
TCD
9, 5681–5718, 2015

Snow on Arctic sea
ice: model

representation and
last decade changes

K. Castro-Morales et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

The Cryosphere Discuss., 9, 5681–5718, 2015
www.the-cryosphere-discuss.net/9/5681/2015/
doi:10.5194/tcd-9-5681-2015
© Author(s) 2015. CC Attribution 3.0 License.

This discussion paper is/has been under review for the journal The Cryosphere (TC).
Please refer to the corresponding final paper in TC if available.

Snow on Arctic sea ice: model
representation and last decade changes

K. Castro-Morales1,a, R. Ricker1, and R. Gerdes1

1Alfred Wegener Institute Helmholtz Centre for Polar and Marine Research,
Bremerhaven, Germany
anow at: Max Planck Institute for Biogeochemistry, Jena, Germany

Received: 28 August 2015 – Accepted: 3 October 2015 – Published: 22 October 2015

Correspondence to: K. Castro-Morales (kcastro@bgc-jena.mpg.de)

Published by Copernicus Publications on behalf of the European Geosciences Union.

5681

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/5681/2015/tcd-9-5681-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/5681/2015/tcd-9-5681-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 5681–5718, 2015

Snow on Arctic sea
ice: model

representation and
last decade changes

K. Castro-Morales et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

Abstract

Together with sea ice, Arctic snow has experienced vast changes during the last
decade due to a warming climate. Thus, it is relevant to study the past and present
changes of Arctic snow to understand the implications to the sea ice component, pre-
cipitation, heat and radiation budgets. In this study, we analyze the changes of snow5

depth between 2000 and 2013 at regional scale represented in an Arctic coupled sea
ice-general circulation model. We evaluate the model performance by direct compar-
ison of the modeled snow depths (hs_mod) to snow depths from radar measurements
from the NASA Operation IceBridge (hs_OIB) during the flight campaigns completed
from 2009 to 2013. Despite the description of the snow in our model is simple (i.e. sin-10

gle layer without explicit snow redistribution processes) as in many current sea-ice
models; the latitudinal distribution of hs_mod in the western Arctic is in good agreement
to observations. The hs_mod is on average 3 cm thicker than hs_OIB in latitudes>76◦ N.
According to the model results, the hs in 2013 decreased 21 % with respect to the
multi-year mean between 2000 and 2013. This snow reduction occurred mainly in FYI15

dominated areas, and is in good agreement to the year-to-year loss of sea ice, also
well reproduced by the model. In a simple snow mass budget, our results show that
65 % of the yearly accumulated snow is lost by sublimation and snowmelt due to the
heat transfer between the snow/ice interface and the atmosphere. Although the snow
layer accumulates again every year, the long-term reduction in the summer sea-ice20

extent ultimately affects the maximum spring accumulation of snow. The model results
exhibit a last decade thinning of the snowpack that is however one order of magnitude
lower than previous estimates based on radar measurements. We suggest that the
later is partially due to the lack of explicit snow redistribution processes in the model,
emphasizing the need to include these in current sea-ice models to improve the snow25

representations.
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1 Introduction

The snow cover on sea ice is an important element in the climate system. Due to its
optical (high surface albedo), physical (e.g. metamorphic properties like grain size and
texture and its density) and thermal (e.g. conductivity almost an order of magnitude less
than the thermal conductivity of the ice) properties, the snow cover on sea ice in high5

latitudes contributes effectively in regulating the heat and energy fluxes between the
ice, ocean and atmosphere (Blazey et al., 2013; Pedersen and Winther, 2005; Sturm
et al., 2002a). This helps to maintain the total sea-ice mass balance and heat budget
of the Arctic Ocean.

The decline in the Arctic sea-ice extent and its thickness due to a warming climate10

in the last four decades (Stroeve et al., 2012, 2014) also sets the onset for contempo-
rary changes in the Arctic snow. A reduction in the snow depth (hs) will contribute to
a positive ice albedo feedback mechanism (i.e. earlier snow melt in spring and a longer
exposure of bare ice with a decrease in surface albedo) by increasing the amount of so-
lar radiation absorbed by the surface ocean and resulting in additional warming (Hezel15

et al., 2012; Pedersen and Winther, 2005; Screen and Simmonds, 2012).
The knowledge of the present state and variability of the Arctic snow thickness and

distribution is also relevant for airborne and space-borne sea-ice thickness retrieval.
Both the depth and density of snow are essential parameters for the computation of
sea-ice thickness from freeboard measurements using radar and lidar altimetry, and20

as such, it requires a high accuracy of these snow properties (Giles et al., 2007; Kurtz
and Farrell, 2011; Kwok et al., 2011).

Over the last two decades, the number of local Arctic hs measurements (primarily
using depth probing, lidar measurements and ice mass balance buoys) has increased
(e.g. Cheng et al., 2013; Forsström et al., 2011; Iacozza and Barber, 2010; Petrich25

et al., 2012; Sturm et al., 2002a, b, 2006). However, few studies have contributed to the
large-scale spatial distribution of snow on sea ice and the analysis of its contemporary
spatial trends related to changes in sea ice.
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The work by Warren et al. (1999) is perhaps the most comprehensive study of
large-scale Arctic hs up to date. The authors constructed a hs climatology based on
snow data from Soviet drifting stations collected in 1937 and between 1954 and 1991.
Their results pointed to a consistent reduction of hs of about 57 % in the Beaufort and
Chukchi Seas (Warren et al., 1999). It is well known, however, that this climatology5

has several limitations: it is only valid for snow depths in areas with level and multi
year ice (MYI), leading to underestimating the snow depths in regions of first year ice
(FYI) (Kern et al., 2015). It also provides an unrealistic north-to-south gradient in both
snow depths and densities, particularly in Baffin Bay (Kern et al., 2015; Kwok et al.,
2011). Thus, this climatology does not represent the characteristics of the snow cover10

on the seasonal ice currently dominating the Arctic region (Kurtz and Farrell, 2011;
Kwok et al., 2011; Webster et al., 2014).

The NASA-Operation IceBridge (OIB) is a recent effort to measure snow depths
in Polar Regions at larger temporal and spatial scales, than the yearly scarce point
site measurements. The OIB has the primary goal to bridge the gap of laser altimetry15

data between the end of the Ice, Cloud and Land Elevation Satellite (ICESat) mission
and the launch of ICESAT-2 for 2016 (Abdalati et al., 2010). Since 2009, Arctic spring
(March and April) snow depths are measured during flights campaigns by an airborne-
snow radar. These measurements have been carried out every year, and represent the
most reliable contemporary Arctic hs observations with a larger temporal and spatial20

scale of on site hs measurements using state-of-the-art instruments.
The snow-OIB data has been used for validation of satellite records from AMSR-

E (Brucker and Markus, 2013) and compared to direct measurements (e.g. Webster
et al., 2014). Results from the later work showed that the OIB snow depths are in good
agreement with in situ point snow depth measurements (correlation of 0.59 and RMSE25

of 5.8 cm; Webster et al., 2014).
The Arctic hydrological cycle will be strongly affected by a decline in the Arctic snow

layer. The long-term hs decline has been assessed from the analysis of climate models
results from the Coupled Model Intercomparison Project 5 (CMIP5). Hezel et al. (2012)
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concluded that for three IPCC scenarios (RCP2.6, RCP4.5 and RCP8.5), the April hs
decreased by 16 to 28 cm north of 70◦ N, over the 21st century. According to climate
models, the decline in Arctic hs is projected to continue in the future due to a warming
climate (Hezel et al., 2012).

Screen and Simmonds (2012) linked the reduction of Arctic hs to the decline in snow-5

fall based on the analysis of in situ observations and the ERA-Interim reanalysis data
(Dee et al., 2011). Based on their analysis, the authors concluded that a considerable
decline in summer snowfall has occurred over the past two decades (40 % decline be-
tween 1989 and 2009) over the Arctic Ocean and the Canadian Arctic. This decline is
suggested to be mainly due to the warming in the Arctic low-atmosphere, leading to10

a decrease in the precipitation in the form of snow (Screen and Simmonds, 2012). The
results of Screen and Simmonds (2012) and Hezel et al. (2012), suggest that a de-
crease in Arctic snow cover will ultimately contribute to an increase in the precipitation
rate in the liquid form and to the input of fresh water content in the Arctic Ocean. This
will also lead to enhancing the formation of melt ponds (Petrich et al., 2012).15

Recently, Webster et al. (2014) presented an updated climatology of Arctic hs. For
this, they spatially interpolated (following the same gridding approach as Warren et al.,
1999) the spring snow thickness product retrieved by radar altimetry between 2009
and 2013 by the NASA-Operation IceBridge. To evaluate the last decade changes and
current state of the large-scale Arctic snow cover, the authors compared the current20

data to the snow product from Warren et al. Their results showed a considerable hs
decrease over the last 24 years with major snowpack thinning of about 56 % in the
Beaufort and Chukchi seas (37 % in the western Arctic) (Webster et al., 2014). The
data used for this study is however, concentrated only in the western part of the Arctic
(see inset map in Fig. 2) and their spatial interpolation may lead to an overestimation25

of the regional snow changes.
The use of numerical model to represent Arctic-wide snow cover on sea ice can

contribute to shed light on the past and current large-scale snow distributions. Up to
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date few numerically simulated Arctic snow depths have been validated against in situ
measurements.

However, the snow cover on sea ice is subject to a set of complex processes such
as: redistribution by wind, snowmelt and sublimation, spatial changes in grain size and
density and compaction over several snow layers. Some numerical models include5

complex snow parameterizations that in part emulate some of these processes (i.e. the
Community Climate System Model, CCSM; Blazey et al., 2013). Stand alone compre-
hensive snow models even include metamorphic processes (e.g. Jordan et al., 1999;
Nicolaus et al., 2006).

Few large-scale state-of-the-art coupled sea-ice and ocean models make use of10

complex snow multilayer thermodynamic schemes. An exception is the LIM3 (Louvain-
la-Neuve Sea Ice Model version 3) thermodynamic-dynamic model (Lecomte et al.,
2013). However, in the majority of the ice–ocean GCMs and climate models, the snow
scheme is defined in a very simplistic manner with a single-layer snow representation.
None, or few at best, snow processes (i.e. explicit compaction and redistribution pro-15

cesses by wind) are included in models because they are computationally expensive
and difficult to include, particularly at a large scale. Spatial variability of the snow ther-
mophysical properties such as density, albedo, snow and ice thermal conductivities
and snow grain size (Hunke et al., 2010; Pedersen and Winther, 2005) are suppressed
by setting them to constant for the entire model domain.20

Thus, the motivation of this study is to evaluate and validate the simulated last-
decade Arctic snow depth, its temporal Arctic-wide trend and to analyze the contribut-
ing mechanisms of these changes in a simple snow mass balance. For that, we use a
regional model configuration for the Arctic with the Massachusetts Institute of Technol-
ogy general circulation model (MITgcm) and we compare the resulting simulated snow25

depths (hs_mod) to the snow depths from the OIB product (hs_OIB). Our model configu-
ration follows a simple snow parameterization with single layer of snow accumulated in
the grid area were sea ice is present, and uses constant thermophysical properties (i.e.
density and thermal conductivity). Thus, the intention of our results is to set the validity
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of the snow representation using a simple snow scheme. Our results also contribute to
set the direction for future model improvements for present conditions and prediction
on future trends.

This study is organized as follows: Sect. 2 includes the methods description for the
configuration of the numerical model, model simulations and observational data used to5

analyze the model performance. In Sect. 3.1 of results it is shown the direct comparison
of the snow thickness distributions hs_mod and hs_OIB. We compare the snow depths
and sea-ice thickness from both model and observational data to assess the ratio of
both parameters (Sect. 3.2). In Sect. 3.3, model results on regional changes of Arctic
snow depth during the last decade are presented. In Sect. 3.4, it is shown a simplified10

snow mass budget used to estimate the contributing mechanisms to changes of Arctic
snow depth over the last-decade. Section 4 contains a discussion of the results, and
Sect. 5 offers a brief conclusion.

2 Methods

2.1 Model description and configuration15

The simulations described in this work were carried out using the same model con-
figuration as in simulation 6 in Castro-Morales et al. (2014), here referred as to “std”
for standard simulation. Briefly, we used a regional configuration for the Arctic with
a state-of-the-art sea ice model coupled to the ocean general circulation model MIT-
gcm (Marshall et al., 1997). The model domain covers the Arctic Ocean region, Nordic20

Seas and the North Atlantic up to 50◦ N and has a horizontal resolution of 1/4◦ (approx.
28 km). Two open boundaries are prescribed: at the North Atlantic and Pacific (south
of Bering Strait) areas. For a more detailed description on the model setup, the reader
is referred to Castro-Morales et al. (2014) and citations therein.

The sea-ice model in the MITgcm is dynamic-thermodynamic with a viscous-plastic25

rheology and a zero-layer thermodynamics scheme (Losch et al., 2010). As in Castro-
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Morales et al. (2014), we prescribe an ice thickness distribution (ITD) of 15 sea-ice
thickness classes obtained from historical airborne electromagnetic measurements of
sea-ice thickness. Like in most large-scale sea ice models, our configuration uses
a simple snow scheme in which the dynamic treatment of the snow is the same as
for the sea ice (total snow mass is advected with the sea ice). One single snow layer5

is formed on top of the sea-ice covered area of a grid cell, the snow then accumulates
to its mean thickness (hs) in relation to the prescribed ice categories underneath. The
snow layer has constant thermophysical (i.e. density of 330 kgm−3 and thermal con-
ductivity ks = 0.31 Wm−1 K−1 (Abels, 1892; Semtner, 1976) and optical (i.e. albedo of
0.84 for dry snow and 0.7 for wet snow) properties, and it is treated as a separate el-10

ement in relation to the amount of falling precipitation as snow and melting processes.
When the accumulation of snow on ice is such that due to its weight, the surface of the
ice is pushed below sea level; a simple flooding algorithm converts the “flooded” snow
into ice (snow-ice) until the ice–snow interface is lifted to sea level again (Leppäranta,
1993). This process is however more relevant in Antarctic sea ice where heavier loads15

of snowpack than in Arctic sea ice are generally encountered (Maksym and Jeffries,
2000). A snow cut-off height (critical depth) of 15 cm is prescribed for the selection of
surface albedo. When the snow thickness is lower than the cut-off value, the model fol-
lows a linear transition to ice-albedo. However, when the snow thickness is higher than
the critical depth, a surface snow-albedo is used. Other than this, the model does not20

include explicit parameterizations for snow redistribution by wind or dynamic changes
in snow grain size, density and thermal conductivity.

The model is forced by realistic atmospheric conditions. First, the model is spun-up
for 30 years (i.e. first day of January 1948 to the last day of December 1978) using
the Coordinated Ocean Research Experiment version 2 (COREv2) reanalysis data25

(Large and Yeager, 2009) at a temporal resolution of 6 h for wind speed, atmospheric
temperature and specific humidity, daily downward long and short-radiative fluxes and
a monthly total precipitation. After this, our model is forced by the ERA-Interim global
atmospheric reanalysis (Dee et al., 2011) at a 12 step and 12 hourly accumulated data
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with spatial resolution of 0.75◦ ×0.75◦ longitude–latitude grid for all the forcing fields.
We forced our model with ERA-Interim for the period from the first day of January 1979
to the last day of December 2013. Due to the switch to new atmospheric boundary
values, the first 20 years (1979 to 1999) of the model simulations using ERA-Interim are
discarded since are considered as a model stabilization period; thus, we only analyze5

the results for the period from 2000 to 2013.
The model precipitation field from reanalysis data contains many uncertainties, and

observational data for validation purposes is spatially and temporally scarce in the Arc-
tic Ocean (Lindsay et al., 2014). Most of the annual precipitation in the Arctic falls in
the form of snow, and all gauge measurements located on land, contain many uncer-10

tainties because of undercatch of rainfall and mostly snowfall, due to the influence of
local conditions (i.e. high wind conditions) (Serreze et al., 2005), as well as errors due
to blowing snow, non-representative gauge location and evaporation and sublimation
events inside the gauge (Cherry et al., 2005). Under consideration of all these un-
certainties, Lindsay et al. (2014) compared the data from seven reanalyses data, and15

demonstrated that the monthly total precipitation from ERA-Interim compares best to
the rain gauge measurements, infrared and passive microwave data from the Global
Precipitation Climatology Project (GPCP, of the Global Precipitation Climatology Cen-
ter; Adler et al., 2003) for the Arctic region (Lindsay et al., 2014). It is important to
note that the GPCP precipitation field includes both rainfall and snowfall. The same is20

true for the ERA-Interim total precipitation field, comprising both the rainfall and snow-
fall and both for convective and large-scale processes. Thus, the choice of driving our
model with ERA-Interim for the timeframe of our data analysis was based on the results
by Lindsay et al. (2014).

2.2 Model simulations25

Previous to the core model simulations of this study, we performed a “pre-experiment”
to evaluate the influence of the constant thermal conductivity ks on the Arctic wide sea-
ice thickness and snow depth. Sturm et al. (2002) recommended for modeling studies
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purposes to no longer use the traditional constant ks value of 0.31 Wm−1 K−1 (Abels,
1982), obtained from the relationship with snow bulk density that is not associated to
sea ice. Instead, based on new direct measurements the authors recommend lowering
ks to about half (0.14 Wm−1 K−1) of the traditional value. This lower ks value depends
on the metamorphic state of the snow (i.e. grain size, shape and bonding) and its5

density (Sturm et al., 2002b). In our pre-experiment simulation we compared the model
snow depth at monthly resolution using the high and low ks values for 2005 to 2013.
Following this experiment, we performed the two core model simulations for this study:

1. “std”, is a simulation with the model standard configuration and ERA-Interim as
driving atmosphere as described above. Two temporal frequencies for model out-10

put were obtained: (a) “stdd”, with output at daily temporal resolution for 2009
to 2013. This experiment pursues two purposes: to compare the snow depth
data from the model to the OIB observations, and to evaluate the sea-ice thick-
ness/snow thickness ratio in both the model and OIB data, (b) “stdm”, with output
at monthly temporal resolution from 2000 to 2013. The results of this experiment15

are aimed for the evaluation of the last-decade changes in Arctic snow depth.

2. “ppclim”, the same configuration as in 1 but driving the model with a climatology
of total precipitation. With the aim of removing a potential temporal trend due to
artificial variability or spurious trends in the reanalysis precipitation field, this cli-
matology was constructed with the total precipitation field of ERA-Interim from20

1979 to 2013 at a monthly temporal resolution and interpolated to the model grid.
The results of this simulation are used to analyze the dominant contributing mech-
anisms to the temporal changes of Arctic snow depth on a simplified snow mass
budget.

2.3 Snow depth and sea-ice thickness from airborne observations25

For this work, we used the Arctic snow depth and ice thickness data products freely
available from the IceBridge data portal (http://nsidc.org/icebridge/portal).
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We validate the hs_mod by direct comparison to the radar snow depth products
from the NASA-Operation Ice Bridge (hs_OIB). hs_OIB is measured using a frequency-
modulated continuous-wave (FMCW) radar (Leuschen et al., 2014; Panzer et al.,
2013). The snow depth retrieval algorithm is based on the detection of the air-snow
and snow–ice interfaces within the radar return. The time delay between the signals5

of each interface can be then multiplied by the speed of light, yielding the snow depth
(Farrell et al., 2012; Galin et al., 2012; Kwok et al., 2011).

By applying a linear regression on a 40 m length scale, the spatial resolution of the
hs_OIB product is set to 40 m, coinciding with the length scale of the laser used for the
freeboard retrieval. The hs_OIB data has an estimated constant uncertainty of 5.7 cm10

over level ice within the 40 m length scale. This value was obtained after comparison
between hs from OIB flights and from field surveys (Kurtz et al., 2013).

The OIB product also contains sea-ice thickness. This can only be estimated indi-
rectly from the conversion of snow freeboard (i.e. the height of the snow surface above
the sea level assuming hydrostatic equilibrium) (Kurtz et al., 2013). To retrieve the15

snow freeboard it is used a laser altimetry data from the Airborne Topographic Mapper
(ATM) (Krabill et al., 1995). The retrieved geolocated surface elevations are related to
the sea level by applying a lead detection algorithm utilizing aerial photography to dis-
tinguish between sea ice and leads. The data processing is described in detail in Kurtz
et al. (2013). The final freeboard output is then averaged over a distance of 40 m, and20

together with the snow depth retrieval, both estimates are used to calculate the sea-ice
thickness.

The data used in this study comprises all existing OIB flights that took place every
March and April between 2009 and 2013, and where both the ATM and snow depth
radar were operated.25
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2.4 Snow mass budget

To evaluate the contribution of the main mechanisms driving the last decade changes
of the Arctic snow layer, we utilized a simplified snow mass budget:

dhs

dt
= hs(sf) +hs(as) +hs(os) +hs(f) +hs(ad) +hs(r) (1)

The total snow depth accumulated over the period of a year (dhs/dt) is the resulting5

snow depth as given in the model output (hs). Together with hs on the left hand side
in Eq. (1), terms 2 to 5 on the right hand side are obtained from the model output. In
our snow mass budget hs is the result of the sum of six terms: (1) the snowfall rate
(hs(sf)) representing the falling precipitation as snow that can accumulate at the surface
in the presence of sea ice. For this term, we used the mean climatological snowfall rate10

between 1979 and 2013 as given by the ERAInterim reanalysis data, thus it is a con-
stant value equivalent to 9.4 cmswea−1, (2) the term hs(as), represents the snow rate of
change due to the heat transfer between the atmosphere and the snow layer, this term
accounts for the loss of snow due to snowmelt, evaporation and snow sublimation, (3)
hs(os), is the rate of change of snow depth due to the heat transfer between the ocean15

and snow layer. This term becomes more important when the melt season starts, (4)
the term hs(f) represents the loss of snow due to flooding. This process is mainly oc-
curring when a portion of the snow layer gets flooded by water, and it is a common
process in melting confined surface areas like melt pools, turning first the flooded por-
tion of snow into snow-ice. If the temperature conditions at the surface are adequate,20

the snow-ice layer is incorporated into the ice layer, (5) the term hs(ad) corresponds to
the loss of snow by advection due to large-scale export of sea ice to another regions
and outside the Arctic Ocean. Finally, to balance the snow mass budget, (6) the term
hs(r) represents a snow depth residual which accounts for terms that are not explicit
in the model such as: snow formed at the surface of the sea ice due to rainfall and25

of snow accumulation due to wind redistribution in ridges, loss of mass into leads and
sublimation of blowing snow; hs(r) is calculated from the difference between hs and
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the sum of terms 1 to 5. The total source of snow in our snow mass budget is given
by the snowfall term hs(sf) (i.e. hs(sources) = hs(sf)) with a positive numerical value. The
snow sink terms in Eq. (1) are represented by: hs(sinks) = hs(as) +hs(os) +hs(f) +hs(ad),
where the numerical value has a negative sign. Thus, including the residual term:
hs = hs(sources) +hs(sinks) +hs(r). To avoid the potential temporal trend in the precipita-5

tion field from the reanalysis data, the terms 1 to 5 on the right side of Eq. (1) are
obtained from the experiment ppclim. All the terms in Eq. (1) are given in cm of snow
water equivalent per year (cm swe a−1).

3 Results

The results presented in this section were obtained from the model simulations de-10

scribed in Sect. 2.2. The results from the pre-experiment, aimed to compare the mod-
eled snow and sea ice thicknesses using two high-end constant values for ks, show
little difference. On a mean seasonal climatology, little spatial differences between both
sea-ice and snow depths can be observed during winter months (December, February
and March) (figure not shown). By using the typical ks value of 0.31 Wm−1 K−1, the15

mean (±1σ) winter snow thickness is smaller, by 0.0096±0.1 cm, compared with the
mean snow depth using the low ks value (0.14 Wm−1 K−1). Contrary and as expected,
the sea-ice thickness is on average 0.48±0.33 cm thicker using the high ks value. The
area in the Arctic where major changes of sea-ice thickness are observed is in the
Laptev Sea. However, differences in the Arctic snow depth distribution are negligible20

(data not shown). Our results suggest that for a large-scale Arctic wide analysis, low-
ering the constant ks value to about half does not have a strong effect on the resulting
sea ice, and particularly, on the snow thickness. Thus, all of the core model simulations
were performed using the traditional constant ks value of 0.31 Wm−1 K−1.
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3.1 Validation of model snow depth

To evaluate the model performance, we compare the daily hs_mod (from the stdd simu-
lation) to the hs_OIB for the same days of the year. A total of 38 days during March and
April between 2009 and 2013 were available for comparison. The inset map in Fig. 2
shows the location of the OIB flights used in this work for the comparison to model5

data.
The model output spatially represents a mean hs value for an aerial grid cell of

approx. 28 km. Thus, the 40 m scaled OIB snow (and ice) thickness data on a given
flight transect, were averaged to represent 28 km averages (28km×28 km EASE 2
grid; Brodzik et al., 2012). To keep consistency with the model temporal resolution, the10

OIB data was then gridded at a daily temporal resolution.
Figure 1 depicts three hs_OIB transects compared to the regional hs_mod distribution.

The selected transect corresponds to a repeated OIB flight sampled around the same
dates in march 2011, 2012 and 2013 (Fig. 1d–f) and it is located in the west Arc-
tic Ocean north of the Canadian Arctic Archipelago. The direct comparison between15

model and OIB observations show a good agreement; the model results capture well
the changes of snow depth with latitude, with larger values toward Lincoln Sea and
smaller values toward the coast of Alaska. In some locations, the difference between
the model and observational data are larger, up to 10 cm, but there is no consistent pat-
tern regarding the model values been larger or smaller than the observations. Despite20

the sampling dates of the repeated OIB transect shown in Fig. 1 occur within the third
and fourth week of March each year (25 March 2011, 19 March 2012 and 26 March
2013), the spatial distribution of the snow depth varies largely from year to year, with
a higher accumulation of snow north and east of Greenland during 2012 (Fig. 1e) and
less snow accumulation in the entire Arctic Ocean during 2013 (Fig. 1f). The same25

pattern is observed in the model at a regional scale (Fig. 1b and c) giving insight in the
ability of the model to capture the temporal changes of snow depth likely related to the
history of sea–ice thickness.
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In Fig. 2 it is shown the comparison of the snow depths for the 38 days of data.
To facilitate the comparison of the results, we calculate the snow depth differences
(hs_diff = hs_mod−hs_OIB). The results show that at all latitudes hs_mod is generally higher
than the hs_OIB, by as much as 35 cm in the Canadian Basin region. hs_diff also in-
creases with latitude: on average hs_diff is lower (1.1±7.9 cm) between latitudes 67 and5

76◦ N, while hs_diff is higher (3.0±8.8 cm) for latitudes above 76◦ N where thicker snow
is located. The mean variability between the model results and observations remains
similar in the entire range of latitudes with a snow depth of about 8 cm (1σ). These
results show the consistency on the variability in the model results.

To ease the analysis of the results, we grouped the range of latitudes into 2110

groups with each group containing a constant number of available model and ob-
servations comparisons (N = 129). The mean latitude as well as mean hs_OIB, mean
hs_mod and mean hs_diff (all with ±1 SD – standard deviation) are shown in Table 1.
For each of the latitude groups, we calculated the root mean square error of hs_diff

(RMSE= (N−1∑h2
s_diff)

1/2) to evaluate if there is a clear pattern between the model15

and OIB data over latitude. However, the results do not show a consistent pattern be-
tween the RMSE and latitude (Table 1).

3.2 Correlation between snow and sea ice thickness

In order to investigate the relationship between a spatially given sea ice thickness and
its overlying snow depth, we analyzed the mean sea ice thickness from the OIB data20

(hi_OIB) and from the model output (hi_mod) obtained in the stdd model simulation, within
the same 21 groups of latitudes as done above for the snow depths. In both the model
and OIB observations, the sea-ice thickness increases with latitude (Fig. 3a and b)
as also seen for the snow depths. A less pronounced trend of increase of sea-ice
thickness, than for snow depth, with respect to latitude is seen in the model data. We25

calculated the ice/snow thicknesses ratio (hr = hi/hs) for both the model (hr_mod) and
OIB data (hr_OIB). A clear distinction is seen when comparing the hr values against
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latitude: while there is a clear trend of hr_mod decrease with increasing latitude, the
hr_OIB has no visible trend (Fig. 3c). Contrary to the model data, hr_OIB exhibits an
increase in the Canadian basin (between 82 and 84◦ N). Besides this region in the
Arctic is where less OIB data is available compared to the region north of Greenland
and the area north of the Alaskan coast (see inset map in Fig. 2), we believe the5

difference between hr_OIB and hr_mod are mainly driven by the sea ice thickness in both
the model and the OIB retrievals.

3.3 Last decade changes of snow depth

After the direct comparison between hs_mod and hs_OIB proved to be somewhat in
agreement, it is then possible to analyze the temporal changes of snow depth in10

the model data for the entire Arctic region during the last decade. We calculated the
monthly snow accumulation in the model domain from 2000 to 2013, using the model
output from the stdm model simulation (Fig. 4a). For that, we subtracted the mean
monthly snow depth in a given month minus the mean monthly snow depth of the pre-
ceding month. Our results show that the model captures well the seasonality of the15

snow layer, with higher snow accumulation during April reaching the onset of melt dur-
ing may, followed by a rapid decrease in snow thickness with its total melt in August
once summer temperatures reach their maximum values. The lowest snow depth ac-
cumulations occur in most part of 2013.

The year-to-year variability in snow depth accumulation is larger during April, with20

years were the snow depth reaches a minimum, followed by a snow recovery (i.e.
thicker layer) during the following years (e.g. April minimum in 2008 and recovery by
April 2009). The April snow depth monthly mean (Fig. 4b) shows a large variability
over the last decade with its maximum value in 2003 (23.6 cm) and its lowest in 2013
(16.9 cm). According to satellite records, between 2000 and 2013, three events of low-25

est September sea-ice extent have been registered for 2000, 2007 and 2012 (6.3×106,
4.3×106 and 3.6×106 km2, source NSIDC). This leads to a late freeze up toward au-
tumn of the same year and a delay of snow accumulation, which in turn results in
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a mean snow depth decrease compared to other years. These single events are well
captured in the snow thickness simulated by the model (Fig. 4b) in which the lowest
monthly snow accumulation occurred during April in 2001, 2008 and 2013, with 18.4,
17.3 and 16.9 cm, respectively.

June and July also exhibited high variability in snow depth accumulation. However,5

the June monthly mean variability in the last decade did not show a shift in the melt
onset due to late spring and a delay on snow melt (Fig. 4c). Satellite records have
recently evidenced a late freeze-up, and it has been estimated to be on the order
of 5 days decade−1 from 1979 to 2013 (Stroeve et al., 2013). However, this temporal
shift is not possible to be identified in our model results due to the coarser temporal10

resolution of our analysis.
Although the model is able to represent the temporal variability in the Arctic sea-ice

extent and snow depth, the monthly mean sea-ice extent is overestimated by about
1×106 km2 (data not shown), and this is mainly the result of the overestimation of the
modeled sea-ice thickness particularly at low latitudes (Castro-Morales et al., 2014).15

In order to investigate which regions of the Arctic have experienced the largest
changes in snow depth during the last decade in the model results, we calculated
the snow depth anomaly by subtracting the multi-year snow depth mean for April from
2000 to 2013 (hs) to the April mean snow depth for 2000 and 2013 (hs_00 and hs_13,

respectively). The hs is about 18 cm (Fig. 5a) with thicker snow layers located east and20

north of Greenland and in the central Arctic. The mean snow depth anomaly for the
year 2000 relative to hs (hs_00 −hs) is on average −0.34 cm (1.8 %) for the entire Arc-
tic representing a decrease in snow depth in most part of the Canadian and Eurasian
Basins, as well as in the East Siberian, Laptev and Kara Seas (Fig. 5b). The mean
snow depth anomaly for the year 2013 relative to hs (hs_13 −hs) decreased to −3.8 cm25

(21 %), with most parts of the Arctic Ocean exhibiting a reduction in the snow layer
during April, with only the central Canadian Basin with a slight decrease in snow depth
of less than 5 cm (Fig. 5c). This difference is one order of magnitude bigger than the
change of snow for the year 2000.
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3.4 Snow mass budget and main contributing mechanisms

In Table 2 are listed the annual mean rate of change of snow depth and the terms
analyzed in the snow mass budget given in Eq. (1). We calculated the contribution, in
cm swe a−1 and in percentage, of terms 1 to 5 of Eq. (1) to the reduction in snow depth
during 2000 to 2013 (Table 2). The snow rate of change due to snowfall (hs(sf)) is a con-5

stant value (9.4 cm swe a−1) for all years analyzed (2000 to 2013) and it is obtained from
the mean climatology of snowfall calculated from the ERA-Interim reanalysis data. The
residual term hs(r) accounts for 78 % (33.2 cm swe a−1) of snow accumulation for the
period between 2000 and 2013, representing mainly a source of snow. The main pro-
cesses that can contribute to this term are the formation of snow from liquid precip-10

itation and the snow accumulation in ridges after wind redistribution. Thus, the total
source terms represent 100 % of the snow available for accumulation, and are given
by the contribution of snowfall and the residual term (hs(sources) = hs(sf)+hs(r)). The hs(sf)
term is then equivalent to 22 % of the total annual sources of Arctic snow depth.

Our results show that the main mechanism responsible for most of the annual loss15

of snow mass accumulated over Arctic sea ice in the last decade is the heat trans-
fer between the atmosphere and the snow layer (hs(as)). This means that about 65 %

(−27.7 cmswea−1) of the total multi-year mean sources of snow over the Arctic sea
ice are lost due to surface snowmelt and snow sublimation. The heat transfer be-
tween the ocean and the snow layer (through the sea ice layer) (hs(os)) contributes20

to about 4.8 % (−2.1 cmswea−1) of the multi-year loss of snow. The amount of flooded
snow that is lost when it incorporates into the ice layer (hs(f)) corresponds to about

4.6 % (−2.0 cmswea−1) of the total average snow accumulated in a year. The less
contributing factor to the loss of snow in our annual snow mass budget is the large-
scale advection of snow on sea-ice out of the Arctic Ocean (hs(ad)) with about 0.005 %25

(−2.4×10−3 cm swe a−1). We believe this is due to most of the snow accumulated into

5698

http://www.the-cryosphere-discuss.net
http://www.the-cryosphere-discuss.net/9/5681/2015/tcd-9-5681-2015-print.pdf
http://www.the-cryosphere-discuss.net/9/5681/2015/tcd-9-5681-2015-discussion.html
http://creativecommons.org/licenses/by/3.0/


TCD
9, 5681–5718, 2015

Snow on Arctic sea
ice: model

representation and
last decade changes

K. Castro-Morales et al.

Title Page

Abstract Introduction

Conclusions References

Tables Figures

J I

J I

Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion

D
iscussion

P
aper

|
D

iscussion
P

aper
|

D
iscussion

P
aper

|
D

iscussion
P

aper
|

the Arctic Ocean during winter is lost by melting during summer with a remaining neg-
ligible amount of snow available for export with sea ice out of the Arctic Ocean.

The total resulting snow depth accumulated in a year (hs) after the sink terms have
acted on the snow layer, accounts for 25 % of the original sources of snow (Table 2).

4 Discussion5

The snow representation in our model follows a simplified approach with a single layer
accumulated in the grid area were sea ice is present, and has constant thermophys-
ical properties such as density and thermal conductivity. Up to date, this scheme is
typical in most ocean-ice general circulation models. Processes like: explicit snow re-
distribution by wind, varying density and a multilayer snow scheme, are complex and10

computationally expensive to include for a regional scale model. Few sea ice models
are focused on improving the snow scheme in such way. In particular, the accumulation
of snow at a sub grid scale in the model used for this study follows the ice thickness
distribution prescribed to occur within 15 ice categories. Previously, it was shown that
despite of the simplicity of this snow scheme, the resulting representation of sea-ice15

thickness Arctic wide is improved in the model when compared to satellite derived sea-
ice thicknesses (Castro-Morales et al., 2014).

Due to the complexity in the physical processes that redistribute the snow over sea
ice, it is difficult to expect an empirical relationship between ice an snow thickness
for the entire Arctic region that can be included in sea-ice models. However, previous20

observational studies have demonstrated that as a general rule, the thickness and
properties (e.g. density) of a snowpack are strongly related to the age of the ice, in
a way that the longer an ice pack is present more time will have the snow to accumulate
on top of it. An exception exists, however, and this is given by the surface characteristics
of the ice. In this case instead of the ice age, accumulated snow due to ice roughness25

and presence of bumps will ultimately determine the thickness of the snowpack due
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to the history of accumulation after redistribution by wind (Iacozza and Barber, 2010;
Sturm et al., 2006; Sturm and Massom, 2010).

Based on the results presented in this work, we justify the use of the parameteri-
zation in which the snow is distributed proportionally to the prescribed ice thickness
distribution. This method represents a suitable solution to realistically represent the5

Arctic snow in current large-scale sea-ice numerical models. Important to mention is
that the selection of the precipitation field from reanalysis driving these types of gen-
eral circulation models is ultimately crucial for a better representation of snow depths.
This is true even for more computationally advanced models that contain explicit snow
redistribution processes. Here we selected the ERA-Interim reanalysis data, based on10

the best comparison of various precipitation fields from reanalyses to that of GPCP rain
gauge data done by Lindsay et al. (2014).

The results of this study show that the model snow depth is similar to that obtained
from snow radar measurements in the western Arctic Ocean. In particular, the model
latitudinal distribution of snow depth (i.e. decrease of hs with latitude) agrees well to15

the snow radar observations. On average, the hs_mod is 3 cm thicker than hs_OIB on lati-
tudes above 76◦ N, where the majority of the thicker snow layer is located. Considering
that the constant uncertainty contained in the radar OIB observations is estimated to
be 5.7 cm over level ice (Kurtz et al., 2013), the mean difference between the snow
OIB and snow from the model falls within this uncertainty value. The retrieval algorithm20

for snow depth from airborne snow radar has proved to obtain similar snow depths for
a wide range of snow thicknesses and ice types (e.g. undeformed first-year ice and de-
formed multi-year ice) when compared to in-situ snow depth measurements; however,
the retrieval is more accurate over level ice with thin snow covers (Farrell et al., 2011;
Kurtz and Farrell, 2011). Thus, in regions with higher surface roughness, such as the25

Lincoln Sea, the snow depth measured by the radar can be underestimated, affecting
also the comparison to the model snow data. Moreover, Kwok and Haas (2015), show
that due to side lobes effects, OIB snow depth products from 2009 to 2012 can be
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underestimated, resulting in an overestimation of the derived sea-ice thickness (Kwok
and Haas, 2015).

The difference between hs_mod and hs_OIB can be primarily explained in the model by
the lack of explicit snow redistribution processes (e.g. redistribution and accumulation
of snow due to wind, sublimation of blowing snow, loss of snow mass into leads and5

loss of snow transported by the wind out of the Arctic), leading to the accumulation
of snow in places where it is naturally redistributed and accumulated to other areas
(e.g. central part of basins away of coastlines and away of big topographic structures),
below we discuss this in further detail. A minor factor that contributes in the model to
the difference between hs_mod and hs_OIB can be the prescribed ks value. The Arctic10

wide snow and sea-ice thicknesses obtained after testing two constant values for ks

(0.31 and 0.14 Wm−1 K−1) show little difference.
In the work by Lecomte et al. (2013), the authors suggested that a typically used bulk

constant ks value of 0.31 Wm−1 K−1 is too high for a multilayer model snow scheme
due to the varying density representation, resulting in high Arctic sea thicknesses. The15

authors concluded that the simulated sea-ice thickness and snow depths are less sen-
sitive to the constant ks value for a sea ice model with a single-layer snow represen-
tation, as in our case. Opposite, it could be plausible to consider that the ks value of
0.31 Wm−1 K−1 might be low for some areas in the Arctic. Using a low ks value will
induce less heat transfer between the snow and sea ice favoring a larger accumula-20

tion of snow and less formation of sea ice. The distribution of snow on sea ice in the
Arctic is very heterogeneous, both horizontally and vertically, and also temporally. This
ultimately affects the thermal properties of the snowpack in different regions and over
short distances. In the results published by Sturm et al. (2002), the thermal conductivity
of snow on sea ice of the Beaufort Sea can reach values up to 0.57 Wm−1 K−1 in areas25

where the density of the snowpack is high due to wetter and refrozen snow (e.g. snow
ice formation). From this, prescribing a spatially varying thermal conductivity for snow
in the model might correct this bias. This work has been done by Blazey et al. (2013),
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and the authors concluded that the resulting snow depth on Arctic sea ice after thermal
conductivity variation may not considerably change however (Blazey et al., 2013).

To evaluate the distribution of snow depth in relation to the underlying sea-ice thick-
ness, we calculated the ice/snow thickness ratio (hr) for both the model and OIB data.
The hr_OIB and hr_mod have a contrasting trend. Given that both hs_OIB and hs_mod de-5

crease with latitude, we argue that the different trend in the ice/snow ratios with lati-
tude is mainly driven by the hi estimations in both data sets. In a previous compari-
son of the modeled sea-ice thickness (from the same model configuration as used in
this manuscript) to satellite derived sea ice thickness, ICESat (see Fig. 7a in Castro-
Morales et al., 2014), the authors concluded that the model tends to overestimate the10

sea ice thickness at high latitudes, particularly in the Lincoln Sea area.
The results of this study suggest that the model sea-ice thickness at low latitudes

is also overestimated mainly during March and April. This can be observed after com-
paring the distributions of model and OIB sea-ice thicknesses against latitude, where
hi_mod has higher sea-ice thicknesses than hi_OIB below 76◦ N (Fig. 3a and b), leading15

to a steep gradient of hr_mod with latitude (Fig. 3c). The overestimation of hi_mod seems
to be less related to the influence of the overlying snow thickness (i.e. heat transfer).
In this case, other processes in the model governing the ice formation and distribution
(e.g. tuning variables like lead closing parameter and ice strength) may play a more
influencing role.20

We do not rule out that the lack of visible trend of hr_OIB with latitude, is also due to
an overestimation of hi_OIB at latitudes above 76◦ N. As suggested by Kwok and Haas
(2015), the estimated sea-ice thickness in the OIB product from 2009 to 2012 may be
overestimated due to a general underestimation of snow depth.

The representation of snow depth in models allows us to evaluate changes over time25

and over large spatial scales. After a suitable validation of the model performance, we
evaluated the long-term snow depth trend in the entire Arctic region from 2000 to 2013.
Over the last decade, the Arctic snow layer exhibits large year-to-year variability with
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a maximum accumulation during spring and a minimum at the end of summer when
most of the snow is melted away.

The model is also able to capture the temporal variability of snow depth in relation
to the seasonal changes on sea-ice extent. The multi-year snow depth minimum was
observed in 2008 and this event is directly linked to the minimum of sea-ice extent5

observed by satellite records (Stroeve et al., 2008), and captured also by the model,
during the preceding summer in 2007. Thus, not enough ice surface was available dur-
ing the following winter to build up enough snow depth. The same pattern is observed
for the low sea-ice extent in 2012 reported by satellite records (Stroeve et al., 2012),
setting the precedent for a delayed formation of ice during the winter in 2012 and less10

available snow to be accumulated by april 2013 compared to the snow accumulation in
march 2012.

Our results also evidence the ability of the spring snow layer to recover on a given
year if the conditions of the sea-ice extent in the preceding winter were favorable to
allow the snow for accumulation. Thus, with these observations we confirm that the15

regional distribution of spring snow depth can be used as a direct indicator of the
previous sea ice conditions during the preceding summer and winter.

Our model results show that over the last decade, the snow depths in areas of major
annual accumulation (e.g. over MYI) have not changed considerably. A decadal decline
in snow depth is however observed in areas where FYI is located; this result is consis-20

tent with areas of last-decade sea-ice extent decrease captured also by the model.
In agreement with the results by Webster et al. (2014), the areas where major thin-

ning of snow depth is observed are in the Beaufort and Chuckchi Seas. However,
contrary to the limited regional and temporal availability of the OIB data (western Arctic
during march and april each year), with the model results we can also analyze other ar-25

eas in the eastern Arctic. The model results suggest also a decadal decrease of snow
depth in other regions of the Arctic including: Barents and Kara Seas, Nansen basin,
east part of Greenland and in the East Siberian Sea.
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After the spatial interpolation of the OIB data to cover the entire western Arctic, Web-
ster et al. (2014) estimated a thinning of the snowpack from 14.5 to 32.8 cm in the Bar-
ents and Chukchi Seas, and from 22 to 35 cm in the entire western Arctic between 2009
and 2013. Based on the analysis of CMIP5 data, Hezel et al. (2012) estimated a mean
loss of April snow of 16 to 28 cm north of 70◦ N in the late 20th century. The regional5

average of April snow depth loss given in this work by the model is about 3.8 cm from
2000 to 2013, and 3.6 cm for 2009 and 2013 (the OIB period data analyzed here). This
is a modest value compared to recent results given in the literature. We can attribute
this in part to the lack of explicit redistribution processes and a multilayer snow scheme
in the model, however, as discussed below in more extent, the blowing snow processes10

contribute to about 13 % to the annual reduction of snow (Déry and Tremblay, 2003).
We do not rule out, however, that previous results published in the literature overesti-
mate the recent loss of snow depth. For example, the results of Webster et al. (2014),
consider only the western part of the Arctic Ocean and consist on an interpolation of
the radar measurements using the same quadratic equation as in the climatology of15

Warren in 1999, which is well known to perform better for level MYI.
Our analysis of the simplified snow mass budget suggests that the heat transfer

between the atmosphere and the snow/ice interface was the main process responsible
for the reduction (by melting or sublimating snow) of 65 % of the total annual snow
accumulated over the Arctic sea ice between 2000 and 2013.20

In agreement with Screen and Simmons (2012), the decline of Arctic snow depth
seems to be related to low-atmosphere warming and the resulting decrease in precip-
itation in the form of snow, thus this is a preceding process to the snow accumulation.
The resulting snow depth in a yearly cycle represents 25 % of the initial snow accumu-
lated due to snowfall and rainfall. Our results also suggest that most of the contributing25

factors to the snow accumulation (78 %) are the formation of snow due to precipitation
in the liquid form and the accumulation due to redistribution by wind.

In 2003, Déry and Tremblay published a similar Arctic Ocean snow mass budget to
the one presented here. The authors, however, included three terms related to blowing
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snow processes: divergence of airborne snow by wind transport and out of the Arctic
domain, sublimation of blowing snow and loss of snow mass into leads. To quantify
the contribution of the different terms of the mass budget, they utilized a blowing snow
model adapted to sea-ice environments. In agreement to our results, the authors con-
cluded that the dominant annual sink of snow mass on Arctic sea ice is the snowmelt5

and surface sublimation. From the blowing snow processes, the blowing snow sub-
limation contributed to the reduction of 9.7 % of the total annual accumulated snow,
followed by the loss of 3.4 % of the annual snow due to redistribution into leads, and
a negligible contribution to the loss term due to wind divergence (Déry and Tremblay,
2003). Based on these results, and despite the modest contribution of blowing snow10

to the sink terms in the annual Arctic snow budget, we emphasize the relevance of
including explicit snow redistribution processes in coupled sea-ice models.

If the decrease in Arctic snow depth over the last decade is primarily due to the rise
of surface temperature registered in the Arctic over the last decades, a continuation
on the increase of the atmospheric temperature will not only contribute to a steady15

decrease of snow cover in the future, but also to the increase of precipitation in the
form of rain (as predicted by the analysis of the CMIP5 data by Hezel et al., 2012).
As a consequence, this will contribute to the formation of more melt ponds affecting
surface albedo, the heat exchange between the atmosphere, sea ice and ocean, the
sea ice formation and ultimately increasing the amount of fresh water entering the20

Arctic Ocean.

5 Conclusion

Our results suggest that the model representation of Arctic snow depth is comparable
to radar measurements at a regional scale. This is achieved despite the simple single-
layer Arctic snow scheme and the lack of explicit snow redistribution processes. This25

scheme is also used in many large-scale coupled sea ice-general circulation models.
Although it is certainly unrealistic to assume that there is an ice/snow ratio throughout
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the Arctic region, our results have shown that for regional scales, parameterizing the
snow to be distributed proportionally to the prescribed sea ice thickness distribution, not
only contributes to improve the sea-ice thickness representation in the model (Castro-
Morales et al., 2014), but also leads to a realistic representation of Arctic snow. We
however encourage improving the large-scale sea ice models to include when possible5

snow multilayer schemes with varying density, varying thermal conductivity, as well as
redistribution processes by wind. Also, the use of data assimilation systems based on
current snow depth measurements at a larger scale such as the OIB data, can help to
improve the modeled snow distribution and depth. With the current fast changes that
the sea ice/snow system is experiencing in the Arctic, it is important to improve the10

methods for measurements increasing the sampling resolution in spatial and temporal
scale. This will help to improve and validate the snow produced by regional models, as
well as to improve the sea ice thickness from freeboard retrieval by airborne measure-
ments. A better knowledge of past and present changes on Arctic snow will also help
to understand the changes in precipitation, radiation and heat budgets, and will also15

shed light on the positive feedbacks that these changes will have over the fate of Arctic
sea ice under a warming atmosphere.
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Table 1. Comparison between daily hs from model output and from the Operation IceBridge
transects measured every march and april from 2009 to 2013.

Mean Latitude hs_OIB ±1σ hs_mod ±1σ hs_diff = RMSE

(◦ N) (cm) (cm) (hs_OIB −hs_mod)±1σ (N = 129)
(cm) (cm)

70.37 11.5±4.1 14.4±7.1 2.9±6.5 7.1
71.79 13.6±6.9 12.7±7.4 −0.9±8.2 8.3
72.83 12.5±6.3 13.2±7.1 0.7±7.3 7.3
73.98 13.8±7.2 15.7±7.0 1.9±8.5 8.7
74.84 13.6±6.8 15.4±4.7 1.7±6.7 6.9
76.11 17.3±8.6 17.1±3.8 −0.1±9.8 9.8
77.46 17.7±7.1 20.1±2.8 2.5±7.1 7.6
78.78 20.4±8.5 21.4±3.2 0.9±8.3 8.3
80.23 23.9±9.8 23.2±4.1 −0.7±10.6 10.6
81.26 22.9±9.3 23.9±5.8 1.0±9.7 9.7
82.16 23.4±9.5 28.8±7.5 5.4±11.9 13.1
82.79 26.7±7.7 29.5±6.3 2.8±9.2 9.6
83.22 28.5±8.8 31.8±5.6 3.3±8.9 9.5
83.59 28.8±6.8 32.8±6.2 4.1±8.1 9.1
83.93 27.7±6.7 31.3±5.5 3.6±7.6 8.4
84.29 27.1±6.6 29.2±4.3 2.1±7.0 7.3
84.67 25.7±5.6 28.8±4.5 3.1±6.6 7.3
84.98 26.9±6.2 28.4±4.6 1.4±6.4 6.6
85.33 26.6±5.1 28.1±5.3 1.6±5.6 5.8
85.64 25.2±5.7 28.3±6.1 3.1±7.4 8.0
85.96 25.0±6.4 29.9±7.1 4.9±8.1 9.5
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Table 2. Yearly mean of sources and sinks for the Arctic Ocean snow mass budget as given
in Eq. (1). All terms are expressed in cm swe a−1. Sinks are negative values and sources
are positive values. The snow sinks are the sum of: hs(sinks) = hs(as) +hs(os) +hs(f) +hs(ad). The
residual value hs(r) accounted mainly for sources of snow, thus the total annual sources of
snow are given by: hs(sources) = hs(sf) +hs(r).The snowfall term hs(sf) for all years is equiva-

lent to 9.4 cm swe a−1 (22 % of the source terms). The annual snow mass budget is given by:
hs = hs(sources) +hs(sinks). In the last row the number between parentheses represents the mean
loss (negative value) or mean contribution (positive value) of each term in percentage to the
total sources of snow.

Year hs(as) hs(os) hs(f) hs(ad) ×10−3 hs(r) hs hs(sources) =
hs(sf) +hs(r)

2000 −31.4 −2.1 −1.9 −3.1 38.6 12.5 58.0
2001 −33.0 −1.7 −1.9 −2.1 40.0 12.8 49.4
2002 −29.5 −2.5 −2.2 −3.1 36.9 12.1 46.3
2003 −30.7 −2.2 −2.3 −2.1 37.8 12.0 47.4
2004 −28.6 −2.1 −2.2 −2.7 35.2 11.6 44.6
2005 −27.8 −2.0 −1.7 −1.6 32.8 10.8 42.2
2006 −25.9 −2.0 −1.9 −2.2 30.8 10.4 40.1
2007 −26.3 −2.5 −2.1 −2.5 31.8 10.2 41.1
2008 −24.9 −2.4 −2.2 −2.4 29.7 9.6 39.1
2009 −27.6 −2.2 −2.1 −3.1 33.2 10.6 42.5
2010 −26.3 −1.7 −1.5 −1.7 30.2 10.1 39.6
2011 −26.4 −1.9 −1.8 −2.2 30.5 9.8 39.8
2012 −25.3 −1.6 −2.0 −2.2 28.6 9.0 38.0
2013 −24.6 −1.9 −1.7 −2.4 28.6 9.8 38.0

Multi-year mean −27.7 −2.1 −2.0 −2.4 33.2 10.8 42.6
(%) (65) (4.8) (4.6) (0.005) (78) (25) (100)
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Figure 1. Snow depth spatial distribution in the model (a, b, c) from simulation stdd during
a given day in march of 2011, 2012, and 2013 in which radar measurements of snow depth
were done over the same transect each year (d, e, f) by the NASA-Operation IceBridge. (g),
(h) and (i) show point comparisons (radius average of 28 km) of daily mean model snow depth
vs. OIB snow depths against latitude.
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Figure 2. Point comparisons of snow depths from OIB radar measurements (hs_OIB) available
for 38 days from 2009 to 2013 against the difference between the model snow depths (hs_mod)
for the same day and year minus the corresponding hs_OIB. The inset map shows the OIB flights
for snow depth measurements from 2000 to 2013 analyzed in this study.
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Figure 3. Latitudinal distribution of the mean snow depth (cm) and sea-ice thickness (m) for:
(a) OIB data, and (b) daily model output. The mean values were calculated for a given range of
latitudes; (c) latitudinal distribution of the sea ice/snow ratio for the OIB data (hr_OIB) shown in
panel a, and for the model data (hr_mod) shown in panel b.
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Figure 4. (a) Monthly snow accumulation between 2000 and 2013 for the model output.
(b) monthly hs_mod for each April, and (c) each June, between 2000 and 2013.
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Figure 5. (a) Mean multi-year April snow depth (m) (hs) from 2000 to 2013, (b) mean snow

depth anomaly for: (b) April 2000 relative to hs, and (c) April 2013 relative to hs.
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