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Abstract Seven ice mass balance instruments deployed near 838N on different first-year and second-
year ice floes, representing variable snow and ice conditions, documented the evolution of snow and ice
conditions in the Arctic Ocean north of Svalbard in January–March 2015. Frequent profiles of temperature
and thermal diffusivity proxy were recorded to distinguish changes in snow depth and ice thickness with
2 cm vertical resolution. Four instruments documented flooding and snow-ice formation. Flooding was
clearly detectable in the simultaneous changes in thermal diffusivity proxy, increased temperature, and
heat propagation through the underlying ice. Slush then progressively transformed into snow-ice. Flooding
resulted from two different processes: (i) after storm-induced breakup of snow-loaded floes and (ii) after
loss of buoyancy due to basal ice melt. In the case of breakup, when the ice was cold and not permeable,
rapid flooding, probably due to lateral intrusion of seawater, led to slush and snow-ice layers at the ocean
freezing temperature (21.888C). After the storm, the instruments documented basal sea-ice melt over warm
Atlantic waters and ocean-to-ice heat flux peaked at up to 400 W m22. The warm ice was then permeable
and flooding was more gradual probably involving vertical intrusion of brines and led to colder slush and
snow-ice (238C). The N-ICE2015 campaign provided the first documentation of significant flooding and
snow-ice formation in the Arctic ice pack as the slush partially refroze. Snow-ice formation may become a
more frequently observed process in a thinner ice Arctic.

1. Introduction

Changes to the Arctic climate system are symptomatic of ongoing global climate change. These changes
are magnified compared to lower latitudes and result in a smaller, thinner, and faster moving ice cover than
just a decade ago [Lindsay and Schweiger, 2015; Spreen et al., 2011]. Progressive degradation of multiyear ice
in the 1990s and 2000s has led to the prevalence of seasonal ice after 2007 [Maslanik et al., 2007]. The
changes in sea-ice extent and physical structure are causing dramatic shifts in the interactions between sea-
ice and both the atmosphere and the underlying ocean [e.g., Perovich and Richter-Menge, 2009; Boisvert and
Stroeve, 2015]. Despite advances in numerical modeling, the reliability of present-day climate and numerical
prediction models is limited in the Arctic with considerable uncertainties in the projected rates of sea-ice
decline [Overland and Wang, 2013]. Small-scale physical processes that play an important role in the Arctic
atmosphere-snow-sea-ice-ocean system, in particular at the interfaces, are not well represented in models
[Vihma et al., 2014].

The shift of the Arctic ice pack to a predominantly thinner and seasonal one, may introduce conditions
that more closely resemble the Antarctic ice pack, where the formation of snow-ice is a common process
[e.g., Eicken et al., 1994], fostered by a relatively thin ice cover [Worby et al., 2008] and abundant snow
fall [Bromwich et al., 2004]. Indeed, snow-ice formation results from the freezing of a mixture of snow
and seawater produced by the flooding of ice floes. Flooding can result from negative freeboard condi-
tions due to a heavy snow load relative to ice thickness (crack in the ice, edge of floes, permeable ice) or
from capillary wicking of brines even in positive freeboard conditions [Massom et al., 2001; Lewis et al.,
2011]. The slush resulting from flooding solidifies into snow-ice if a sufficient heat sink is available (cold
atmosphere or/and cold underlying sea-ice). Snow-ice contributes to about a quarter of the total sea-ice
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formation in the Antarctic zone as suggested by isotope analyses [Jeffries et al., 1997, 2001] and satellite
estimates [Maksym and Markus, 2008]. In the high Arctic, the ratio of snow thickness to ice thickness has
usually been small and snow-ice formation has not received much attention [Vihma et al., 2014]. Only a
few observations show snow-ice formation in the central Arctic. Tucker et al. [1991] present observations
that point toward formation of snow-ice in the winter marginal ice zone in Fram Strait. Work on landfast
ice has reported variable contributions of snow-ice. Kawamura et al. [2001], in one of the few studies in
the high Arctic, found no evidence of snow-ice in landfast ice cores taken from the North Water Polynya
region in Northern Baffin Bay, while in coastal areas and marginal seas with thinner ice cover, snow con-
tribution can be significant [e.g., Weeks and Lee, 1958; Ukita et al., 2000; Granskog et al., 2003; Kirillov
et al., 2015]. Climate models project an increase in annual precipitation over the Arctic [Overland et al.,
2012; Bintanja and Selten, 2014]. Larger snow fall rates after sea-ice freezeup would promote snow-ice
formation. However, whether the increased precipitation will fall as snow or rain on sea-ice is still uncer-
tain [e.g., Hezel et al., 2012: Bintanja and Selten, 2014]. Observations suggest regional differences in snow
loading over the Arctic sea-ice: snow depth on first-year sea-ice has decreased in the western Arctic
[Webster et al., 2014], while north of Svalbard there is very little snow depth data to conclude whether
this is a pan-Arctic phenomena, although recent observations point to thick snow covers in this region
[Haapala et al., 2013; R€osel et al., 2016]. An increase in snow precipitation together with the thinning of
the sea-ice cover could result in more extensive occurrence of snow-ice, with larger contributions to total
ice mass [Granskog et al., 2017].

The Norwegian young sea ICE (N-ICE2015) expedition [Granskog et al., 2016] with the research vessel Lance
frozen in the Arctic ice pack provided a research platform for studying the atmosphere, snow, sea-ice, ocean
and marine ecosystem throughout the Arctic winter and spring. During winter 2015, the Arctic vortex was
strong with large amount of northward meridional transport over the Greenland Sea. Six synoptic events
occurred bringing warm and moist air from the south, strong winds and precipitation [Graham et al., 2017;
Cohen et al., 2017]. Precipitation rates based on ERA-Interim reanalysis [Dee et al., 2011] show that winter
2015 was exceptional in terms of snowfall. The snowfall in February 2015 was the largest in the ERA-Interim
reanalysis record (1979–2015) for the N-ICE2015 region.

Here we present observations from seven ice mass balance instruments that drifted with pack ice from
83.58N to 818N around 168E–188E from mid-January to mid-March 2015. The instruments, which remained
close to each other, were deployed in a wide variety of initial snow and ice thicknesses. Basal sea-ice melt in
the middle of winter is observed by all the instruments and, for the first time in the high Arctic, snow-ice for-
mation is observed in situ. The paper is organized as follows: observations and methods to derive interfaces
and fluxes from the data are presented in section 2. In section 3, the evolution of the floes along the drift as
documented by the seven instruments is described. Finally, section 4 summarizes the results and provides a
future outlook.

2. Material and Methods

2.1. Ice Mass Balance Instruments and Deployments
The ice mass balance instruments deployed during N-ICE2015 (Table 1) were developed by the Scottish
Association for Marine Science (SAMS) [Jackson et al., 2013]. Hereafter, we call them SIMBAs standing for
SAMS ice mass balance for the Arctic. SIMBAs are equipped with a 5 m long chain cable hanging through
air, snow, sea-ice and ocean comprising solid-state sensors that measure temperature profiles with 2 cm
vertical resolution at approximately 0.18C accuracy. They also feature a heating mode that provides a proxy
for thermal diffusivity, which can be used to discriminate between different media, especially between
snow and ice [Jackson et al., 2013]. Temperature was measured every 3 or 6 h, while heating with a duration
of 120 s was performed once or twice per day (Table 1). During the heating mode that immediately follows
one of the temperature profiles (T0), temperature is measured after 30 and 120 s (T1 and T2) and the ratio of
the observed temperature changes (T2 2 T0)/(T1 2 T0) is the proxy for thermal diffusivity.

Seven SIMBAs were deployed between 15 January and 29 January (Table 1), during the first phase of the N-
ICE2015 campaign using the research vessel Lance as a base for an ice station [Granskog et al., 2016]. The
SIMBAs were typically deployed on level parts of floes, remote from immediate active sea-ice deformation
processes (leads and ridges), thus they likely recorded conditions that are representative of level ice. The
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typical floe size was 100–500 m in diameter. The SIMBA chain cable was mounted on a tripod or on a hori-
zontal pole extended from an uplifted platform and a 5 cm hole was drilled through the ice through which
the chain was deployed. After the deployment we attempted to reconstruct the original sea-ice thickness
by adding cold fresh water into the ice hole and by carefully filling in the snow to the original level. This last
step was not done in the case of SIMBA_2015e (Table 1), where we intentionally left the ice bare to observe
how fast the snow cover restored itself (snow depth on that floe was 21 cm at deployment). Data (including
GPS coordinates, see Figure 1a) from SIMBAs were sent by satellite at regular intervals (Table 1). The shortest
distance between any pair of instruments was only about 500 m (initially on the same floe) and the largest
distance never exceeded 50 km at any time (Figure 1b). All SIMBAs experienced similar drifts with hourly
drift velocities that exceeded 0.2 m s21 during the six major storms (M1–M6) [Cohen et al., 2017] (Figure 1c).
Table 1 summarizes the temporal extension, initial snow and ice conditions, and measurement setup of the
SIMBAs. Most SIMBAs either stopped working or were recovered when the floe around Lance broke up on
21 February during storm M3. Two of them, however, kept functioning until 16 March. One of the latter,
SIMBA_2015h, was deployed close enough to Lance to allow for periodical checks of the surface compo-
nents until 21 February.

2.2. Identification of the Material Interfaces
We define the interfaces between the air/snow, snow/ice, and ice/ocean based on the temperature profiles
and the thermal diffusivity proxy. SIMBA_2015h features highest temporal resolution (Table 1) and is used
as an example in the subsections below. The calculated interfaces are marked in Figure 2 and they agree
well with a visual interpretation of the profiles.
2.2.1. Air/Snow Interface
Diffusivity proxy alone can unfortunately not be used to reliably estimate the snow surface level due to
icing (hoar frost) on the chain (Figure 2d). Instead we examined the vertical gradient of temperature and
simultaneously the standard deviation over 24, 48, and 72 h period. Starting from the top of the chain we
looked for a sharp increase in the vertical temperature gradient and a decrease in the standard deviation.
This simple semiautomatic procedure provides a satisfying interface consistent with the time derivative of
temperature and the diffusivity proxy with a rather constant snow thickness of 52 cm increasing to 88 cm
on 16 February during storm M3 (Figure 2). The error range is small, about 2 cm on average, and does not
exceed 6 cm at any time.
2.2.2. Snow/Ice Interface
The snow/ice interface is simple to derive from the sharp contrast in the diffusivity proxy values between
both media. The snow/ice interface does not change except for slush formation associated with flooding on

Table 1. Temporal Coverage, Initial Conditions (Measured at Time of Deployment), and Sampling Frequency of the Seven SIMBAs
Deployed in January During N-ICE2015a

SIMBA_2015h SIMBA_2015a SIMBA_2015i SIMBA_2015f SIMBA_2015b SIMBA_2015g SIMBA_2015e

Drift Time
Start 24 Jan 15 Jan 27 Jan 25 Jan 16 Jan 29 Jan 27 Jan
End 16 Mar 16 Mar 21 Feb 19 Feb 16 Feb 28 Feb 26 Feb
Record length (days) 53 61 26 27 33 30 32

Ice type SYI N/A SYI FYI FYIb FYIb FYIb

Initial Thickness (cm)
Snow (point) 55 47 53 43 30 36 0
Snow (area) 49 (10) 59 (9) 49 (10) 33 (14) 44 (8) 41 (3) 21 (6)
Transect length 1.7 km 30 m 1.7 km 1.2 km 30 m 15 m 15 m
Ice 155 133 119 90 134 108 152
Freeboard 2 1 24 21 2 2 9

Frequency (h)
GPS 2 1 2 1 1 1 6
Temperature 3 6 3 6 6 6 6
Heating cycle 24 24 12 24 24 24 24

aThe initial thickness of snow (point) is the value observed at the SIMBAs at deployment. The initial thickness of snow (area) is the
average value and standard deviation in parentheses from nearby snow depth transect lines at deployment date. Length of transect
lines varied and are indicated. Initial ice and freeboard were measured at the SIMBAs.

bIce type suggested from the relatively low averaged snow depth in the vicinity of the deployment site (although snow thickness is
not a reliable metrics for distinguishing sea-ice age).
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8 March (see section 3). It is worth noting that the diffusivity proxy is not accurate enough to distinguish
between slush and snow-ice. This will be further discussed in section 3.5.
2.2.3. Ice/Ocean Interface
Since the winter sea-ice remains colder than the ocean, the sea-ice/ocean interface can be estimated
from temperature profiles alone. The ocean just below the ice is at or just above the freezing tempera-
ture (estimated from a near surface conductivity-temperature-depth (CTD) sensor see Koenig et al.
[2016]). The first sensor of the SIMBA chain in the ocean was determined as the first sensor, downward
of the snow/ice interface, with a temperature above the ocean freezing temperature. The location of
the last sensor in the ice was determined as the sensor with a temperature that was below the mean
ocean temperature by at least twice the ocean temperature standard deviation in that profile. Finally,
the ice/ocean interface is defined as half way between the last sensor in the ice and the first sensor in
the ocean. It can typically be estimated with 2 cm accuracy. This interface estimate is consistent with

Figure 1. (a) Trajectories of the seven SIMBAs deployed in January–February of the N-ICE2015 campaign. Triangles indicate onset of the
first snow-ice formation (SIF) event. Circles indicate the location of end of SIMBA record. Background is AMSR-2 ice concentration (%) on
17 February, the date of the first SIF event. (AMSR-2, advanced microwave scanning radiometer daily product on a 0.258 3 0.258 grid.) (b)
Time along trajectories. Digits are used as points of reference (see colorbar). Background is AMSR-2 ice concentration (%) on 9 March, the
date of the second SIF event. Triangles indicate onset of the second SIF event and circles are as in Figure 1a. (c) SIMBA drift velocities
(m s21). Major storms are labeled M1, M2, . . ., M6 as described in Cohen et al. [2017].
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the thermal diffusivity proxy (Figure 2d) and the vertical and temporal derivatives of temperature (Fig-
ures 2b and 2c) and features basal melt events after 20 February corresponding to temperature changes
in the ocean (Figure 2c).

Figure 2. Data from SIMBA_2015h from top to bottom, (a) temperature (8C), (b) derivative of temperature with respect to the vertical
(8C m21), (c) derivative of temperature with respect to time (8C h21), and (d) diffusivity proxy (no units) obtained from the heating mode.
y axis is vertical distance (m) referenced to the initial ice-snow interface. Vertical resolution is 2 cm on all plots. Time resolution is 3 h on
the 3 top figures and 24 h for diffusivity proxy. Isolines (24 h running mean) correspond to the air/snow, snow/ice, and ice/ocean interfaces
derived as explained in section 2. Color scale in panel a is nonlinear in order to show temperature changes in the ocean.
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2.3. One-Dimensional Ocean to Sea-Ice Flux Densities
In this section we present the calculations of the heat fluxes. We assume a horizontally homogeneous envi-
ronment. The z axis is positive in the direction toward the sky and the heat from the ocean toward the ice is
likewise positive. The examples are again from SIMBA_2015h. In the parameterization, when needed, the
ice salinity is assumed to be 5 PSU and temperature in the ice is provided by the SIMBA.
2.3.1. Latent Heat Flux
We define the latent flux density as

Fl 5 qsi
dh
dt

where qsi is the sea-ice density (900 kg m23), L is the latent heat of fusion of sea-ice (J kg21), and h is the
sea-ice-ocean interface depth (m). Following Bitz and Lipscomb [1999], we estimate L 5 0.89 L0 where L0 is
the latent heat of fusion of pure ice. The latent flux is directly proportional to the change in time of the
interface depth (Figure 3b). The uncertainty on the latent heat flux estimate assuming a 2 cm accuracy on h
is 56 W m22 for data with a 3 h resolution (101 W m22 for data with 6 h resolution). The resulting latent
heat flux values for SIMBA_2015h range from 2100 to 400 W m22, while the basal melt events associated
with ocean temperature increase stand out (Figures 3a and 3b).
2.3.2. Conductive Heat Flux
The classical formula for conductive heat flux Fc in the one-dimensional case reads

Fc52ksi
dT
dz

where ksi, the sea-ice thermal conductivity, is derived from equation k 5 2.03 1 0.117 S/T [Maykut and
Untersteiner, 1971] for S 5 5 psu and T is the observed temperature from the SIMBA. The sea-ice thermal con-
ductivity k varied between 1.8 and 1.9 W m21 K21 for SIMBA2015-h. These values are consistent with those
measured and estimated in Pringle et al. [2006] for second-year ice (SYI). We estimated conductive fluxes every
2 cm and chose to show depths that were indicative of atmospheric influence 20 cm below ice-snow inter-
face, ocean influence 6 cm above ice-ocean interface and two intermediate depths between those two levels
(Figure 3c). Those precise values are not critical, the purpose is just to illustrate how atmospheric and ocean
influence are felt through the ice. The vertical gradients at the three upper levels were estimated by linear
interpolation around the position and the gradient at the lower level by second order polynomial regression
over 12 sensors above the interface as profiles are less linear near the ice bottom when ocean temperature
changes. Resulting conductive fluxes for SIMBA_2015h range between 27 and 1 22 W m22. As expected, the
conductive flux near the snow/ice interface (Figure 3c) has the largest amplitude variations and reflects atmo-
spheric temperature changes with about 8 day lag at the beginning of the time series, between 25 January
and 16 February, when snow is 42 cm thick. After 16 February, the 88 cm-thick snow cover insulates the ice
from atmospheric fluctuations and the conductive flux remains below 10 W m22 until 8 March when snow-
ice formation occurs (section 3) and the conductive flux becomes negative. The conductive flux at 30 cm
above the ice/ocean interface (Figure 3c) remains around 10 W m22 except after the formation of snow-ice.
The near bottom flux (Figure 3c) is positive during basal melt events following the ocean temperature peaks
(Figure 3a) except after 8 March during snow-ice formation (section 3).
2.3.3. Sensible Heat Flux
The sensible heat flux in the ice between two levels distant by p sensors (2p cm) is given by

Fs ið Þ5
Xi1p

j5i

qsi Csi
dT
dt j

Dz

where Csi is the effective specific heat of sea-ice as defined by Ono [1967] and Dz is the distance between 2 sen-
sors (2 cm). The sum is computed between sensor i at level z1 and sensor i 1 p at level z1 1 2p. The sensible
heat flux between 6 and 30 cm above the ice-ocean interface varies between 24 and 110 W m22 (Figure 3d).

In principle the residual flux, computed as the sum of the conductive heat fluxes at 6 and 30 cm and the
sensible heat flux between those two levels, (FRe 5 FC6cm 1 FC30cm 1 FS6-30), should be zero under the
assumption of a horizontally homogeneous environment. The residual flux never exceeds 2.9 W m22 (Figure
3e). The residual flux can be seen as the sum of the errors in the three fluxes. The accuracy on the sensible
heat flux is estimated to be 2.3 W m22 considering the accuracy of temperature measurements (0.18C) as
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Figure 3. (a) Time series of air temperature from the weather station on the IAOOS (Ice Atmosphere Ocean Observing System)
ice-tethered platform [Koenig et al., 2016] hosting SIMBA_2015h (black line, left axis) and ocean temperature from SIMBA_2015h
(mean of ocean temperatures, blue line, right axis); time series of heat flux densities (W m22) estimated from SIMBA_2015h. (b)
Latent heat flux (left axis) and basal ablation rate (cm d21) (right axis), (c) conductive heat flux (blue: 20 cm below the
snow-ice interface; black: 50 cm below the snow-ice interface; green: 30 cm above the ice-ocean interface; and red: 6 cm
above the ice-ocean interface), (d) sensible heat flux between 30 and 6 cm above the ocean interface, (e) residual heat flux:
sum of the conductive heat fluxes at 30 and 6 cm above the ice-ocean interface and the sensible heat flux between those two
levels, and (f) ocean heat flux (latent heat flux plus conductive heat flux 6 cm above ice-ocean interface). All time series are
smoothed with a 24 h running mean.
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the sole source of uncertainty and taking a mean value for Csi. The accuracy for conductive fluxes can there-
fore be estimated to be less than 1 W m22 and allows for confident use of the conductive flux calculated
6 cm above the interface in the following.
2.3.4. Ocean Heat Flux
The flux from the ocean to the ice can be derived as

Focean5 Fl1Fc

Fl is the latent flux and Fc the conductive flux in the lower portion of the ice, here estimated 6 cm above the
ice/ocean interface. As the latent heat flux is an order of magnitude larger than the conductive heat flux,
the ocean heat flux is approximately equal to the latent heat flux (Figure 3f).

3. Evolution of the Snow and Ice Mass Balance

The methods described above were applied to the seven SIMBA records (Table 2, Figures 4 and 5) to
retrieve the interfaces and compute heat fluxes. We first describe data and interfaces, then freeboard, and
basal sea-ice melt, flooding and snow-ice formation. Basal ice melt is clear in all records after 15 February
and flooding with snow-ice formation occurred at the end of the records of four SIMBAs (SIMBA_2015a,
SIMBA_2015h, SIMBA_2015f, and SIMBA_2015i) (Figures 4 and 5). The seven SIMBAs were, at all times, locat-
ed within a distance less than 50 km of each other (Figure 1).

3.1. Initial Conditions
In spite of their spatial proximity, the seven SIMBAs feature significantly different initial snow and ice thicknesses
(Table 1). Initial snow thickness varied from 21 (SIMBA_2015e) to 55 cm (SIMBA_2015h) and initial ice thickness
from 90 (SIMBA_2015f) to 158 cm (SIMBA_2015e). The average snow thickness in the region of the deployment
site agrees well with the initial values of the SIMBAs (Table 1). During the winter months of the N-ICE 2015
camp, observed snow thicknesses, on average 33 6 14 cm over first-year ice (FYI) and 52 6 12 cm over second-
year ice (SYI) [R€osel et al., 2016], were larger than expected based on climatology (from 28 to 35 cm without dis-
tinction of ice type) [Warren et al., 1999]. Note that snow was intentionally removed at SIMBA_2015e.

All freeboards were small (less than 14 cm) and even negative at two sites (–4 and 21 cm at SIMBA_2015i and
SIMBA_2015f). Differences in initial conditions depend upon the local floe history prior to deployment (young,
old, level or deformed ice, surface topography for snow deposition) and the location of the SIMBA on the floe.
The age of the sea-ice on which the instruments were deployed varied from SYI to FYI (Table 1). Sea-ice cores
were taken only for a number of the ice floes in the close vicinity of the research vessel and we can only estab-
lish with certainty that SIMBA_2015h and SIMBA_2015i were deployed on older sea-ice with a desalinated top
part, while the ice at SIMBA_2015f had a typical salinity profile of FYI. The lower average amount of snow cover
in the vicinity of the deployment site for SIMBA_2015b, SIMBA_2015e, and SIMBA_2015g might suggest that
the floes would be FYI, although snow thickness is not a reliable metrics for distinguishing sea-ice age.

Table 2. Snow and Ice Thicknesses and Ice Freeboard: Initial Values, Values at the Onset, and After Snow-Ice Formation (SIF)a

SIMBA_2015h SIMBA_2015a SIMBA_2015i SIMBA_2015f SIMBA_2015b SIMBA_2015g SIMBA_2015e

Snow-Ice Formation (SIF)
SIF onset (DD/MM HH UTC) 8/03 8 A.M. 9/03 3 P.M. 17/02 7 P.M. 17/02 4 P.M. No snow-ice observed
SIF record length (h) 192 162 90 48

Total Snow Thickness (cm)
Initial 55 46 53 43 30 36 21/0
At SIF onset 90 50 85 55
After SIF 55 35 43 37 No snow-ice observed

Ice Thickness Budget (cm)
Bottom ablation 71 71 15 2 9 20 8
Snow-ice 32 18 40 18
Total change 239 253 25 16 No snow-ice observed
Fraction of snow-ice (%) 27.6 22.8 27.8 17.0

Estimated Freeboard (cm)
Initial 2 2 24 21 4 2 2
At SIF onset 212 21 212 24
After SIF 10 11 13 13 No snow-ice observed

aFraction of snow-ice thickness (%) to total ice thickness at the end of the records is also given.
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3.2. Evolution of Temperature Profiles, Thermal Diffusivity Profiles, and Interfaces
All SIMBAs experienced similar atmospheric conditions as they were close to each other. In fact, the parts of
the chain deployed through the air all show sudden temperature peaks associated with the storms and a
gradual warming trend [Hudson et al., 2016] through the observation period (Figure 4). Air temperatures

Figure 4. Temperature profiles (8C) and interfaces as a function of time for the seven SIMBAs. Color scale is nonlinear in order to show
temperature changes in the ocean. Temporal resolution varies as indicated in Table 1 (3 h for SIMBA_2015i and SIMBA_2015h and 6 h for
the others). y axis is vertical distance (m) referenced to the initial ice-snow interface. Vertical resolution is 2 cm. Black isolines (24 h running
mean) correspond to the air/snow, snow/ice, and ice/ocean interfaces derived as explained in section 2.
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varied from 242 to 08C. Note that the top of SIMBA_2015h chain was entirely covered by snow from 17
February onward (Figures 4 and 5) and the snow thickness was estimated to be 90 cm (Table 2).

Snow thickness, with initial values ranging from 21 cm (SIMBA2015-e intentionally artificially turned to 0 cm) to
55 cm (SIMBA2015-h), evolved only during storms and during flooding events leading to snow-ice formation
(Figure 6a). The change in snow thickness observed during the storms varied greatly from one SIMBA to

Figure 5. Thermal diffusivity proxy profiles and interfaces as a function of time for the seven SIMBAs. Time resolution varies as indicated in
Table 1 (12 h for SIMBA_2015i and 24 h for the others). y axis is vertical distance (m) referenced to the initial ice-snow interface. Vertical
resolution is 2 cm. Isolines (24 h running mean) correspond to the air/snow, snow/ice, and ice/ocean interfaces.
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Figure 6. Times series of (a) snow thickness (m), (b) temperature (8C) at the snow-ice interface (color) and air temperature (black line), and
(c) ice thickness (m). Note that when slush/snow-ice formation occurs, the ice thickness line separates into three branches: the bottom one
(thick) indicates the ice thickness without taking the slush/snow-ice into account, the top one (thick) the ice thickness without taking into
account basal melt, and the one in the middle (thin line) the ice thickness including slush/snow-ice, and (d) freeboard estimates (m). All
time series are smoothed with a 24 h running mean. Color associated to each SIMBA is indicated in insert. Triangles indicate onset of
snow-ice formation. Storm periods are indicated as in Figure 1c.
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another, suggesting important differences in snow redistribution, accumulation or ablation, likely due to inter-
action of winds and snow transport with the surface topography of the floe, and possibly also local snow accu-
mulation/erosion due to the SIMBA support structures. During M1, the only two active SIMBAs, SIMBA_2015a
and SIMBA_2015b, recorded a 10 cm increase in snow depth. During M2, only three SIMBAs out of seven (SIM-
BA_2015e, i, and f) showed significant snow accumulation (10, 25, and 15 cm, respectively) which did not occur
on the same day. Three others (SIMBA_2015b, h, and g) did not show any change while SIMBA_2015a showed
a decrease of 15 cm. During M3, SIMBA_2015h experienced 45 cm of snow accumulation whereas SIM-
BA_2015f and SIMBA_2015i experienced significant drops of 20 and 30 cm in snow thickness, respectively,
because of flooding (Figure 6a). Thereafter, snow thicknesses did not change much until flooding after M5
(40 cm decrease for SIMBA_2015h and 30 cm for SIMBA_2015a). Note that SIMBA_2015e (green line in Figure
6), which was intentionally left with bare ice, retrieved 17 cm of snow.

The insulating effect of the snow layer can be readily appreciated when comparing temperatures at the ice-
snow interface to air temperatures (Figure 6b). The air temperature range exceeds 408C, whereas tempera-
ture at the snow-ice interface remain around 2108C (658C) except in the case of SIMBA_2015e where tem-
perature at the top of the ice followed air temperature as the snow cover was nonexistent or very thin
(Figure 6b). The snow cover provides thermal insulation from air temperature, regulates temperature fluxes,
and affects the thermal evolution of sea-ice [Massom et al., 2001].

During M3, when Floe 1 of the N-ICE2015 campaign broke up, two SIMBAs (SIMBA_2015b and SIMBA-2015f)
stopped working. All the other SIMBAs documented significant ice ablation at the bottom (Figure 6c). Basal
ice melt started around 18 February, when the distance to the open water was 45 km and went on until the
end of the time series, with a pause between M4 and M5. By 15 March, when the distance to the open
water was just 2 km, total ice ablation was about 68 cm at the two remaining SIMBAs (SIMBA_2015a and
SIMBA_2015h) (Table 2). This is discussed further in section 3.4.

Four SIMBAs displayed a typical signal for a flooding above the initial ice/snow interface (SIMBA_2015f and
SIMBA_2015i around 17 February, SIMBA_2015a and SIMBA_2015h around 8 March, Figures 4 and 5). The
flooding heats the base of the snow, which in turn heats the surrounding snow and ice. The thermal diffu-
sivity proxy (Figure 5) readily turns from snow values to values typical of ice. Slush is formed. The flooding
events leading to slush and subsequent transformation of slush into snow-ice are further examined in sec-
tion 3.5.

3.3. Freeboards
The sea-ice thickness and snow depth time series were used to estimate the freeboard development for
each SIMBA using Archimedes buoyancy principle, that is a vertical buoyancy balance where a mass per
unit volume of sea water supports sea-ice and snow. The freeboard hf is given by

hf 5 hi2
qihi 1 qshs

qw

where hi is the ice thickness, hs the snow thickness, qw the density of seawater, qs the density of snow, and
qi the density of sea-ice. Typical density values (1028 kg m23 for qw, 330 kg m23 for qs, and 900 kg m23

for qi) provided reasonable estimates of the freeboard (Figure 6d). The initial estimated freeboard values are
of the same sign and magnitude (within 2 cm) as the observed initial conditions, except in the case of SIM-
BA_2015e. At this buoy, the original snow cover depth was not restored after the deployment and while
the initial estimated freeboard is about 118 cm (in green in Figure 6d), the observed initial freeboard is
only 12cm (Table 1). If we replace the snow depth measured by the SIMBA chain by the average snow
depth measured in the vicinity of the buoy (Table 1), the calculated freeboard agrees with the observed ini-
tial freeboard. The estimated freeboards tend to decrease with time as snow accumulates (Figures 6a and
6d). The decrease in estimated freeboard varies with snow accumulation and is largest for SIMBA_2015h
(Figure 6d). The four SIMBAs with a positive estimated freeboard right before the floe broke up (SIM-
BA_2015a, b, e, and g) did not observe flooding (slush formation, Table 2), while SIMBA_2015f and SIM-
BA_2015i with negative estimated freeboards of 210 cm at the time of M3, showed flooding. Slush
formation reduced the snow thickness (–20 cm at SIMBA_2015f and 240 cm at SIMBA_2015i, Figure 6a),
increased the ice thickness (by 20 and 40 cm, respectively, including thickness of the slush layer, Figure 6c).
SIMBA_2015h has a similar estimated negative freeboard (–10 cm) but did not show slush formation at the
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end of storm M3. This suggests that SIMBA_2015h was on a floe that did not break up or that the snow
accumulated very locally around the SIMBA chain. Note that until storm M3 ice thickness changes are small,
and that freeboard changes are due to snow accumulation. Basal melt starts after storm M3. After storm
M3, the ice thickness diminished (Figure 6c) while snow thickness was unchanged and freeboard decreased
further for SIMBA_2015a and SIMBA_2015h (Figures 6a, 6c, and 6d). During storm M5, flooding occurred
with a slush layer of 30 cm at SIMBA_2015h and 25 cm at SIMBA_2015a (see Table 2).

The flooding events on 19 February (two SIMBAs during storm M2) and on 8 March onward (two SIMBAs
after and during intense basal ice melt) and subsequent refreezing of slush into snow-ice are examined in
more detail in section 3.5.

3.4. Heat Fluxes and Basal Melt
Conductive heat flux densities in the ice estimated at the interface with snow range from 90 to 250 W m22

(Figure 7a). They vary with atmospheric temperatures (Figure 6b): they are in phase for SIMBA_2015e (not
shown), the location with no or little snow cover, and with some delay for the others. Negative values are
observed at SIMBA_2015e during storms when the air temperatures peak (not shown) and at the four SIM-
BAs that experienced flooding at the interface with the warm slush. These conductive fluxes away from the
slush are used to estimate how much slush solidifies into snow-ice in section 3.5.

All conductive heat flux densities estimated 6 cm above the ice/ocean interface are in the range 5–32 W
m22 (Figure 7b). Until 15 February, while the ocean is at the freezing temperature (Figure 7e), they vary
with atmospheric temperatures with some delay (Figure 6b). After this date, they reflect ocean temperature
changes and temperature changes due to flooding and snow-ice formation.

Latent heat flux densities, which are proportional to ablation rates, (Figure 7c) feature values larger than
100 W m22 several times after 15 February. The bottom melt common to all SIMBAs occurs in rather short,
sporadic events associated with warm ocean temperature pulses (Figure 7e). High melting rates (>6 cm
d21), such as reported in Sirevaag [2009] in the same area, are observed. Values of latent heat flux densities
as large as 400 W m22 are found at the end of the time series. The negative values at the beginning of all
latent flux density time-series (during 2–3 days) result from the refreezing of the drilled hole (2 in. diameter)
through which the SIMBA string was deployed. They are not only driven by vertical fluxes but also horizon-
tal conduction in the ice.

Ocean heat fluxes estimated as the sum of the conductive flux 6 cm above the sea-ice-ocean interface and
the latent heat flux associated with ice melting mimic the latent heat fluxes which are an order of magni-
tude larger than the conductive fluxes (Figure 7d). These large ocean fluxes, with peak values of 400 W
m22, are associated with warmer ocean temperatures when the ice floes drifted on top of shallow Atlantic
waters north of Svalbard [Koenig et al., 2016]. The mean ocean-to-ice heat flux over the Svalbard continental
slope was 150 W m22 leading to a basal ice melt of 60 cm in less than 15 days. Koenig et al. [2016] showed
that the sea-ice melt events were associated with near 12 h fluctuations in the upper ocean temperature
and salinity corresponding to the periodicity of tides and near-inertial waves potentially generated by win-
ter storms. These values are comparable to ice-ocean heat fluxes estimated in the same region in April 2003
(values peaking at 600 W m22) [Sirevaag, 2009] or estimated over the Yermak Plateau in February 2003 (val-
ues peaked at 100 W m22) [McPhee et al., 2003].

3.5. Flooding and Snow-Ice Formation
Flooding and slush formation were readily seen on the diffusivity proxy (Figures 4 and 5) and on the tem-
perature itself (Figures 4 and 5). Indeed, the flooding has a strong temperature signature with initial warm-
ing at the ice-snow interface and subsequent heat propagation throughout the snow and ice system
(Figures 4 and 5). At flooding, the diffusivity proxy values drop to ice-like values (Figure 5). Snow flooded by
salty water, through either vertical infiltration through brine channels or lateral infiltration from seawater,
forms a warm layer of slush (Figures 8a and 8b). Then the slush progressively solidifies into snow-ice as
latent heat flux of snow-ice formation is converted into conductive heat fluxes in the snow above and ice
below [Eicken et al., 1994]. The diffusivity proxy values do not allow distinguishing between slush and snow-
ice (Figure 8b).

The temperature changes associated with the flooding are best observed in the time derivatives of temper-
ature which peaks at 2.48C/h (Figure 8c). Then, there is progressive freezing into snow-ice as latent heat
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from solidifying ice is expelled from the flooded snow layer through conductive fluxes in the snow above
and ice below (Figure 8d). Assuming that the mass fractions of snow and water in snow-ice are 2/3 and 1/3,
respectively [Eicken et al., 1995; Kirillov et al., 2015], the thickness of slush that turns into snow-ice at each
time t can be estimated as

Figure 7. SIMBA time series of (a) conductive heat flux densities in the ice at the snow-ice interface (W m22) (SIMBA-2015e provides larger
values), (b) conductive heat flux densities 6 cm above the ice-ocean interface (W m22), (c) latent heat flux densities at the ice-ocean
interface (W m22 left axis) and equivalent ablation rate (right axis in cm d21), (d) ocean heat flux densities (W m22), and (e) ocean
temperature (8C) (mean of observations in the ocean). All time series are smoothed with a 24 h running mean. Color code corresponds to
the different IMBs as indicated. Triangles indicate onset of snow-ice formation. Storm periods are indicated as in Figure 1c.
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Figure 8. (a) Close-up of temperature profiles (8C) during periods of flooding and snow-ice formation (SIMBA_2015i, SIMBA_2015h,
SIMBA_2015f, SIMBA_2015a). Temperature scale is nonlinear. The blue curve below corresponds to the average temperature values
between real time and initial snow/ice interface. Red line is ocean freezing temperature. (b) Close-up of diffusivity proxy profiles (8C) during
periods of slush/snow-ice formation (SIMBA_2015i, SIMBA_2015h, SIMBA_2015f, SIMBA_2015a). (c) Close-up of the profiles of the time
derivative of temperature (8C h21) in the course of slush/snow-ice formation (SIMBA_2015i, SIMBA_2015h, SIMBA_2015f, SIMBA_2015a).
(d) Close-up of the profiles of the vertical derivative of temperature (8C m21) in the course of slush/snow-ice formation (SIMBA_2015i,
SIMBA_2015h, SIMBA_2015f, SIMBA_2015a). The black curve below corresponds to the flooded snow thickness, the blue (red) curve to the
part that solidified into snow-ice due to conductive fluxes through the ice (ice and snow). y axis is vertical distance (m) referenced to the
initial ice-snow interface. Vertical resolution is 2 cm. Black isolines from top to bottom represent air/snow interface, initial snow/ice
interface, and ice/ocean interface. Green isolines represent snow/ice interface evolution.
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h tð Þ5 3 FS tð Þ1Fi tð Þð Þ
qL

where Fs(t) and Fi(t) are the conductive heat flux densities in the snow and in the ice at the flooded layer
interface at time t, q is the ice density (taken as 900), and L the latent heat of fusion. These conductive flux

Figure 8. (continued).
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densities (F 5 –k dT/dz) are calculated with k ffi 0.3 W m21 K21 at the base of the snow [Yen, 1981] and k in
the ice as in section 2.3.2. The snow-ice layer thickness H(t) is then estimated as

ðt

t0

h sð Þ ds

with the time integration running from the time of the flooding t0 until time t (Figure 8d). This rough calcu-
lation, which neglects any lateral flux, gives an order of magnitude of about 10 cm of snow-ice at the end of
the four records (Figure 8d).

During the first flooding event (17 February, SIMBA_2015i and SIMBA_2015f), the temperature of the new
slush layer right after flooding was close to the ocean freezing point (Figure 8a). In 3 h, 25 and 10 cm of
slush was formed at SIMBA_2015i and SIMBA-2015f, respectively. The initial temperature at the snow/ice
interface before flooding was about 28.58C and the 3 h resolution record at SIMBA_2015i indicates that the
ocean freezing temperature of about 228C was reached in less than 3 h (blue line in Figure 8a). The heat
release associated with the flooding on 18 February propagated through the ice and increased the ice tem-
perature by about 38C down to 70 cm depth (Figures 8a and 8b). The 4 day long record at SIMBA_2015i
shows that the flooded layer temperature decreases slightly (blue line in Figure 8a) and then increases
again to ocean freezing temperature as further flooding takes place on 21 February (5 cm) as corroborated
by another subsurface peak in the time derivative of temperature (Figure 8a). The amplitude of the peak in
time derivative is smaller as the ice was warmer and closer to ocean freezing temperature (Figure 8c). This
second period of flooding follows 5 cm of basal melt (Figure 8a), suggesting freeboard adjustment to
changed ice thickness. Estimates of the conductive fluxes suggest a latent heat change within the flooded
layer sufficient to freeze the equivalent of 10 cm of snow-ice in 3 days, or the equivalent of half the total
slush layer thickness. The short 2 day record of flooding and subsequent snow-ice formation for SIM-
BA_2015f provides information that are consistent with SIMBA_2015i: a rapid flooding with a strong heat
release, underlying ice warming by 38C over 50 cm depth (Figures 8a and 8b), progressive snow-ice forma-
tion of about 11 cm in 2 days estimated from the heat release by conductive fluxes (Figure 8d). Conductive
fluxes through the snow at the flooded layer interface at SIMBA-2015f were larger than at SIMBA_2015i as
the remaining snow layer above the flooded layer was thinner (35 versus 55 cm). In both cases, although air
temperatures fell below 2208C after the storm M3, the remaining snow layer damped heat exchanges with
the slush layer and conductive fluxes through the ice, although the ice had been heated up by the flooding,
had a larger contribution to the solidification of the slush than conductive fluxes through the snow
(Figure 8d).

The second major flooding event occur later in March and further south at a time when ice temperature
at the surface was 248C (SIMBA_2015h on 9 March and SIMBA_2015a on 10 March and onward)
(Figure 8a).

Flooding at SIMBA_2015h, documented with a 3 h time resolution, is gradual as a 20 cm-thick slush layer is
formed in 2 days. Slush temperature right after flooding is also near ocean freezing temperature (blue line
in Figure 8a). The temperature of the flooded layer then decreases slowly as it is cooled from above and
below. A second flooding event at SIMBA-2015h is detected on 13 March, with 5 cm more of flooding and a
small heat release (Figures 8a and 8c). Conductive flux densities at the flooded layer interface are smaller
than during the February flooding event as ice and snow temperatures are larger than in February and
about 8 cm of slush solidified into snow-ice in 7.5 days (Figure 8d).

The flooding event on 10 March at SIMBA_2015a is rather different than the one just described. The amount
of slush formation at SIMBA_2015a on 10 March is small and increases gradually, with a few cm on 13 March
and 5 cm on 15 March. The temperature of the slush is colder (–38C) at formation until 14 March and it
increases to ocean freezing temperature on 15 March (Figure 8a). Slush formation occurs at a time when
the sea-ice, only 1 m thick, has been warmed up from below and above: the ice temperature on 9 March,
right before slush formation, ranges between 22 and 24.78C from bottom to top. The ice is probably more
permeable [Golden et al., 1998] and the cold temperature of the slush formed (–38C), well below ocean
freezing temperature, could be a sign of a process including vertical infiltration of brines rather than just lat-
eral infiltration of seawater. However, the temperature pulse at flooding is at the base of the snow
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suggesting that flooding was from seawater intrusion (or brine that percolated up nearby and spread hori-
zontally at the ice surface). Alternatively, the colder temperature of the slush could be due to the slow rate
of intrusion, and the water was cooled as it flooded. Temperature pulses on 13 and 15 March at the base of
the snow layer (Figure 8c) correspond to ocean temperature (–1.888C) (Figure 8a) and further lateral flood-
ing (5 cm on 13 March and 10 cm on 15 March) due to further freeboard adjustment as basal melt is active
(25 cm of sea-ice melted between 12 and 16 March) (Figure 8). About 6 cm of slush solidified into snow-ice.

In all cases, the records after flooding are short (from 2 to 7 days) and stop before the whole slush layer
solidified. The estimates of solidified snow-ice were produced assuming that the slush was made of 2/3
snow and 1/3 of water. If the initial snow was less dense and slush made of half water and half snow, the
thickness of solidified snow-ice would be reduced by one third. The ratio of the slush thickness to the total
ice thickness ranged between 17 and 28%.

4. Summary and Discussion

Seven SIMBAs, within a distance of 50 km from each other, continuously recorded snow and ice conditions
in the Arctic Ocean north of Svalbard in the midwinter (January–March) 2015. The SIMBAs repeatedly
observed temperature and thermal diffusivity proxy profiles with a 2 cm vertical resolution in air, snow, ice,
and ocean below, allowing precise determination of interfaces and estimates of heat fluxes. They recorded
temperature and snow depth changes associated with the six distinct synoptic events. Snow depths ranged
from 30 to 90 cm and ice thicknesses from 0.9 to 1.6 m. The SIMBAs registered intense basal sea-ice melt
when drifting over warm Atlantic waters north of Svalbard and ocean-to-ice fluxes peaked at 400 W m22.
Four SIMBAs documented flooding and snow-ice formation. These are the first direct observations of snow-
ice formation in the high Arctic. Flooding is evident from the simultaneous change in thermal diffusivity
proxy (from high snow values to lower slush values), temperature increase and heat propagation through-
out the snow and ice. Subsequent freezing of slush into snow-ice was estimated from the conductive fluxes
into the snow above and ice below. The freezing was progressive and the records ended before the whole
slush layer froze into snow-ice.

Two major flooding events were observed, one occurring after storm-induced floe break up, the other after
intense basal sea-ice melt. The first flooding event (17 February) occurred at about 45 km from the open
water (Figure 1a), preceded the basal melt onset and was associated to a major storm (M3) that lasted from
15 to 21 February [Cohen et al., 2017]. In the vicinity of R/V Lance, cracks appeared on 16 February gradually
breaking the floe into pieces less than 100 3 100 m large. On 17 February in the morning, we revisited SIM-
BA_2015f, while the base of snow cover was not flooded. SIMBA_2015f and SIMBA_2015i both detected
flooding in the evening, while numerous cracks were visible from R/V Lance. From this moment on, revisits
were no longer possible. Most probably, cracks allowed the ocean water to flood the floe surfaces. The ice
before snow-ice formation was cold (profile temperature between 22 and 2158C) and impermeable. Most
likely the snow-ice interface was forced down below sea level by the thick snow layer. Indeed, the consoli-
dated ridges at the floe edges prevented lateral infiltration of seawater until the break up after which the
snow was flooded and converted to slush at about the ocean freezing temperature. A layer of 25 cm of
slush was formed in less than 3 h (time resolution of the instrument). The heat associated with the flooding
increased the underlying ice temperatures by about 38C. Then further heat was released into the snow
above and the ice below as the slush layer progressively solidified. During the storm, the air temperatures
rose above the freezing point (Figure 6b) and prevented the cracks and ridges to consolidate, but they
dropped abruptly below 2208C by 18 February and facilitated the heat loss to the atmosphere (Figure 8d).
However, the remaining snow after the flooding insulated the slush layer from the cold atmosphere and
the contribution of the conductive fluxes through the snow to the freezing of the slush was smaller
than that of the conductive fluxes through the ice. About 10 cm of slush solidified into snow-ice in 2–4 days
(Figure 8d).

The second flooding event occurred during periods of intense basal melt, near the ice edge (about 15 km
from the open ocean, Figure 1b), due to warm ocean temperatures (9–15 March). Flooding was gradual (a
few days) and followed basal ice ablation. The ice before flooding showed temperatures above 24.58C and
it was likely permeable [Golden et al., 1998]. The heat released by the flooding contributed to warm the ice
from above (138C). Further lateral flooding at the ocean temperature (–1.888C) was observed
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simultaneously on the two SIMBAs (5 cm on 13 March and 10 cm on 15 March) due to further freeboard
adjustment due to intense basal melt (25 cm of sea-ice melted between 12 and 16 March) (Figure 8). Con-
ductive fluxes from the slush layer to the snow and ice layers were smaller than in February as the snow
and ice were warmer and the slush layer colder. The estimated thickness of snow-ice formed (about 6–
8 cm) was smaller than in February, although the records were longer (7 days versus 2 or 4).

In the Antarctic, flooding of the snow base is widespread because sea-ice thickness is small and snow fall
abundant. Because of this, snow/ice interface is often pushed below sea level, hydraulically forcing the infil-
tration of brines (vertically) or seawater (laterally) into snow forming snow-ice [Eicken et al., 1994]. The con-
tribution of snow-ice to the total ice mass in the Arctic has not received much attention so far. This is due to
the fact that snow-ice has not been expected to form in the Arctic since the ratio of snow thickness to ice
thickness being usually low [Vihma et al., 2014].

Here the snow-ice records are quite short, 7 days for the longest one (SIMBA_2015h), as the SIMBAs stopped
recording soon after flooding either because they were recovered (SIMBA_2015h and SIMBA_2015i) or dam-
aged. This could imply that the ice floes with snow-ice rapidly deteriorated over warm water and were a
transient feature, and that the flooding accelerated the decline of the ice cover by warming the ice, thus
accelerating the basal melt, and also mechanically weakening the ice cover. However, the particular event
of flooding and subsequent snow-ice formation caused by floe break up and lateral flooding (opposed to
the snow-ice formation caused by basal melt) may imply that in the future Arctic Ocean with possibly more
abundant snow precipitation [Overland et al., 2012; Bintanja and Selten, 2014], generally thinner [Maslanik
et al., 2007; Lindsay and Schweiger, 2015] and weaker sea-ice, more storms penetrating to high latitudes
[Graham et al., 2017] and consequently higher deformation rates [Itkin, et al., 2017], we might expect more
snow-ice formation that is not associated only with the marginal ice zone. Indeed, the observations of sig-
nificant amounts of snow-ice and superimposed ice in ice cores collected during N-ICE2015 [Granskog et al.,
2017], supports that assumption. We need more measurements and model studies to establish the impor-
tance of snow-ice formation in the future Arctic. Indeed the marginal ice zone is expected to encompass
the entire Arctic in a seasonally-ice-free Arctic.
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