasing surface albedo (Figure 10,
b) (Holland and Landrum, 2015; Light et al., 2015). Although the 1920-2100 trends in snowfall
for CESM-LE and CESM2-WACCMG6 are similar (3.3 and 3.1 mm decade™, respectively),
CESM-LE has considerably higher snowfall (+20 mm) at the beginning of the time-series.
CESM2-CAMG also produces less snowfall than CESM-LE for the earlier part of the series, but
its snowfall increases by 4.5 mm decade™ and surpasses CESM-LE snowfall by 2100 (Figure
10, a). The comparison between CESM2-CAM6 and WACCMG6 reveals that CAM6 has more
annual snowfall than WACCMG6 for 1920-2100, averaging 196 vs. 187 mm. However,
WACCMBG6 has more snowfall during the summer melt season of ~2-3 mm month (Figure 10,
b), which may help reduce sea-ice surface melt.

Snow-free summers (mean snow depth value of 0.01 m or less in 80°N-90°N) become an
emerging feature in the 1930s for CESM2-CAM®6 and 2000s for WACCMS6, whereas the first
snow-free summer occurs in the 2040s in CESM-LE (Figure 11). In CESM2, thin snow (i.e. less
than 3 cm) occurs throughout the historical runs in summer, which may be related to less
perennial sea ice in CESM2 relative to CESM-LE (DeRepentigny et al., submitted), as well as

the warmer summer temperatures in CESM2-CAM6 (Mclllhatten et al., submitted). In context of
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sea-ice retreat, ice-free summers (less than 1 million km? covering 80°N-90°N) first occur in the
2020s, 2030s, and 2040s for CESM2-CAM6, CESM2-WACCMS6, and CESM-LE, respectively.
These results indicate that while the loss of snow is a reinforcing factor in the positive albedo
feedback (Holland and Landrum, 2015), snow-free summers can persist for ~30-60 years before
the onset of an ice-free central Arctic in CESM2. In CESM-LE, the first snow-free and ice-free

summers occur within the same decade.

3.3 Snow processes

Under the SSP5-8.5 forcing scenario, the 1950s — 2050s decadal changes in the snow
mass budgets of WACCM®6 and CAMG reveal: (1) greater, earlier spring melt, (2) less snow
accumulation in late summer and early autumn, (3) slightly enhanced winter snow accumulation
in WACCMB, but less winter accumulation in CAMS, (4) less condensation and more
sublimation, and (5) a marginal increase in snow-ice formation (Figures 12-13).

The largest sink in the snow mass budget is snowmelt. Snowmelt in spring was more than
three times greater in the 2050s than in the 1950s in WACCMS6, and doubled in the 2050s in
CAMG6 (Figures 12, c-d and 12). In the 2000s and 2050s, snowmelt in July — September
decreases due to the absence of snow and sea ice. Snow accumulation rates in WACCM6
decreased by ~88% in August — October by the 2050s largely due to sea-ice loss, but increased
by ~31% in December — February. In contrast, snow accumulation in CAM6 decreased in all
months, with a 64% decrease in the annual total (Figure 12, e-f), despite the increase in annual
snowfall (Figure 10, a). Although sublimation and condensation play very small roles in the
snow mass budget, we found an overall shift from condensation (positive mass contribution) to

sublimation (negative mass contribution) (Figure 12, a-b) between the 1950s and 2050s.
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As sea ice thins and snowfall increases, sea ice may become more susceptible to snow-ice
formation if snow accumulation rates are sufficiently large. We found rates of snow-ice
formation decreased by ~0.01 to 0.03 cm day* in September — October in both CESM2 model
configurations between the 1950s and 2050s (Figure 12, g-h). We attribute this decrease due to
the absence of sea ice, which forms progressing later during the 21% century (Figure 9, b). In
contrast, snow-ice formation in January — April increases by ~0.01-0.02 cm day™, which may
correspond with thinner sea ice (Figures 9, ¢) and more snowfall (Figure 10, a). Despite the
seasonal changes in snow-ice formation rates, its contribution to the snow mass budget remains
small in all future decades under the RCP 8.5 and SSP5-8.5 forcing scenarios (Figures 12-13,
and Supplementary Figure 7). This result indicates that the snow-ice system maintains a
sufficiently high ratio of sea ice-to-snow thickness to preclude widespread snow-ice formation in
current and future decades.

Regarding the spatial distribution of snow processes, similar patterns emerge between
specific snow conditions and atmosphere-snow-ice interactions. In the 2000s, the mass gain from
snowfall is largest in the northern Atlantic Ocean and Bering Sea, where the north Atlantic and
north Pacific storm tracks intersect with the Arctic (Figure 14). These areas also coincide with
thinner sea ice (see Figure 5 in DuVivier et al., submitted), early season bottom sea-ice melt
(Supplementary Figure 8), and a greater prevalence of snow loss due to snow-ice formation in
CAMBG (not shown) and WACCMG6 (Figure 14). As future models improve in spatial resolution
and treatment of physics, greater understanding can be gleaned of the governing mechanisms

from such regional differences in the snow-sea ice system.

4. Conclusions
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In this study, we use climate model experiments to investigate how snow conditions on
Arctic sea ice may respond to a warming climate. We evaluated Versions 1 and 2 of CESM using
in situ, airborne, and satellite observations. The assessment shows that CESM2-CAM6 and
WACCMG6 produce a snow cover that is too thin and too uniform, whereas snow in CESM-LE is
excessively thick and heterogeneous. Snow in all model configurations thins in a warming
climate; however, the 1950-2050 trend in CESM2 is 75% smaller than that in CESM-LE owing
to thinner snow in CESM2 throughout 1850-2100.

The differences in the mean sea-ice state and precipitation are the primary contributing
factors to dissimilar snow conditions between model configurations. For example, the combined
effect of a perennial, thick sea-ice cover, cool summers, and excessive summer snowfall in
CESM-LE facilitates a thicker, longer-lasting snow cover relative to snow in CESM2. These
results highlight the importance of the strong coupling between snow, sea-ice, and atmospheric
conditions (Webster et al., 2018), which manifests in the trends of snow depth under the RCP8.5
forcing scenario between model configurations.

All model configurations show similar seasonal changes in the following snow processes
for future projections:

1. Earlier, enhanced snow melt in spring;

2. Less snow accumulation in summer and early autumn;

3. More sublimation year-round; and

4. Slightly more snow-ice formation.

These changes have important implications for climate feedbacks and the sea-ice mass
budgets in the Arctic. An earlier spring melt (process 1) would promote a positive albedo

feedback and enhance sea-ice melt. Less summer snow accumulation (process 2) would also
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create a positive albedo feedback; however, since this impacts late summer when solar insolation
is low, its influence would be reduced relative to the earlier spring melt. Perhaps more
importantly, less snow in autumn as sea ice is beginning to form would allow sea ice to grow
faster due to a reduction in the snow’s insulating effect. To better understand the net effects of
these projected snow changes for the ice mass budgets and climate feedbacks, model
experiments with prescribed snow changes would be useful and will be pursued in future work.
It is uncertain what the effects of greater sublimation (process 3) will have on the
atmospheric state, but more may be learned from the recent observations from the
Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition
and using such observations to guide accompanying model experiments. While snow-ice
formation increases (process 4), it still has a negligible contribution to the total Arctic snow mass
budget. However, there may be specific regions where this process becomes increasingly
important over time, such as Bering Strait and Fram Strait (Figure 14). Combined modeling and
observational efforts could progress the science and understanding of the atmosphere-snow-ice
interactions unique to these (and other) regions, especially in light of testing improved physics

and resolutions in ongoing model development.
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695 Tables

696  Table 1. The number of ensemble members from each model configuration used in the analysis.

697  We note that for the SSP3-7.0 experiment using CESM2-WACCM6, model ensemble members

698 2 and 3 stop in year 2055.

Historical = SSP1-2.6 A SSP2-45 | SSP3-7.0 A SSP5-8.5 ' RCP 8.5

CESM-LE 30 - - - - 30
CESM2-CAMG6 11 2 3 6 2 -
CESM2-WACCM6 3 1 5 3 5 -

699

700  Table 2. The temporal and spatial information of each “observational” data set analyzed in the

701 analysis.

Temporal Coverage | Temporal Resolution Spatial Resolution

North Pole Ice Stations | 1954-1991 Every 10 days 10m
Ice Mass Balance 1997-2017 Daily Point measurement
Buoys
Operation IceBridge 2009-2017 Every spring 40 m
ICESat-2 2018-2019 Monthly 25 km
702
703
704
705
706
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707  Figures

708

709  Figure 1. A schematic showing the relationship between snow depth, sea ice freeboard, sea ice
710  thickness, and total (snow and sea ice) freeboard as shown in Equation 1.

711

Snow depth (m)

712

713 Figure 2. The 2000-2017 modeled spring (March-April) snow depth distributions with ground,
714  buoy, and airborne observations overlaid from the 2000-2017 period. The model results are from:

715  (a) CESM-LE; (b) CESM2-CAMS; and (c) CESM2-WACCMS.
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718  Figure 3. A comparison of 2009-2017 spring (March-April) snow depth distributions between
719  Operation IceBridge and modeled data. (a) snow depth distributions retrieved by airborne radar
720  compared to those simulated by CESM-LE; (b) the same as in (a) comparing radar retrievals and
721 CESM2-CAMBG6 snow depth distributions; and (c) the same as (a) comparing radar retrievals and
722 CESM2-WACCMS6 snow depth distributions. Correlation coefficients were statistically

723 significant to the 99%. The bin width is 2 cm.
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Figure 4. (a) and (b) show the mean (solid) and standard deviation (spread and bars) in snow
depth for IMBs and CESM configurations for each month at all IMB locations. The squared
correlation coefficients were 0.09, 0.11, and 0.12 for CESM-LE, CESM2-CAM6, and CESM2-
WACCMSG, respectively. Panels (c) and (d) show the mean (solid) and standard deviation (spread
and bars) in snow depth for the survey lines at the drifting ice stations and CESM for each month
at all station locations. The squared correlation coefficients were 0.16, 0.49 and 0.53 for CESM-

LE, CESM2-CAMG6, and CESM2-WACCMS6, respectively.
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Figure 5. The difference in snow depth directly available from CESM2-WACCM®6 minus that
derived from ICESat-2 data (using CESM snow depth and sea ice thickness). The CESM2-

WACCMS6 data were averaged over 2010-2019, while the ICESat-2 data are available for 2018-

2019.
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Figure 6. Projections of annual mean snow depth over 80-90°N under different forcing scenarios
for (a) CESM2-CAM6 and (b) CESM2-WACCM6. The solid lines represent the model ensemble
mean, while the spread is the standard deviation among ensemble members. Please note the
differences in y-axis scales and that the spread, or lack thereof, is largely due to the number of

available ensemble members (see Table 1).
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Figure 7. (a) The annual mean snow depth at 80-90°N for historical models runs and projected
under the SSP5-8.5 and RCP8.5 forcing scenario for CESM2 and CESM-LE, respectively; and
(b) the number of days (duration) with at least 0.01 m snow depth and 15% sea ice concentration
over 80-90°N for historical models runs and projected under the SSP5-8.5/RCP8.5 forcing

scenario. The spread in both panels is the standard deviation across model ensemble members,
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while the solid line is the ensemble mean. Note, the number of ensemble members changed from
11 to two for CESM2-CAMG6 and three to five for CESM2-WACCMS6 in 2015, which affects the

spread.

Difference (days)

Figure 8. The difference in the snow cover duration, defined as the number of days when the
snow cover was at least 0.01 m thick and sea ice concentration at least 15%, for (a) CESM-LE
minus CESM2-CAMS6, (b) CESM-LE minus CESM2-WACCMS, and (c) CESM2-CAM®6 minus

CESM2-WACCM6.
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Figure 9. Decadal averages of (a) snow depth, (b) sea ice concentration, (c) sea ice thickness,
and (d) snowfall over 80°N-90°N for the 1950s, 2000s, and 2050s from CESM-LE (dashed),
CESM2-CAMG (solid) and CESM2-WACCMG6 (dotted) under the RCP8.5 and SSP5-8.5 forcing

scenarios.
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Figure 10. (a) The annual snowfall over 80°N-90°N for all model configurations from 1920 to
2100 under the RCP 8.5 and SSP5-8.5 forcing scenarios; (b) The difference between model
configurations in monthly mean snowfall averaged over 1920-2100 and 80°N-90°N under the

same forcing scenarios as panel (a).
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Figure 11. Mean monthly snow depths over 80°N-90°N for (a) CESM-LE (b) CESM2-CAMBS,
and (c) CESM2-WACCMS6 under the RCP8.5 and SSP5-8.5 forcing scenarios. Note the scale

change between panel (a) and panels (b — c) to better illustrate the large snow depths in CESM-

LE.
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782  Figure 12. Decadal averages from (left) CESM2-WACCMS6 and (right) CESM2-CAM®6 of snow
783  processes that constitute the snow mass budget over the annual cycle. Averages are taken over
784  80°N-90°N for the 1950s, 2000s, and 2050s under the SSP5-8.5 forcing scenario. The snow

785  processes include: (a-b) sublimation and condensation, (c-d) snowmelt, (e-f) accumulation from

786  snowfall, (g-h) snow-ice formation, and (i-k) dynamics.

787
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789  Figure 13. Snow processes that comprise the snow mass budget for (a-c) CESM2-CAMS6, (d-f)
790 CESM2-WACCMS6, and (g-i) CESM-LE. The decadal averages for 1950s, 2000s, and 2050s
791  over 80°N-90°N are shown. Note the scale change for panels g-i.
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793 cm day’
794 Figure 14. The 2000-2009 average (a-d) snow mass gain from snowfall and (e-h) snow mass
795 loss from snow-ice formation for each season in CESM2-WACCMS6.
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