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Projected decline in spring snow depth on Arctic sea ice caused

by progressively later autumn open ocean freeze-up this century
P.J. Hezel', X. Zhang', C.M. Bitz', B.P. Kelly?, F. Massonnet®

We present the first analysis of snow depths on Arc-
tic sea ice in the Coupled Model Intercomparison Project
5 (CMIP5) because of its importance for sea ice thermo-
dynamics and ringed seal (Phoca hispida) habitat. Snow
depths in April on Arctic sea ice decrease over the 21st cen-
tury in RCP2.6, RCP4.5, and RCP8.5 scenarios. The chief
cause is loss of sea ice area in autumn and, to a lesser ex-
tent, winter. By the end of the 21st century in the RCP8.5
scenario, snowfall accumulation is delayed by about three
months compared to the late 20th century in the multi-
model mean. Mean April snow depth north of 70°N declines
from about 28 cm to 16 cm. Precipitation increases as ex-
pected in a warmer climate, but much of this increase in the
Arctic occurs as rainfall. The seasonality of snowfall rate
grows, with increasing rates in winter and decreasing rates
in summer and autumn, but the cumulative snowfall from
September to April does not change. Ringed seals depend
on spring snow cover on Arctic sea ice to create subnivean
birth lairs. The area with snow depths above 20 cm — a
threshold needed for ringed seals to build snow caves — de-
clines by 70%.

1. Introduction

Despite its importance for physical and biological sys-
tems, little is known about current trends in snow depths
on sea ice and how snow depths will respond to climate
change in the future. It is expected that spring snow depths
on sea ice are sensitive to changes in both the sea ice extent
and hydrologic cycle, but little is known about current or
future expected trends. Competing effects in a warmer cli-
mate could drive snow depths in either direction compared
to today. It is unclear a priori which effect will dominate.

In contrast, the retreat of Arctic sea ice is a well-studied
problem. There is clear evidence of a decline in sea ice ex-
tent and thickness in the past few decades [e.g., Kwok and
Rothrock, 2009; Comiso and Nishio, 2008], and climate mod-
els predict declines will continue at an equally rapid or, in
some cases, an even faster pace through this century [e.g.,
Arzel et al., 2006; Zhang and Walsh, 2006]. A change in
snow depth is thought to be a factor in sea ice loss but also
with competing effects. Snow accumulation on top of sea ice
insulates the sea ice and reduces ocean heat loss to the at-
mosphere, leading to reduced sea ice growth rates. Reduced
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snow depth should therefore enhance sea ice growth rates. If
this were the only consideration, a decrease in snow depth
resulting from the loss of autumn and winter sea ice area
would in turn slow the reduction of sea ice area into the fu-
ture, a negative feedback described in more detail by [Notz,
2009]. At the same time, reduced snow depth would melt
earlier in spring and more rapidly reveal bare sea ice with its
lower surface albedo, a positive feedback which would tend
to melt more sea ice.

In a warmer climate the atmospheric moisture flux con-
vergence into the Arctic is expected to increase from ris-
ing evaporation rates in lower latitudes. A higher mois-
ture flux combined with greater moisture recycling should
increase the precipitation rate, as found in recent observa-
tions and in climate models [Kattsov et al., 2007; Rawlins
et al., 2010]. If this increase occurs when air temperatures
are below freezing, snowfall rates should rise. The question
remains whether the rise occurs seasonally when sea ice is
present to capture it.

Snow cover on sea ice in spring also provides critical habi-
tat for ringed seals (Phoca hispida) to create subnivean birth
lairs [e.g., Smith and Stirling, 1975; Smith and Lydersen,
1991]. To successfully rear young, ringed seals in the central
Arctic need on-ice snow depths in April of at least 50 cm
in which to form subnivean lairs. Such depths are found in
snow drifts next to ridges at times when depths on level ice
are at least 20 cm. Thus, the period over which snow ac-
cumulates on ice is considered to be “the primary factor in-
fluencing the quality of ringed seal breeding habitat” [Smith
and Lydersen, 1991]. Inadequate snow depths increase pup
mortality through exposure and predation [e.g., Kelly, 2001;
Ferguson et al., 2005; Lukin et al., 2006].

For the first time the CMIP5 has archived snow depth on
sea ice. Here we show the evolution of snow depth on Arctic
sea ice in 20th and 21st century integrations. We consider
these snow depth changes in the context of the changing
Arctic sea ice area and snowfall rates. We focus attention
on the time evolution of snow depth in April as a measure of
integrated snow accumulation at the end of the ice-growth
season. April also coincides with the time when ringed seals
most depend on snow to raise their young.

2. Methods and Validation

We use model output from historical and 21st century
integrations from the CMIP5 archive [Taylor et al., 2012].
We show results for Representative Concentration Pathway
(RCP) 8.5 for the 21st century scenario. We choose this sce-
nario because it has the highest radiative forcing and hence
is an upper bound of available scenarios. Declines in snow
depth in the RCP2.6 and RCP4.5 scenarios (shown in the
Auxiliary materials) occur on a slower timescale. We use all
models that archive snow data on sea ice and every available
ensemble member (see Auxiliary Table 1) except where the
CMIP5 archived data appeared incorrect. Ensemble means
are computed for each model, and then each model mean is
weighted uniformly in the multi-model means.

In the CMIP5 archive, the variable for snow depth on
sea ice is the average over the ocean covered portion of a
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grid cell (i.e., snow volume normalized by ocean area), with
zero depth over open water. We are interested in the snow
depth on sea ice (i.e., snow volume normalized by the sea ice
area in each grid cell), so we divide the snow depth per unit
ocean area by the sea ice fraction per unit ocean area. We
then compute monthly averages of snow depth (normalized
by sea ice area) weighted by area for sea ice-covered portion
of the ocean north of 70°N using the minimum threshold of
15% ice concentration on the ocean grid. Henceforth in this
paper we refer to this quantity as the snow depth north of
TO°N.

In spring to first order, the depth of accumulated snow on
sea ice depends on the timing of autumn freeze-up and the
winter snowfall rates. Second order impacts are discussed
at the end of this section. We assess the influence of both
of these factors on April snow depths. April is minimally
affected by intermodel differences in melt-onset, and there-
fore, analysis of April focuses our analysis on the cumulative
effect of winter processes only. Snow depths on flat ice of 20
— 32 cm are necessary to adequately protect young ringed
seals from predation and hypothermia [Lydersen et al., 1990;
Hammill and Smith, 1991; Smith and Lydersen, 1991; Fergu-
son et al., 2005]. For this analysis, we choose a conservative
threshold of 20 cm of snow in April to compare changes in
area of sufficient snow depth for ringed seal habitat.

Mean precipitation (both snow and rain) in the Arctic is
computed for the Arctic ocean area north of 70°N as area-
weighted averages on the atmospheric grid. We compute
mean monthly precipitation from November to March as a
conservative estimate of winter precipitation occurring after
freeze-up and before melt-onset. In a given model over a
given time period, the fraction of precipitation that falls as
snow is roughly uniform from November to March, though
this fraction differs among models (See Aux. Fig. S5).

The multi-model mean April snow depth in the central
Arctic (Fig. 1) compares well with observational estimates
from two sources. Warren et al. [1999] produced a climato-
logical mean from measurements made by the Soviet North
Pole drifting stations from 1954-1991 over a domain occu-
pied by the stations in the central Arctic. In the same years
over the same domain, the multi-model mean April snow
depth is 30.1 c¢m, about 10% below the estimate from the
drifting stations, and the root mean square error (RMSE)
after removing the area mean bias is 2.4 cm. Warren et al.
[1999] note that the drifting station depths are measured
only for multiyear ice and leads refrozen in early autumn,
and they argue that new ice forming after the first snow in
September occupies only about 1% of the area of the cen-
tral Arctic in April. Kwok et al. [2011] provide a more recent
snow depth estimate using microwave radar measurements
along three ~2000 km transects in April 2009 primarily over
the western central Arctic from Operation IceBridge. The
multi-model mean along the same transects for 2009 is 31.6
cm, about 11% below the IceBridge depths. The individ-
ual models have spatial means in the range +30% of the
multi-model mean, and more than 1/3 of the models have
spatial means that are greater than observed. The spatial
pattern in the multi-model mean (Fig. 1) agrees well with
the drifting station climatology (See Fig. 9 in Warren et al.
[1999]). Given this satisfactory agreement between model
and observations, we proceed with an analysis of the future
change in snow depths.

The physical processes associated with snow cover in
the sea ice component of climate models are often simpli-
fied compared to those in the land component because of
the computational expense involved with advection of every
variable that describes sea ice conditions. We are unaware of
any fully-coupled climate models in which the sea ice com-
ponent has a time-varying snow density, takes into account
degradation of snow from rain and refreezing, or explicitly
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allows wind-blown snow redistribution (though some redis-
tribute snow during ice deformation events). The models
also do not distinguish between level and ridged ice or be-
tween multiyear and first-year ice, and so we are unable to
characterize responses among these different ice conditions.
We discuss the consequences of these model simplifications
later.

3. Results

Arctic snow depths averaged north of 70°N in April from
1850-2100 have little trend prior to the 21st century in the
multi-model mean and among individual models (Fig. 2a),
but snow depths in every model decrease substantially by
the end of the period. In the RCP8.5 scenario, the multi-
model mean snow depth in April is 2847 cm for 1981-2000
and 1645 cm for 2081-2100. The uncertainty represents the
intermodel spread and is calculated as one standard devia-
tion of the monthly means for all models over each period.
In the RCP4.5 (RCP2.6) scenario, multi-model mean snow
depth in April is 2246 cm (2546 cm) for 2081-2100, which
corresponds to the mean snow depth for a 20-year period
centered at 2053 (2034) under the RCP8.5 scenario. The
multi-model mean of the relative decline in snow depth in
each model (i.e., relative decline of mean at 2081-2100 com-
pared to 1981-2000) for the RCP8.5 (RCP4.5, RCP2.6) sce-
nario is 45+12% (23+7%, 13+6%) (See Aux. Fig. S1). We
also note that the relationship between snow depth in April
versus global mean annual temperature (a proxy for radia-
tive forcing) is approximately linear across models. The
same can be said for the relationship between April snow
depth and the minimum sea ice area in September until
perennial sea ice disappears. That the slopes of these re-
lationships are similar under each RCP scenario indicates
that modeled snow depth responds in the same way in each
model to both the forcing and the ice area, with only slightly
different sensitivities among models (See Aux. Fig. S2).

The decline in model spread over time (Fig. 2a) indi-
cates that the models with larger initial snow depths have
greater rates of decline. Similar behavior is seen for the in-
termodel spread in sea ice thickness averaged north of 70°N
but not for Arctic sea ice area [Bitz, 2008]. This similarity
between transient rates of change in snow depth and sea ice
thickness across models is perhaps unsurprising considering
that greater snow depths tend to accumulate on thicker sea
ice found along the Canadian archipelago — a behavior also
seen in spatial maps of snow depth from the drifting stations
[Warren et al., 1999] and in an across-model correlation of
1981-2000 April means of snow depth and sea ice thickness
for averages north of 70°N (R=0.56, no implied causality).

To demonstrate the impact on potential seal habitat, we
show the multi-model mean snow depth distribution in area
for April in RCP8.5 (Fig. 2b). This indicates a substan-
tial loss of coverage for snow depths >20 cm over the 21st
century. The total area of snow depth >20 cm declines
in RCP8.5 (RCP4.5) from a multi-model mean of 7.44+1.8
x 10% km? in 1981-2000 to 2.4+1.9 x 105 km? (4.74+2.4
x 105 km?) in 2081-2100. The multi-model mean relative
decline in the area of snow depth >20 cm across all models
in RCP8.5 (RCP4.5) is 69+21% (39+22%). The distribu-
tions are constructed as the average of the distribution for
each model for each time period, and thus retain informa-
tion about the variance that is lost in the spatial plot of
multi-model mean snow depth as shown in Fig. 1. The spa-
tial maps of multi-model mean snow depth (Fig. 1) show
the spatial pattern of decline by the end of the 21st century.
The relative decline in snow depth between the two periods
is similar across models and is in the range of 30 to 50%
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over most of the Arctic basin from the 20th to the 21st cen-
tury (not shown), which is consistent with the decline in the
mean snow depth. (See Aux. Figs. S3 and S4 for spatial
maps of snow depth in individual models.)

The decrease in April snow cover occurs in spite of an
increase in snowfall in winter months over the Arctic ocean
(Fig. 3). The total precipitation (rain plus snow) in winter
months increases through the 21st century because mois-
ture convergence into the Arctic increases roughly according
to the temperature dependence of the Clausius-Clapeyron
equation. This effect is seen in Fig. 3 and has been
demonstrated in other studies of future climate projections
[Bengtsson et al., 2011]. For the months of November to
March, the multi-model mean snowfall rate increases in all
models from 1981-2000 to 2081-2100, with a mean increase
of 27+16%, and a range from 5% to 51%. In the same
months the multi-model mean increase in total precipita-
tion is 69+21%, and so a substantial fraction of the increase
in precipitation occurs as rain.

The time series of muti-model mean monthly rainfall aver-
aged over April and May shows an increase through the end
of the 21st century in RCP8.5 (The lowest curve in Fig. 3).
The fraction of precipitation that falls as rain in April and
May increases from 19+£7% to 44+7% in the multi-model
mean over these two periods. Snowfall is roughly constant
in the multi-model mean for April and May, and therefore
almost all of the increase in precipitation in these months is
in the form of rain.

We find that most of the change in snow depth in April
during the 21st century is caused by the delay in open water
freeze-up, as illustrated by the multi-model mean climatol-
ogy of snowfall rate, snow depth on sea ice, and sea ice area
for the two periods 1981-2000 and 2081-2100 (Fig. 4). The
end of the 20th century has a roughly uniform snowfall rate
in autumn and winter months with a slight peak in October.
The nearly linear increase in snow depth on sea ice follows
the linear increase in cumulative snowfall from September
through the beginning of the melt season in April. The sea
ice area is lowest in September, but grows rapidly to reach a
plateau of maximum area in the region north of 70°N from
December until the start of the melt season.

By the end of the 21st century, the multi-model mean
snowfall rates averaged north of 70°N have a larger seasonal
variation, with a higher peak in winter and lower trough in
summer compared to the end of the 20th century (top pan-
els, Fig. 4). In addition, the timing of the snowfall peak
shifts from October to December, as more of the precipita-
tion falls as rain in autumn months. The cumulative snow-
fall averaged north of 70°N increases slowly at first and then
roughly linearly after December before plateauing by May.
The cumulative snowfall by April changes little over the 21st
century (thin grey lines in top panels of Fig. 4). Over the
period 2081-2100, mean snow depths do not follow the sea-
sonal timing of cumulative snowfall, however. Instead, snow
depths begin their seasonal increase only in December and
then increase linearly through April. Snow on sea ice does
not deepen in autumn for lack of sea ice on which to ac-
cumulate. By the end of the 21st century, the multi-model
mean April snow depth north of 70°N is 55% as deep as at
the end of the 20th century. The cumulative sum of snow-
fall weighted by the sea ice area (thick grey lines in upper
panels of Fig. 4) in April in 2081-2100 is 54% as large as in
1981-2000, indicating that the reduction in sea ice area in
autumn and early winter is the primary cause of the decline
in April snow depth. (See auxiliary materials for climatol-
ogy of snowfall, rainfall, snow depth, and sea ice area for
individual models.)

4. Discussion and Conclusions

In CMIP5 models April snow depths in the central Arc-
tic hold fairly steady throughout the 20th century and then

X-3

decline sharply during the 21st. Mean April snow depths
north of 70°N decrease by 45% in the RCP&.5 scenario at
the end of the 21st century compared to the 20th century.
Regions with deeper snow decrease fastest, as do models
with unusually deep snow.

The decrease in snow depths is caused by the decrease
in sea ice area in the autumn and early winter in the 21st
century, corresponding to a reduction in the area of ice that
survives the melt season (hence a loss of multiyear sea ice).
Though the winter snowfall rate increases, there is a com-
pensating decrease in snowfall rate during autumn, so the
cumulative snowfall from September to April is nearly un-
changed at the end of the 21st century. When accounting
for the loss of sea ice as a platform to collect snow in autumn
and early winter, the amount of snowfall that can accumu-
late is greatly reduced over the 21st century.

The observed distribution of snow depths across the Arc-
tic today and recent sharp decline in multiyear sea ice lend
support to our findings. April snow depths are greatest
where sea ice is thick and concentrations are highest in early
autumn (in observations, Warren et al. [1999], and models,
Fig. 1). In contrast snow depths are usually below aver-
age where much of the area is covered by firstyear sea ice.
Even in regions that have a mixed population of firstyear
and multiyear sea ice, April snow depths on multiyear sea
ice are about double those on firstyear ice [Kurtz and Far-
rell, 2011]. A characteristic of Arctic sea ice trends is the
faster pace of decline of thicker, multiyear sea ice compared
to firstyear sea ice [Comiso, 2012], so it stands to reason
that there would be a corresponding reduction in the mean
snow depth in April.

Our conclusions about the controls on 21st century snow
depths hinge on only a modest increase in winter snowfall
rates as demonstrated by the models. However, from the
cumulative snowfall rates in (Fig. 4, thick gray lines), we
estimate that by end of the 21st century in RCP8.5 snowfall
rates would need to double from September through April
to compensate for the effect of the later freeze-up of autumn
sea ice.

Modeling studies show that artificially enhancing the
snow depth causes sea ice to become thinner via reduced
growth rates at either pole [Maykut and Untersteiner, 1971;
Huwald et al., 2005; Powell et al., 2005], provided the snow
mass is insufficient to drive the sea ice-snow interface below
sea level and cause snow-to-ice conversion. The CCSM4,
which has among the deepest snow covers among the mod-
els we analyzed, has a negligible amount of snow-to-ice con-
version in the Arctic and it remains negligible throughout
the 21st century even for RCP8.5. Since decreases in snow
depth induce enhanced growth rates, we infer that reduced
snow depths as the Arctic warms in the 21st century will
lessen the thinning of sea ice.

Based solely on a 20 cm April snow depth threshold, we
estimate that the mean area of potential habitat for ringed
seal reproduction north of 70°N decreases by nearly 70%
over the 21st century in RCP8.5 in the CMIP5 models.
Ringed seals build subnivean lairs in snow drifts that form
near hummocks of deformed sea ice, and survival of seal pups
diminishes in locations without at least 20 cm of snow on
level sea ice in April [e.g., Hammill and Smith, 1991; Fergu-
son et al., 2005; Lukin et al., 2006]. We have used the lower
estimate (20 cm) for the minimum snow depth on level ice
necessary for seal subnivean lair success, though Ferguson
et al. [2005] found that the snow depth needs to be greater
than 32 cm. These studies also show that sea ice defor-
mation is a necessary but not a sufficient condition for lair



X-4

success. We have not excluded deformation-free regions in
our analysis of the snow depth distribution in the models
because deformation data are absent in the CMIP5 archive.
Rain events in the Arctic spring are also known to cause
the collapse of snow caves [Stirling and Smith, 2004]. We
note therefore that an increase in April and May rainfall as
simulated in the CMIP5 models would further impact seal
habitat, an impact not quantified here. Though the calcu-
lated change in area of suitable ringed seal habitat depends
in part on knowledge of the relevant snow depth threshold,
the effect of a different choice of threshold can be ascertained
from Fig. 2b.

To the best of our knowledge, the sea ice in CMIP5 mod-
els is generally unaffected by rainfall since rainfall is de-
posited directly into the ocean in the models, with no inter-
action with snow or sea ice. In reality rain falling during the
ice growth season would likely affect snow aging, density,
and thermodynamic processes associated with ice growth.
Rain falling on sea ice during the melt season would affect
snow morphology and albedo, accelerate snow loss during
the beginning of the melt season and potentially accelerate
ice loss. These and other thermodynamic effects associated
with snow on sea ice are only now being investigated in the
context of a global model [O. Lecomte, pers. comm.].

For a given forcing scenario, CMIP5 models may underes-
timate the decrease in wintertime accumulated snow depth
for at least two reasons. First, rainfall rates in CMIP5 mod-
els increase during both the winter and spring, though the
effect on net snow accumulation and morphology is not fully
considered in the sea ice components of global climate mod-
els. Second, decreases in sea ice concentration in the autumn
and early winter could also cause loss of drifting snow into
leads. Changes to the sea ice surface topography (hummock
height and distribution) are expected due to changes in the
deformation rate as well as the proportion of firstyear and
multiyear ice. The nature and seasonality of these changes
and their effect on drifting snow, and by extension seal habi-
tat, is unknown. The considerable decline in 21st century
snow depths in the CMIP5 models and the relevance for
seal habitat motivate further investigation into the impact
of these additional factors.
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Figure 1. Multi-model mean April snow depth (cm)
on sea ice for the periods 1981-2000 (left) and 2081-
2100 (right) for RCP8.5. The multi-model mean is cal-
culated from the time-mean snow depths on sea ice for
each model (or from each model ensemble), including ze-
ros from models when sea ice is absent. The white line
is the multi-model mean 15% ice concentration line for
each period.
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Figure 2. (a) 1850-2100 April snow depth averaged
north of 70°N on sea ice, RCP8.5, for ensemble means
of individual CMIP5 models and the multi-model ensem-
ble mean (black). (b) Multi-model mean snow depth dis-
tribution in area for April, in 5 cm bins for the periods
1981-2000, 2031-2050, and 2081-2100. The distributions
are calculated as the mean of the snow depth distribution
obtained for each model over each time period for north
of 700N where the sea ice concentration is >15%. This is
different from the distribution for the multi-model mean
snow depth shown in Fig. 1, for which the variance has
been much reduced as a result of the averaging.
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Figure 3. Timeseries of multi-model mean November-
March total precipitation (thick black) and snowfall
(thick grey) (kg m~™2 month™!) from 1850-2100 in
RCP8.5. Note the increase in rainfall (the difference
between these two curves) toward the end of the 21st
century. April-May mean rainfall (thin black) (kg m™2
month™!) also shows a strong increase over the same
period and would contribute to faster spring melting of
snow.
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Figure 4. Multi-model mean climatology of snowfall
(top, kg m™2 month™"'), snow depth (middle, cm), and
sea ice area (bottom, x10° km?) for the periods 1981-
2000 (left) and 2081-2100 (right). The area-weighted
monthly means are computed for north of 70°N over
ocean (top) and for sea ice concentrations >15%, and the
error bars represent one standard deviation in monthly
means across CMIP5 models used in this study. The
top plots also show the cumulative snowfall beginning in
September (thin grey line, right axis, kg m™2 month™')
and the cumulative snowfall weighted by sea ice area (i.e.,
the lower panel) and normalized by the maximum cli-
matological sea ice area from 1981-2000 (thick grey line,
right axis, kg m™2 month™'). Months are from Septem-
ber through August.



