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and thinner sea-ice cover. To capture the scope of these changes and identify the differences between individual regions, in situ observations from expeditions are a valuable data source. We present a continuous time
series of in situ measurements from the N-ICE2015 expedition from January to June 2015 in the Arctic Basin
north of Svalbard, comprising snow buoy and ice mass balance buoy data and local and regional data gained
from electromagnetic induction (EM) surveys and snow probe measurements from four distinct drifts. The
observed mean snow depth of 0.53 m for April to early June is 73% above the average value of 0.30 m from
historical and recent observations in this region, covering the years 1955–2017. The modal total ice and snow
thicknesses, of 1.6 and 1.7 m measured with ground-based EM and airborne EM measurements in April, May,
and June 2015, respectively, lie below the values ranging from 1.8 to 2.7 m, reported in historical observations
from the same region and time of year. The thick snow cover slows thermodynamic growth of the underlying
sea ice. In combination with a thin sea-ice cover this leads to an imbalance between snow and ice thickness,
which causes widespread negative freeboard with subsequent ﬂooding and a potential for snow-ice formation. With certainty, 29% of randomly located drill holes on level ice had negative freeboard.

1. Introduction
Sea-ice conditions in the Arctic have undergone substantial change in recent years, transitioning from a
multiyear ice dominated, to a younger and thinner ice cover (e.g., Hansen et al., 2013; Kwok & Rothrock,
2009; Maslanik et al., 2011). A decline in sea-ice extent is well documented, since 1979, through the use of
satellite observations (Comiso et al., 2008; Meier et al., 2014) and in modeling studies (e.g., Hunke et al.,
2010; Stroeve et al., 2007). A corresponding decline in sea-ice thickness has been shown from direct observations (e.g., Haas et al., 2011; Lindsay & Schweiger, 2015), from satellite altimetry data (e.g., Kwok & Cunningham, 2015; Laxon et al., 2013), from radiometric data (Kaleschke et al., 2015), and also from altimetry
data in combination with radiometric data (Ricker et al., 2017).
Field studies and direct observations allow the investigation of the composition of ice types (Hansen et al.,
2014), the amount and structure of the snow cover (Haapala et al., 2013; Webster et al., 2014), and the seasonal changes in ice and snow thickness (Perovich et al., 2014; Wang et al., 2016). Regional (e.g., Hansen et al.,
2013; King et al., 2017; Renner et al., 2013, 2014) and local studies (Gerland et al., 2008) in the European sector
of the Arctic Ocean have shown a thinning of sea-ice coherent with that documented on a pan-Arctic scale.
Regional Arctic sea-ice studies in early winter are few; i.e., Nansen’s Fram drift at the end of the 19th century,
the Surface Heat Budget of the Arctic Ocean study (SHEBA), from October 1997 to October 1998 in the
Beaufort Sea (e.g., Perovich, 2003), and the transpolar drift of the schooner Tara in 2007–2008 (Gascard
et al., 2008; Haas et al., 2011). Another valuable data sources are observations made at Soviet drifting stations and aircraft landings on Arctic sea ice, compiled by Radionov et al. (1997) and Romanov (1996) and
published by Warren et al. (1999) (hereafter W99). In the past decade, intensive measurements of snow and
ice thickness mainly over the western and central Arctic are performed by NASA’s Operation Ice Bridge’s aircraft overﬂights (e.g., Richter-Menge & Farrell, 2013).
The Norwegian young sea ICE expedition (N-ICE2015), led by the Norwegian Polar Institute in the region
north of Svalbard, from January to June 2015 therefore represents a unique opportunity to study the conditions found for a changing Arctic sea-ice regime. The multidisciplinary expedition documented the
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conditions in a younger and thinner ice pack, with a special focus on the transition from polar night to
spring (Granskog et al., 2016).
Snow is a key component of the ocean-ice-atmosphere system. Sea-ice and snow thickness control heat
ﬂuxes and radiative transfer that are key parameters for describing and quantifying ice-ocean-atmosphere
interactions. Additionally, snow has a large impact on sea-ice thermodynamics: In winter, the low density
snow pack is an insulator from a cold atmosphere and at the same time it prevents a warming of the atmosphere by a comparably warm Arctic Ocean (Gallet et al., 2017; Sturm, 2002). These characteristics control
the wintertime growth rate of the underlying sea ice (Perovich, 2003). A thicker snow pack on relatively thin
ice can become a positive contribution to the sea-ice mass balance through snow-ice formation (Granskog
et al., 2017; Haas et al., 2001; Provost et al., 2017).
The most widely used snow depth data remains the pan-Arctic snow climatology from observations made
during Soviet drifting stations on multiyear Arctic sea ice from W99, while other snow on sea-ice data products from airborne data (e.g., Kurtz et al., 2013; Newman et al., 2014) and remote sensing data (Maaß et al.,
2013) are still under development.
Bintanja and Selten (2014), Park et al. (2015) Woods and Caballero (2016), Graham et al. (2017a), and Rinke
et al. (2017) suggest that there is strong evidence of a change of the Arctic climate regime, especially for
the Atlantic sector toward a higher storm frequency and more precipitation events. An increase in frequency and duration of winter warming events in the North Pole region, from the Atlantic sector is shown
by Graham et al. (2017b). Assuming the precipitation falls as snow and with thinning ice this may cause the
sea-ice regime in this region to shift toward conditions more commonly associated with Antarctic sea ice;
thin ice with a deep snow cover, which promotes negative freeboard.
In the context of sea-ice and snow observations as well as heat ﬂuxes during N-ICE2015, some relevant
studies have been already published: Merkouriadi et al. (2017a) and Gallet et al. (2017) describe snow pack
properties and it’s transition from winter to summer. They describe a unique snow stratigraphy with a distinct depth hoar layer in the bottom that impacts the thermal conductivity of the snow. Granskog et al.
(2017) and Provost et al. (2017) report a signiﬁcant snow-ice formation from ice core analyses and buoy
observations, caused by an increased snow-to-ice thickness ratio. Provost et al. (2017) also calculates the
heat ﬂuxes between ocean, ice, and atmosphere. Peterson et al. (2017) and Meyer et al. (2017a) observed
the heat ﬂuxes from the ocean to the ice. They ﬁnd that storms signiﬁcantly control heat ﬂuxes and particularly above Atlantic Water they are inducing rapid basal melt events. With reference to a thinner, and therefore more fragile sea-ice cover Itkin et al. (2017) report strong deformation rates during the expedition and
state that storm events can irreversibly damage the sea-ice cover.
This paper presents a comprehensive compilation and analysis of sea-ice and snow mass balance observations, consisting of in situ measurements of sea-ice, snow thickness, and freeboard collected in the vicinity
of the vessel, RV Lance, and regional scale airborne survey data.
The paper is structured as follows: In Section 2 and 3, the expedition and the methods are described, followed by the presentation of the results (section 4). Thereafter, in section 5, we discuss the results and demonstrate the important role of snow in the sea-ice mass balance in a changing Arctic sea-ice regime. When
set in the context of historical observations in the same region (section 5.2), the data indicate a decrease in
sea-ice thickness, and a deeper than expected snow pack. Finally, we summarize the ﬁndings in section 6.

2. The N-ICE2015 Expedition
The N-ICE2015 drift experiment started north of Svalbard at 838150 N, 218320 E on 15 January 2015. The Norwegian research vessel RV Lance was used as a drifting base and logistic platform, moored to and drifting with a
sea-ice ﬂoe. Once the ship drifted out of the consolidated ice pack or the ice ﬂoe broke up it was relocated
toward the original starting area and a new drift started. As a result, the ship drifted four times within a region
that extended between 808N–838N and 38E–288E (Granskog et al., 2016), which we refer hereafter as the area
north of Svalbard. On each of the drifts an ice camp was established, these are referred to hereafter as Floe 1,
Floe 2, Floe 3, and Floe 4 (Figure 1). The ice ﬂoes were selected based on the following criteria: location within
helicopter range from Svalbard for search and rescue operations, accessibility and mooring possibilities for the
vessel, sufﬁcient ﬂoe diameter and thickness to support the science program, proximity to level ﬁrst-year ice
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(FYI), and representativeness of the surrounding sea ice. The layout of
the ice camps varied depending on the surface topography and dimensions of each ﬂoe and covered a range of different ice types. Schematics
for the survey setups, ice type composition, and the snow and ice thickness sampling sites for each drift station are presented in Figure 2.
Calculated back trajectories for the four drift stations, based on driftvectors extracted from passive microwave sea-ice drift product
(Girard-Ardhuin & Ezraty, 2012) show that the oldest sea ice in the
investigated area originates from the northern Laptev Sea, and initially
formed in September 2013 (Itkin et al., 2017). In addition to this
second-year ice (SYI), the region contained both FYI ﬂoes and young
ice (YI) produced in refrozen leads during the time period of the drift.

3. Data and Methods

Figure 1. Trajectories of the four N-ICE2015 drifts in the area north of Svalbard.
The background is sea-ice concentration (black is 0%; white is 100% sea-ice
concentration) from 15 May 2015 based on SSM/I data, calculated with ASI
algorithm, provided by ICDC, University Hamburg.

The ground-based surveys during N-ICE2015 consists of stationary
time series and measurements with spatial coverage. In the ﬁrst category, autonomous buoys provide time series of snow accumulation
and snow depth and ice thickness. In the second category, snow and
ice thickness surveys were performed along transects with a snow
probe and electromagnetic soundings. We describe ﬁrst the methods
that generate a stationary time series (sections 3.1 and 3.2) and then
the surveys with spatial coverage (section 3.3).

3.1. Autonomous Buoys
Buoys are used as autonomous platforms that record a variety of data
and transmit these regularly via the Iridium satellite network. For this
paper, we analyzed the snow and sea-ice mass balance data recorded by three types of buoys: snow buoys,
thermistor ice mass balance buoys (IMB), and seasonal IMBs.
Snow buoys (developed by MetOcean Data Systems, Dartmouth, Canada) measure the distance to the
snow surface with four sonic sensors. The snow buoys cannot provide any information on the internal

Figure 2. Sketches of the four N-ICE2015 ice stations (Floes 1–4) with their sea-ice mass balance related installations and
tracks.
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structure of the snow or detect subsurface changes, e.g., snow-ice or superimposed ice formation. At
deployment, the initial snow depth was measured and afterward used to calibrate the values measured by
the buoy. Thermistor IMBs are designed to measure temperatures along a cable deployed through a proﬁle
of air, snow, ice, and surface ocean. During N-ICE2015 two types of thermistor IMBs were deployed: SAMS
(Scottish Association for Marine Science) Ice Mass Balance for the Arctic (SIMBA) buoys, produced by SAMS
Research Services Ltd. (SRSL) (Jackson et al., 2013) and IMB-Bs, produced by British Antarctic Survey (Cambridge, UK) and Bruncin (Zagreb, Croatia). Both are equipped with a 5 m long thermistor chain cable hanging from a tripod through air, snow, and a 2 in. drill hole through the sea ice into the ocean.
The buoy measures temperature with 20 mm vertical resolution at approximately 0.18C accuracy. They also
feature a heating mode that provides a proxy for thermal resistivity (the proxy is calculated from temperature differences after a heating cycle) which can be used to discriminate between different media, especially
between air, snow, and ice. The interfaces were deﬁned using the method described in Provost et al. (2017)
and an example is shown in Figure 3.
The seasonal IMB (IMB-S) developed by the Cold Regions Research and Engineering Laboratory (CRREL) is
an instrument that combines the measuring principles of a sonic snow buoy and a thermistor IMB (Polashenski et al., 2011). Additionally to the thermistor string (50 mm vertical resolution), it also has an underwater sonic sensor that provides the sea-ice thickness measurements by measuring the distance from the
sensor to the bottom ice surface. All sensors are sheltered in a ﬂoating elongated tube that should potentially survive summer melt and fall freeze-up processes. During N-ICE2015, in total four snow buoys, seven
SIMBAs, one IMB-B, and one IMB-S provided reliable data (Table 1; Itkin et al., 2015). On Floes 1–3, the four
snow buoys were always deployed with a colocated thermistor IMB. Additionally, on Floe 1 and Floe 3 the
buoys were part of a larger buoy array surrounding the main ice camp that had several other IMBs deployed
in remote locations 5–20 km away from the ice camp (Itkin et al., 2017). IMB-S_2015a was deployed approximately 100 km NW of Floe 3 from where it drifted to the Fram Strait. Due to the predeﬁned time frame for

Figure 3. (a) Temperature proﬁle and (b) thermal resistivity proxy proﬁle for SIMBA_2015c, deployed on 24 April 2015 on
Floe 3. The black dashed lines show initial values at deployment, the white lines overlaid are the calculated interfaces (as
in Provost et al. (2017)). The dashed white line shows the surface of the slush layer, which may be transformed into a
snow-ice layer. The slush layer is deﬁned by the thermal resistivity proxy (b). The distance on the y axis is the distance on
the thermistor chain. Toward the end of the time series bottom melt and ﬂooding is observed. Missing or noisy data are
masked as gray.
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Table 1
Temporal Coverage and Initial Conditions (Measured at Time of Deployment) of IMBs, Snow Buoys, Snow Stakes, and Hotwire Fields Deployed During N-ICE2015 on
All Floes

Floe 1

Floe 2

Floe 3

Floe 4

Instrument

Type

Start
date
dd.mm.

End
date
dd.mm.

Days

Ice
type

WAVE_2015b
SIMBA_2015a
SIMBA_2015b
SIMBA_2015e
SIMBA_2015f
SIMBA_2015g
SNOW_2015a
HW1/SS1
HW2/SS2
HW3
HW4/SS4
EM31/MP
EM31/MP
EM31/MP
Average Floe 1
SIMBA_2015d
SNOW_2015d
EM31/MP
EM31/MP
SS5
SS6
Average Floe 2
SIMBA_2015c
SNOW_2015b
IMB-B_2015b
IMB-S_2015a
SNOW_2015c
SNOW_2015e
EM31/MP
EM31/MP
HW7/SS7
HW8/SS8
Average Floe 3
EM3/MP1
EM31/MP
HW9
Average Floe 4

Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Point
Line i
Line r
Line r

16.01.
15.01.
15.01.
26.01.
24.01.
31.01.
25.01.
23.01.
27.01.
27.01.
27.01.
15.01.
24.01.
24.01.

23.02.
12.03.
13.03.
23.02.
17.02.
28.02.
21.02.
16.02.
16.02.
16.02.
16.02.
17.02.
15.02.
15.02.

39
57
58
29
25
29
28
25
21
21
21
34
23
23

FYIa
SYIa
SYIa
SYIa
FYI
n/a
FYI
FYI
FYI
YI
SYI
Mixed
FYI
SYI

Point
Point
Line i
Line r
Point
Point

07.03.
01.03.
24.02.
26.02.
02.03.
27.02.

25.04.
25.04.
19.03.
09.03.
19.03.
17.03.

49
55
24
14
18
22

SYI
SYI
Mixed
Mixed
SYI
FYI

Point
Point
Point
Point
Point
Point
Line i
Line r
Point
Point

24.04.
23.04.
08.05.
19.05.
20.04.
21.04.
18.04.
27.04.
29.04.
04.05.

07.06.
07.06.
11.06.
06.07.c
11.06.
11.06.
05.06.
04.06.
04.06.
31.05.

45
45
36
53
54
49
42
37
28

SYI
SYI
YI
FYI
n/a
n/a
Mixed
Mixed
SYI
SYIa

Line i
Line r
Point

10.06.
11.06.
08.06.

18.06.
16.06.
18.06.

9
6
11

Mixed
Mixed
FYIb

Initial
snow
depth (m)

Initial ice
thickness
(m)

Mean
snow
depth (m)

Mean
ice
thickness (m)

D Snow
(m) per
30 days

D Ice
(m) per
30 days

0.15 6 0.05
0.59 6 0.09
0.44 6 0.08
0.21 6 0.06
0.33 6 0.14
0.41 6 0.03
0.32 6 0.02
0.55 6 0.13
0.22 6 0.04
0.02
0.36 6 0.11
n/a
0.30
0.49
0.34 6 0.16
0.42
0.34
n/a
0.52
0.36 6 0.04
0.33 6 0.04
0.40 6 0.08
0.61
0.42
0.02
0.28
0.33
0.32
n/a
0.57
0.55 6 0.17
0.70 6 0.10
0.42 6 0.21
n/a
n/a
n/a

0.82 6 0.09
1.33
1.28 6 0.01
1.49
0.90
1.08
0.90
0.94 6 0.10
0.94 6 0.04
0.41 6 0.14
1.29 6 0.05
n/a
0.97
1.7
1.08 6 0.33
1.30
1.34
n/a
1.44
n/a
n/a
1.36 6 0.07
1.79
n/a
0.62
1.05
1.25
1.34
n/a
1.43
1.47 6 0.11
1.08 6 0.17
1.27 6 0.33
n/a
n/a
1.74 6 0.04
1.74 6 0.04

n/a
0.53 6 0.08
0.39 6 0.04
n/a
0.51 6 0.07
0.43 6 0.04
n/a
0.57 6 0.15
0.28 6 0.10
n/a
0.43 6 0.04
0.41 6 0.19
0.33 6 0.14
0.52 6 0.12
0.44 6 0.10
0.43 6 0.03
0.41 6 0.03
0.56 6 0.17
0.54 6 0.19
0.33 6 0.02
0.37 6 0.03
0.44 6 0.09
0.60 6 0.08
0.47 6 0.02
n/a
n/a
0.35 6 0.03
0.39 6 0.02
0.43 6 0.24
0.53 6 0.17
0.55 6 0.01
0.70 6 0.01
0.50 6 0.12
0.29 6 0.18
0.32 6 0.20
n/a
0.31 6 0.02

n/a
1.26 6 0.12
1.33 6 0.02
1.53 6 0.04
0.95 6 0.02
1.14 6 0.05
n/a
0.95 6 0.09
n/a
0.56 6 0.10
1.29 6 0.01
1.47 6 0.63
0.99 6 0.29
1.73 6 0.57
1.20 6 0.33
1.26 6 0.02
n/a
1.21 6 0.87
1.23 6 0.79
n/a
n/a
1.23 6 0.03
1.77 6 0.11
n/a
0.50 6 0.10
n/a
n/a
n/a
1.45 6 0.82
1.56 6 0.51
1.45 6 0.05
1.05 6 0.03
1.30 6 0.4
1.19 6 0.52
1.36 6 0.76
1.33 6 0.41
1.29 6 0.09

n/a
20.15
0.00
n/a
0.10
0.02
n/a
0.13
0.20
n/a
0.10
n/a
0.04
0.08

n/a
20.13
0.00
20.11
0.13
20.04
n/a
0.05
n/a
0.23
0.00
n/a
0.08
0.11

20.02
0.04
n/a
0.03
20.07
0.10

0.02
n/a
n/a
20.08
n/a
n/a

20.23
n/a
n/a
n/a
20.01
0.04
n/a
20.03
0.02
20.01

20.38
n/a
20.47
n/a
n/a
n/a
n/a
20.06
20.10
20.08

n/a
n/a
n/a

n/a
n/a
22.37

Note. For sampling with EM31/Magnaprobe (MP), mean thickness is calculated from EM31 measurements, subtracted by snow depth (description in the text)
and shown with standard deviation over the given period. Note that standard deviations for point measurements are temporal while they are spatial for line
measurements. Line i stands for independent measurements, line r stand for repeated transect lines. The difference (D) is calculated from the ﬁrst and the last
transects on a ﬂoe and normalized to a 30 day period to make numbers intercomparable.
a
Ice type is an estimation, derived from initial snow and ice thicknesses.
b
Likely deformed ice.
c
Last date where snow and ice data was transmitted, the buoy drifted into Fram Strait until 12 September 2015.

the N-ICE2015 expedition, the duration of Floe 4 was expected to be short and since buoys would not freeze
into the ice after the onset of melt, none were deployed.
3.2. Hotwires and Snow Stakes
Snow stakes and hotwire ﬁelds are commonly used and considered as low cost methods for continuous ice
and snow thickness observations and used during, e.g., the SHEBA drift (Mahoney et al., 2009; Perovich,
2003). Compared with autonomous buoys they provide snow depth and sea-ice thickness at reduced temporal resolution. On the four N-ICE2015 Floes, we installed in total seven hotwire ﬁelds and seven snowstake ﬁelds following the routine outlined in Perovich (2003). A rectangular hotwire ﬁeld with a side length
of approximately 10 m was designed in a way that in each corner a wire was installed close to an ablation
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Figure 4. (a and b) Photo and schematic of a combined hotwire and snow-stake ﬁeld: red squares are the positions of hotwires, blue circle is the grounding wire.
Black squares show the nine snow stakes. (c) Schematic of a hotwire and the grounding wire, connected prior to the measurement to a generator.

stake, and in the middle of the hotwire ﬁeld nine snow stakes with even spacing were set up (Figure 4).
Snow depth and ice thickness changes were recorded on a regular basis, and the readings were averaged
€sel et al., 2016a, 2016b).
in space to cover small scale spatial variability (Ro
3.3. Spatial Surveys of Snow and Ice Thickness
3.3.1. Ground-Based Electromagnetic Surveys
Total ice and snow thickness was measured with portable electromagnetic instruments (EM31 and EM31SH,
Geonics Ltd., Mississauga, Ontario, Canada) mounted on a sledge. The EM31s measure the received secondary electromagnetic ﬁeld, induced by highly conductive seawater (Kovacs & Morey, 1991). Conductivity values are calibrated with drill hole measurements and postprocessed according to Haas et al. (1997). In total
101 and 145, calibration drillings were made for EM31SH and EM31, respectively, covering a thickness range
from 0.15 to 4.50 m. Analysis of the calibration measurements did not reveal any drift in the ﬁtting curve
parameters on the temporal or spatial scales (see supporting information Figure S1).
The footprint size of the EM31 ranges from 3 to 5 m (e.g., Haas et al., 1997; Renner et al., 2014), depending
on the ice and snow thickness. Accuracy of EM31 measurements is in the range of 60.1 m (Haas et al.,
2009) for level ice, becoming higher for rough and deformed ice.
On all Floes, independent (i) and repeated (r) transects with combined EM31 and snow depth measurements were performed. Repeated transects are considered as repetitions of marked tracks on a weekly basis
to observe temporal change, while independent transects are long surveys in different directions from the
main ice camp are to cover the spatial variability of the surrounding area. One repeated transect line measurement, typically the ﬁrst survey, is included in the independent data set.
3.3.2. Airborne Surveys
Helicopter-borne EM instruments (HEM) (Ferra Dynamics Inc., Mississauga, Ontario, Canada) were used to
measure ice thickness in helicopter range around RV Lance between 15 April and 8 June 2015. Altogether,
17 HEM surveys were undertaken. The ﬁrst, on 15 April, occurred while RV Lance was traveling into the ice
to begin the drift of Floe 3. Sixteen surveys were carried out between 19 April and 18 May while RV Lance
was moored to Floe 3. The last survey on 8 June 2015 was an overﬂight of Floe 4, operated from the FS Polarstern’s expedition ‘‘PS92’’ (ARK-XXIX/1, Alfred-Wegener Institute (AWI), Bremerhaven, Germany; Peeken,
2015).
HEM measurements use the same principle as the EM31 ground surveys: They both measure the distance
from the instrument to the ice bottom. The HEM uses additionally a laser altimeter to measure the height
above the snow surface. The laser footprint has a diameter of about 3 cm.
The height above the bottom of the ice is derived from the strength of electromagnetic induction in the
conductive water under the ice, and the height of the instrument above the surface of the ice or snow is
determined with a laser altimeter (Haas et al., 2009, 2010). The difference between the two height measurements corresponds to the total thickness of ice and snow. The HEM instruments used in this study have horizontal coplaner transmitting and receiving coils spaced 2.7 m apart. They operate at a signal frequency of
4 kHz, with a 10 Hz sampling rate, corresponding to measurement point spacing of 3–5 m (Haas et al., 2009;
Pfaffhuber et al., 2012). The HEM instrument is ﬂown at a height of 15–20 m above the surface and has a
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footprint of approximately 40–50 m (Haas et al., 2009). The system is calibrated by measuring at high elevations and over open water. The nominal total thickness uncertainty for a single HEM measurement is 0.1 m
over level ice, with signiﬁcantly larger errors and an underestimation of maximum thickness occurring in
heavily ridged areas due to footprint smoothing (Haas et al., 2009; Mahoney et al., 2015).
3.4. Snow Depth Surveys
Snow depth surveys were made with a GPS snow probe, henceforth referred to as Magnaprobe (SnowHydro, Fairbanks, AK, USA). The Magnaprobe is a thin pole with a sliding disk of 0.2 m in diameter around it.
The pole penetrates the snow pack to the sea-ice surface while the disk rests on the snow surface. Inside
the pole a magnetic device measures the distance between the disk and the lower tip of the pole providing
the snow depth (Sturm & Holmgren, 1999). Each depth is time-tagged and position-tagged and recorded
on a data logger. The Magnaprobe enables snow depth surveys with several thousand snow depth measurements in a few hours. The accuracy of the measurement is 63 mm (Marshall et al., 2006) and the footprint is the size of the disk.
3.5. Merging of Electromagnetic Soundings and Magnaprobe Measurements
For direct comparison of the values, and to subtract the snow depth from the EM31 data, we resampled the
EM31 data onto the coordinates of the Magnaprobe track, and we applied a Gaussian ﬁlter to the EM31
€sel et al., 2016c, 2016d) were median-sampled on a 5 m regudata. The EM31 and Magnaprobe data sets (Ro
lar grid, following the approach by Geiger et al. (2015). Snow depth was subtracted from the EM31 values
to derive sea-ice thickness. To facilitate this regridding, both the Magnaprobe and EM31 data were corrected for sea-ice drift. The drift correction routine is based on subtraction of the ﬂoe track over the period
preceding the exact timing the measurement was carried out. Starting from the second position of the
instrument in the particular measurement sequence, the Global Navigation Satellite System (GNSS) station
coordinates were used to calculate the back trajectories of the measurement points with respect to initial
time of the series.
The ﬂoe track itself is computed using the data from one of two GNSS base stations (called hereafter GPS1
and GPS2) that were installed on the ice stations, or the Lance position when the base stations were not in
operation. Note the approach we use implicitly assumes that rotation of the ﬂoe over the measurement
period was negligible. This is reasonable since EM31 and Magnaprobe measurements were always carried
out at the same time with a maximal time lag of 30 s. The single point horizontal accuracy for such ﬂoe position measurements varies in time being of the order of 1–4 m. For those measurements, where single point
accuracy was critical, such as, e.g., validation ﬁelds for airborne campaigns, the data were postprocessed
using Precise Point Positioning (PPP) processed reference tracks of GPS1 and GPS2. This increases the track
accuracy to 0.2–0.3 m and takes the rotation of the ﬂoes into account. The PPP processing was performed
by using the open source RTKLIB software package (http://www.rtklib.com).
In order to avoid oversampling for the survey periods when the instrument was stationary relative to the
ice, we estimated the instrument velocity from the drift corrected measurement positions and eliminated
the values corresponding to instrument speeds below 0.2 m s21.
3.6. Drill Hole Measurements and Freeboard Calculations
3.6.1. Drill Hole Measurements
During the N-ICE2015 expedition, we obtained more than 400 direct measurements from drill holes or holes
from ice coring on different types of level ice. They are arbitrarily located in the vicinity of the snow and ice
thickness transects, within a 5 km radius around the ship. For measuring freeboard at the drill holes, ﬁrst
snow thickness is measured above the drill hole, afterward snow is removed and the hole is directly drilled
or cored into the sea ice. The thickness is measured with a ﬂexible thickness gauge with a foldable metal
piece at the bottom as weight. The distances from the ocean-ice interface to both the water surface and
the ice surface are noted. We estimate the uncertainty of these measurements to be less than 60.02 m,
resulting from the sampling uncertainties such as, i.e., different observers, differences in reading of the
tape, different strength of pulling the tape, or uneven bottom of the sea ice. More than half of the thickness
drillings are used for the calibration of electromagnetic measurements (see section 3.3.1). Drill hole measurements provide spatial ice and snow thickness as well as freeboard and draft information at point scale,
€sel & King, 2017).
but without temporal component (Ro
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3.6.2. Freeboard Calculations
Freeboard values hfb can either be read directly from tape measurements at drill holes, or they can be calcu€m et al., 2011):
lated based on the principle of an isostatic equilibrium (Forsstro
hi 5

qw
qs
hfb 1
hs
qw 2qi
qw 2qi

(1)

where qw is 1,027 kg m23 (Meyer et al., 2017b). For winter conditions (Floe 1 and Floe 2), the bulk density of
the snow pack is qs 5 345 6 39 kg m23, bulk density for FYI is qi 5 910 6 18 kg m23. For spring conditions
(Floe 3 and Floe 4) we deﬁne qs 5 313 6 50 kg m23 and qi 5 901 6 18 kg m23; density values are extracted
from snow pits (Gallet et al., 2017; Merkouriadi et al., 2017b) and ice core analysis (Gerland et al., 2017). For
snow depth hs , we used Magnaprobe measurements and for ice thickness hi , we used the values obtained
from the combination of EM31 and Magnaprobe data. In this study, we analyze calculated freeboard from
long independent walks. By using equation (1) we have to take into account that we might get results with
an offset toward higher freeboard values in case of ﬂooding, because qs of a ﬂooded snow pack will be substantially higher.

4. Results
The combined sea ice and snow thickness data from all different sources is summarized in Table 1, providing an overview about the temporal and spatial variability of snow and ice thickness during the entire NICE2015 expedition.
Independent snow and ice thickness transects from combined EM31/Magnaprobe measurements give average values, including standard deviations, in the range from 1.19 6 0.52 to 1.47 6 0.63 m for ice and
0.29 6 0.18 to 0.56 6 0.17 m for snow, for all the ﬂoes (Table 1). Average values of ice and snow thickness
from point measurements and their evolution throughout the entire N-ICE2015 expedition from January to
June 2015 are shown in Figure 5.

Figure 5. (a) Snow depth and (b) sea-ice thickness, extracted from IMBs, snow buoys, snow-stake ﬁelds (SS), and hotwire
ﬁelds (HW) during N-ICE2015. The error bars represent the standard deviations. The purple shading in the background
indicates storm events, labeled as M (major) and m (minor) storms according to Cohen et al. (2017). The stars show major
snow fall events (Cohen et al., 2017). Note that before 2 February 2015 no precipitation data, and between 18 March and
18 April 2015 no wind speed and no precipitation data are available.
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4.1. Floe 1: 15 January to 21 February 2015
The data acquired by ﬁve IMBs, a snow buoy, hotwire, and snow-stake ﬁelds associated with Floe 1 and its
surrounding represent different snow and ice conditions observed during the drift. All buoys show a weak
increase in ice thickness during a period of low air temperatures in the last week of January, followed by an
increase of snow depth from 0.59 to 0.66 m for SIMBA_2015a and a decrease from 0.45 to 0.35 m for SIMBA_2015b (Itkin et al., 2015). During a major storm event lasting from 3 to 8 February (M2) (Cohen et al.,
2017), snow depth at SIMBA_2015b and SIMBA_2015g decreased, while it increased at SIMBA_2015e. SIMBA_2015a, SIMBA_2015f, and SIMBA_2015g show both: ﬁrst an increase and later a decrease of snow depth
(Figure 5). The decrease in snow depth can be explained by blowing snow and its redistribution. It should
be noted that these are point measurements and they do not capture the spatial variability of the snow.
While drifting over Atlantic Water in mid-February (Meyer et al., 2017b) the southernmost buoy SIMBA_2015a
(20 km distant from Floe 1) indicates bottom melt starting on 16 February, followed by a similar signal from
SIMBA_2015e and SIMBA_2015g starting on 19 February (Figure 5). Initial ﬂooding with a gradual snow-ice
formation on the snow/ice interface was observed at SIMBA_2015a (Figure 5; Provost et al., 2017). Due to ice
temperatures of 24.58C we surmise that the ice was permeable (Weeks & Ackley, 1986), and negative freeboard promoted snow-ice formation on SIMBA_2015a. During the last week of February and the ﬁrst week of
March, ice breakup events, ﬂooding, and subsequent snow-ice formation led to a rapid decrease of snow
depth and an increase of ice thickness. On 18 February, a deformation event led to lateral ﬂooding of Floe 1,
and subsequent snow-ice formation was observed in the SIMBA_2015f record (Provost et al., 2017).
From the hotwire and snow-stake ﬁelds HW1&SS1 (FYI) and HW4&SS4 (SYI) initial ice thicknesses with standard deviations were 0.94 6 0.1, and 1.29 6 0.05 m, respectively (Table 1). The last readings 4 weeks later
showed values of 0.98 6 0.06, and 1.30 6 0.05 m, respectively. Only hotwire ﬁeld HW3, deployed in a refrozen lead with an initial snow cover of 0.02 m showed a signiﬁcant increase from 0.41 6 0.14 to
0.64 6 0.09 m (Table 1 and Figure 5). The initial snow depth with standard deviation at the SYI ﬁeld was
0.55 6 0.13 m, and about 0.16 m higher than at the FYI ﬁeld with an initial observed snow depth of
0.39 6 0.11 m. On both ice types the snow depth showed a net increase of about 0.1 m within 1 month.
Figure 6a presents Floe 1 ice and snow thickness probability density functions (PDF) derived from independent measurements with EM31 and Magnaprobe. Note, that in Figure 6, all distributions represent both spatial and temporal variability since spatial data from a longer period are included. The PDF of the ice
thickness features a trimodal distribution with a ﬁrst peak at 0.3 m corresponding to thin ice, a second peak
at 0.9 m, and a third major peak, which represents the primary mode at 1.5 m. Mean ice thickness was
1.47 m with a standard deviation of 0.63 m. The tail of the PDF above 1.8 m represents deformed ice.
The modal ice thickness for all repeated FYI transects was 0.80 m (Figure 6b). The modal thickness for all
repeated SYI transects was 1.40 m. On FYI, the average snow depth with standard deviation was
0.33 6 0.14 m, whereas on SYI, it was 0.52 6 0.14 m (Figure 6b). The distributions of both snow depth and
ice thickness do not differ greatly over either type between the ﬁrst and last transect lines. We notice a shift
from the FYI mode from 0.8 to 0.9 m and for the SYI mode from 1.5 to 1.6 m, but the averages for both ice
types for the ﬁrst and the last transect stayed in the same order of 1 m for FYI and 1.8 m for SYI. The mode
for snow thickness on FYI increased by 0.05 m from 0.20 to 0.25 m on FYI while it decreased by the same
amount from 0.60 to 0.55 m on SYI.
4.2. Floe 2: 24 February to 19 March 2015
On Floe 2, snow buoy SNOW_2015d, SIMBA_2015d, and snow-stake ﬁeld SS5 were deployed together on SYI at
the main ice camp. Initial snow depth for SNOW_2015d was 0.34 m (Table 1). The buoy showed an increase of
0.15 m in snow depth after deployment, caused by two major storm events (M4 and M5) with precipitation
(Cohen et al., 2017). SIMBA_2015d was deployed 1 week later, after the storm, with initial snow and ice thicknesses of 0.42 and 1.30 m, respectively. During the drift, we registered only slight variations in the range of a few
centimeters in snow depth and ice thickness (Figure 5). The snow-stake ﬁeld on FYI (SS6) showed an increase
from 0.33 to 0.41 m while the snow stakes on SYI (SS5) showed a decrease from 0.36 to 0.32 m (Figure 5).
The thickness distributions for the independent measurements and the repeated transect lines (Figures 6d
and 6e) on Floe 2 show similarities: the thin ice class with ice thickness values in the range from 0.0 to 0.3 m
is present in both histograms. The main modal peak is around 1.0 m, representing the fraction of
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Figure 6. Snow and ice thickness distributions from (left) independent measurements and (middle) repeated measurements for all Floes. SYI and FYI is only distinguished for Floe 1 on all repeated transects, for Floes 2, 3, and 4 the distributions contain a mixture of SYI and FYI. The right column displays calculated freeboard from the independent
measurements of each ﬂoe. The gray shaded areas indicate the values that fall in the uncertainty range of 60.06 m based
on 61 STD. The bins in the pdfs are centered and bin size for ice thickness is 0.10 m, for snow depth 0.05 m, for freeboard
0.01 m. All distributions represent both spatial and temporal variability.

dominating FYI. For the transect lines, a third mode can be identiﬁed at 1.3 m, whereas in the independent
measurements, a third mode is at 1.8 m. The snow depth with standard deviation on Floe 2 from independent measurement is comparable to the measurements on the transect line and the mean is 0.55 6 0.18 m
(Figure 6d). On Floe 2, the conditions were quite stable; the average thickness of ice and snow did not
change within 3 weeks of the drift on this ﬂoe (Table 1). Snow depth on FYI and SYI was in the range of
0.33–0.56 m (Table 1), but it is not distinct that the values in the higher range always correspond with SYI.
4.3. Floe 3: 18 April to 5 June 2015
The IMBs, snow-stake, and hotwire ﬁelds on Floe 3 show coinciding results throughout the drift. During the
ﬁrst 4 weeks after the installation of the snow-stake and hotwire sea-ice and snow conditions remained
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stable around 1.08 and on 1.47 m on SYI with 0.70 and 0.55 m of snow. This is conﬁrmed by the data from
SIMBA_2015c, which had an initial ice thickness of 1.79 m with 0.61 m snow. Starting at the beginning of
June, rapid bottom melt with a rate of about 0.10 m d21 commenced on both ice types, while the snow
depth remained unchanged. SIMBA_2015c shows an indication of a weak basal melt already after 25 May
followed by a steep increase of the basal melt rate on 5 June (Figure 3). Subsequent freeboard adjustment
and ﬂooding of the ﬂoe caused the formation of a slush layer with a thickness of up to 0.30 m (Figure 3).
Due to the high density and the salinity of the slush layer and its potential to refreeze, we will here consider
the slush layer as sea ice. Observed 2 m air temperatures well below 08C until 1 June (Hudson et al., 2015)
and also cold sea-ice temperatures may allow the slush layer to refreeze subsequently to a snow-ice layer.
Consequently, snow depth measured by SIMBA_2015c gradually decreased, starting at the end of May. The
next signiﬁcant decrease in snow depth registered in early June by the three snow buoys is connected to
storm events (Figure 5: M8 on 2–6 June and m9 on 8 June; Cohen et al., 2017), and might be caused by lateral ﬂooding induced by breakup events of Floe 3. Note, that snow buoys can only measure the change of
the distance from the snow surface to the sensor, which was in this case an increase and might be a sign of
compacting snow. Flooding or snow-ice formation cannot be detected by snow buoys. IMB-B_2015b was
deployed on 8 May in a refrozen lead about 20 km NW of RV Lance with initial ice thickness of 0.62 and
0.02 m of snow. This is below the detection limit of the thermistor chain, so no snow depth can be shown
in Figure 5. A gentle decrease of ice thickness from the bottom can be observed already after 16 May, followed by a sharp increase of the basal melt rate on 5 June that continued until complete disintegration of
the level ice on 12 June, 20 km from the open water (Figure 5). IMB-S_2015a was deployed on 19 May on
level FYI with initial thicknesses of 1.05 m for ice and 0.28 m for snow, respectively. IMB-S_2015a showed no
sign of snow-ice formation. Ice and snow thickness both decrease gradually in June, caused by bottom
melting and snow melt or compaction.
The repeated measurements on Floe 3 also showed stable conditions in terms of snow and ice thickness
until the onset of gradual melt in the second half of May. Then both snow and ice thickness show a
decrease in thickness (see Table 1). The comparison of the ﬁrst and the last repeated transect line results in
an average decrease of 0.16 m in ice thickness and 0.02 m in snow thickness. The sea-ice thickness distribution of Floe 3 is bimodal, with a ﬁrst mode at 1.2 m and a second mode at 0.2 m, which represents a large
refrozen lead in the vicinity of the ship (Figure 6g). Connected to these two distinct sea-ice modes, the
observed snow depth distribution shows a peak at 0.03 m representing the snow cover of the refrozen
lead. The second mode is at 0.45 m associated with the snow cover on FYI and SYI. Figures 6g and 6h demonstrate that the distributions from the independent measurements and the repeated transect lines are
comparable, except for the mode corresponding to the snow on thin ice only present in the independent
measurements.
4.4. Floe 4: 7 to 22 June 2015
Floe 4 was established on FYI within the marginal ice zone. At the hotwire ﬁeld HW9, an intense bottom
melting event was observed, which started between 10 and 13 June, with melt rates up to 0.25 m d21 (Figure 5). This hotwire ﬁeld was in a deformed area of the ﬂoe, therefore may not be fully representative of
processes on level ice. We assume the ocean induced melting of deformed ice could lead to disintegration
of previously consolidated ice blocks efﬁciently accelerating the melt process.
The snow and ice distributions for Floe 4 both show an unimodal distribution, where the mode for snow is
located at 0.20 m and for ice at 1.25 m (Figures 6j and 6k). The comparison of independent measurements
with repeated transects shows that the transect lines represent well the overall surrounding (Table 1). On
Floe 4, the established survey line could not be followed due to strong bottom melt and a rapid transition
from solid into rotten ice, making a quantitative intercomparison of the entire surveys difﬁcult. However,
we found a decrease of the average sea-ice thickness of 0.5 m within 10 days when we compare the ﬁrst
and the last transect line. This might also explain the wider thickness distributions for Floe 4. The snow
thickness decreased by 0.05 m. In general, a ﬂooding of vast parts of Floe 4 was registered after 14 June,
along with formation of a snow-ice crust in wet snow (see Figure 7) above the ﬂooded snow pack. This ice
layer grew over several days toward the former snow/ice interface. The formation of this crust resulted in a
sudden decrease of snow depth and the same amount of increase in ice thickness; we noted that in many
areas the Magnaprobe pole could not penetrate through the crust to the original snow/ice interface and
might bias the observations.
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Figure 7. Snow pits with ﬂooded snow pack on Floe 4 on 14 June 2015 on three different sites. (a) Close to the ship, water
level at 0.075 m, wet snow until 0.14 m, total snow depth 0.30 m. (b) Water level at 0.13 m, wet snow until 0.19 m, total
snow depth 0.53 m. (c) Water level at 0.06 m, wet snow until 0.09 m, total snow depth 0.34 m.

4.5. Regional HEM Surveys Over Floe 3 and Floe 4 Surroundings
Figure 8 presents all HEM surveys including date and time (King et al., 2016); basic statistics for each survey
are summarized in Table 2. The total snow and ice thickness distribution for all HEM surveys combined has
mode 1.7 m and mean 1.8 m. There is a second mode at between 0.1 and 0.3 m in almost all the surveys
that is representative of the thin ice class found in refrozen leads.
Long HEM surveys toward the east on 6 and 12 May show a distribution dominated by the thin ice class,
while ﬂights along the main drift direction show very little variation between the surveys.

Figure 8. HEM surveys carried out in the N-ICE region between 15 April and 8 June 2015. The ﬂight at 828N/208E was a
reconnaissance ﬂight on the way the start position of the third drift. The background is sea-ice concentration (black is 0%;
white is 100% sea-ice concentration) from 15 May 2015 based on SSM/I data, calculated with ASI algorithm, provided by
ICDC, University Hamburg.
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Table 2
Total Snow and Ice Thickness From HEM Surveys
Date

Start lon/lat

Thickness mode (m)

Thickness mean (m)

15 Apr 2015
19 Apr 2015
24 Apr 2015
24 Apr 2015
28 Apr 2015
29 Apr 2015
30 Apr 2015
05 May 2015
05 May 2015
05 May 2015
06 May 2015
06 May 2015
08 May 2015
11 May 2015
12 May 2015
18 May 2015
08 Jun 2015
All ﬂights

19.81/81.95
14.26/83.15
15.37/82.75
15.30/82.73
13.96/82.18
13.57/82.07
13.30/82.00
13.20/81.80
13.43/81.79
13.23/81.77
13.32/81.76
13.13/81.79
12.03/81.63
9.85/81.40
9.53/81.36
9.61/81.28
19.30/81.10

1.9 (0.1)
1.8
1.7 (0.1)
1.7 (0.3)
1.8 (0.1)
1.5
1.9 (0.2)
1.7 (0.2)
1.7 (0.3)
1.8 (0.2)
1.8 (0.1)
0.1 (1.8)
1.7 (0.1)
1.5 (0.3)
0.3 (1.3)
2.0 (0.1)
1.4 (0.1)
1.7 (0.1)

1.8 6 0.9
2.1 6 0.8
1.7 6 0.8
1.8 6 1.0
1.8 6 0.9
1.9 6 1.0
2.1 6 1.1
1.6 6 0.9
1.9 6 0.9
1.9 6 1.0
1.9 6 1.0
1.4 6 1.0
1.7 6 1.1
1.8 6 0.8
1.4 6 1.0
1.6 6 1.1
1.5 6 0.9
1.8 6 0.9

Notes
Reconnaissance ﬂight
Local area survey
Local area survey

Local area survey

Long track east

Local area survey/buoy overﬂight
Long track south-east

Note. Times are UTC. Second mode in brackets is included where one exists. Mode and mean thickness with standard
deviation for all surveys from Floe 3 and Floe 4 are calculated from all of the data points.

Four local area surveys with a radius of 10 km around the ice station
were carried out on a repeated pattern over RV Lance’s position on 24
and 28 April and on 5 and 11 May. Between the 28 April and 5 May an
increase of the second mode from 0.1 to 0.2 m can be observed, indicating a thickening of the YI. The primary mode ranges between 1.7
and 1.8 m. The local survey on 11 May did not follow exactly the pattern of the previous three surveys due to bad weather. The ice thickness distribution of this ﬂight has a primary mode at 1.5 m and a
weak second mode at 0.3 m.
The HEM ﬂight on 8 June over Floe 4 shows a slightly thinner sea-ice
cover with a mode at 1.4 m and a mean thickness of 1.5 m.
4.6. Comparing Airborne With Ground-Based EM Data
The independent EM31 data set agrees well with HEM measurements in
the vicinity of Floe 3 made from mid-April until mid-May (Figure 9a).
Both PDFs show a bimodal distribution with the major peak in the
thicker level ice, and a second mode, representing the thin ice. The thin
ice mode is less pronounced in the EM31 data, because for safety reasons it was difﬁcult to collect data of ice thickness in newly refrozen
leads. This under-representation of very thin ice also explains the slightly
higher mean values of ice thickness derived from the EM31 data.

Figure 9. (a) Probability density functions of all independent EM31 and HEM
ice and snow thickness measurements during Floe 3 (April–early June 2015).
Average ice thickness from buoys SIMBA_2015c and IMB-B_2015b are marked
by a black line. (b) Probability density functions of independent EM31 and HEM
ice and snow thickness measurements from AWI ﬂight on 8 June 2015 over
Floe 4.
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As strong bottom melting resulted in a remarkable thinning on Floe 4 only
two EM31 surveys on 10 and 11 June can be compared with the HEM survey from 8 June. The modes for both distributions are at 1.3 m, the mean
for EM31 is 1.7 m, and for HEM 1.5 m (Figure 9b). On Floe 4, no thin ice or
refrozen lead was present in the area of the ice station, but in the larger
vicinity, which was covered by the HEM survey on 8 June (Figure 9b).
4.7. Freeboard During N-ICE2015
On all four ﬂoes widespread negative freeboard along with ﬂooded
areas was observed from the drilling records: 32% (Floe 1), 37% (Floe
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2), 61% (Floe 3), and 48% (Floe 4) of the readings show negative freeboard, considering an uncertainty of 60.02 m for the measured freeboard. All values within this range (in total 31%) were discarded. We
consider the drill holes to be representative for the area, because they
are numerous (N 5 475) and arbitrarily located. In addition, we have
calculated freeboard from snow and ice thickness measurements of
the long independent walks referring to the method in section 3.6.2
(Figures 6c, 6f, 6i, and 6l). Considering an uncertainty of 60.06 m, the
calculated negative fraction of freeboard on all four ﬂoes is 5% on
Floe 1, 62% on Floe 2, 18% on Floe 3, and 11% on Floe 4 (Figure 6).
We estimate the uncertainty of the calculated freeboard resulting
from the propagation of uncertainties in the snow and ice densities
and the sampling uncertainty (represented by the spatial variability)
to be on average 60.06 m. For calculated freeboard considered as a
function of hi, hs, qi , and qs , at every analyzed location, the freeboard
absolute uncertainty is calculated as a square root of the sum of
squared partial increments of this function due to errors in the input
variables. We used as measurement error the standard deviations of
qi , and qs , and for hi and hs we used their observed standard deviations, since the sampling uncertainty, represented here by the standard deviation of snow and ice measurements, is a better
approximation of the large areal impact on freeboard than the meaFigure 10. Scatterplot of freeboard measured in situ at drill holes (R€
osel & King,
surement error of each individual point. We consider the errors in the
2017) versus the calculated freeboard using equation (1) for all four ﬂoes. The
uncertainties based on 61 STD of 60.02 m for measured freeboard and
four measured variables of the error propagation method to be inde60.06 m for calculated freeboard around 0.0 m are shaded light gray.
pendent, because they were derived by different methods. The comparison of observed freeboard to calculated freeboard from drill hole
measurements (Figure 10) gives an overall agreement with a correlation of r2 5 0.49, but it also shows signiﬁcant scatter. With regard of the uncertainty of 60.02 m for the measured freeboard, 40% of the drill hole
values lie above the uncertainty, 29% lie below and 31% of the values fall within the range of uncertainty.
For the calculated freeboard, a 73% of the values from the independent long walks lie within the uncertainty range of 60.06 m, while only 5% lie below and 22% lie above.
It is also noticeable that the correlation is higher for a positive freeboard than for negative freeboard. The
scatter might be caused by the fact that individual locations for the drill holes are not always at isostatic
equilibrium since internal pressure in the ice might cause a certain disturbance. In addition, the calculations
appear to underestimate negative freeboard, where the snow load can cause ﬂooding of the snow layer
which results in a higher density of the snow pack. Additionally, the measurement error for negative freeboard values might be higher because the interfaces, especially for water and snow are difﬁcult to distinguish after ﬂooding.
4.8. Snow Melt on Floe 3 and Floe 4
Events of snow melt were observed on both Floe 3 and Floe 4. Temperatures rose to 08C twice in May, but
we observed no change in the snow depth in connection with these events. The onset of intense snow
melt on Floe 3 was registered on 4 June when the 2 m air temperature exceeded 08C and stayed around the
freezing point with slight variations due to the diurnal cycle (Cohen et al., 2017; Hudson et al., 2015).
On Floe 4, we observed a darkening of the snow cover in depressions in the vicinity of pressure ridges on
8 June, which was an indication of a continuous wetting of the snow pack. Air temperature remained above
freezing between 8 and 9 June promoting melt pond formation in these dark spots. Air temperature
dropped again below 08C on 10 June. Distinct signs of snow surface melting due to radiative forcing with a
rapid transformation of the crystal structure of the snow pack on a large scale was observed on 14 June,
when the 2 m air temperature increased again to 08C (Gallet et al., 2017). Additionally, snow pit and ice core
temperature data gave evidence of an isothermal temperature proﬁle through the entire snow and ice
pack, along with increasing bulk snow densities (Gallet et al., 2017; Gerland et al., 2017; Merkouriadi et al.,
2017b).
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5. Discussion
€sel et al., 2016a, 2016b, 2016c,
This compilation of the N-ICE2015 snow and sea-ice thickness data sets (Ro
2016d) represents a unique opportunity to study and understand processes in the winter-to-spring evolution of a thinner sea-ice cover with a thick snow cover from the Atlantic sector of the Arctic from winter conditions to melt onset.
5.1. Sea Ice During N-ICE2015
The N-ICE2015 expedition took place over the Nansen Basin and the Yermak Plateau, in an area where the
Arctic Ocean is connected to the Atlantic Ocean via the deep Fram Strait and the shallow Barents Sea
(Meyer et al., 2017b). The exchange of northward ﬂowing warm and saline Atlantic Water and southward
cold Arctic water near the surface gives in combination with the bathymetry makes this region special in
terms of heat exchange. The shallow Yermak Plateau is a local hot-spot for vertical mixing and cooling of
Atlantic Water, while in the deep Nansen Basin the cold Polar Water dominates (Meyer et al., 2017b). Also,
the Atlantic Ocean and the Fram Strait is a prominent pathway for low pressure systems which penetrate
across the North Pole and cause winter warming events in the Central Arctic (Graham et al., 2017b; Rinke
et al., 2017).
Our observations show that during N-ICE2015, interaction at the ocean-sea-ice interface was determined to
be the most signiﬁcant factor driving the ice thickness changes, because thick snow moderated the inﬂuence from the atmosphere. During winter negative heat ﬂuxes (Meyer et al., 2017a) caused a slight increase
of sea-ice thickness. This increase in thickness was especially pronounced in areas with thin snow cover,
e.g., refrozen leads or new ice (Table 1). However, the sea-ice growth is moderated by the insulating effect
of the snow cover. The thick snow pack of on average 0.52 6 0.18 m on SYI on Floe 1 in January and February, during the coldest period of the experiment, limited thermodynamic ice growth (Provost et al., 2017).
When the station drifted over warm Atlantic Water a signiﬁcant reduction of ice thickness due to bottom
melt was observed. In particular, we registered such events once in winter on Floe 1, starting on 17 February
at 828N, and twice in spring: on Floe 3, 4–5 June at 808N, and on Floe 4, 12–18 June at 808400 N (Meyer et al.,
2017a). Both bottom melting events, during Floe 3 and Floe 4 were associated with a strong positive ocean
heat ﬂux up to 400 W m22 in the mixed layer at the ocean-ice interface, driven by a combination of shallow
Atlantic Water and storm events (Meyer et al., 2017a; Peterson et al., 2017). The combination of positive
ocean heat ﬂuxes with storm events or strong swell induced by storm events caused the breakup of the
aforementioned ﬂoes (Itkin et al., 2017).
From the analysis of multimodal total thickness distributions from EM31 transects on Floe 1 and Floe 2, we
can clearly differentiate between level YI, FYI, SYI, and deformed thick ice. This is, however, not the case on
Floe 3, where the modes associated with FYI and SYI are no longer distinct. A similarity in total ice thickness
distributions for both ice types is also conﬁrmed by the drill hole and ice core measurements. From Floe 3
onward, the analysis of total thickness distributions alone is not sufﬁcient for a robust classiﬁcation of seaice types, which then requires, e.g., ice core analysis (Granskog et al., 2017).
5.2. N-ICE2015 in the Context of Other Studies in the Region
In line with pan-Arctic trends, a shift to a thinner Arctic sea ice during the transition from winter to summer
in the last decade in the study region has been already shown in Renner et al. (2013). The comparison of
the N-ICE2015 HEM surveys with HEM surveys in the same region from April 2009 and April–May 2011
(Haas et al., 2010; Renner et al., 2013) revealed a decrease of the mode of total thickness from 2.4 m in 2009
over 1.8 m in 2011, down to 1.7 m in 2015. It should be mentioned that most of the N-ICE2015 surveys
were further north than the ﬂights in the previous years at the same time of the year.
Between 838N and 818N no gradient was observed in ice thickness. A gradient toward a thinning of the seaice cover occurred from 818N southward. This expected gradient is associated with warm Atlantic Water
inﬂuence on the ice pack which consequently results in a breakup of ﬂoes and rapid melting. According to
historical observations in the region (e.g., Renner et al., 2013), this process is generally limited to the area
within a distance of 50 km to open water, which is also shown by the two southernmost HEM ﬂights from
12 May and 8 June 2015 having with 1.5 and 1.4 m, respectively, the lowest modal thickness.
Interannual variability of snow and ice thickness is signiﬁcant on a range of spatial and temporal scales (Figure 11). During N-ICE2015 the observed regional ice thickness was reduced and the snow depth was higher
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compared to studies from historical observations (Table 3 and Figure
11). For example, the January–February mean snow depth of
0.33 6 0.14 m on FYI was higher than the observations during a short
test cruise prior to N-ICE2015 in February 2014: here the average
snow depth on FYI was 0.20 6 0.08 on 0.80 m thick sea ice (modal
value). It is to be noted that the sea ice in this case was most likely
younger and had thus less snow on top.
The April–May mean snow depth for the same region in 2011,
reported in local scale studies of Haapala et al. (2013) and Renner
et al. (2013) were 0.36 6 0.26 and 0.32 m, respectively. A 200 m long
snow depth proﬁle from 1 April 2003 on 80.427N, 12.817E during
Polarstern Cruise ARKTIS-IXI/1 resulted in a mean snow depth of
0.17 6 0.08 m (Haas, 2018). From the same cruise, average snow and
ice thicknesses from ice stations were noted with 0.18 6 0.14 and
1.96 6 0.43 m, respectively (Sch€
unemann & Werner, 2005). During a
drifting station with Polarstern on Expedition ARKTIS-IX/1 in March
1993 in the same area a 200 m snow and ice thickness proﬁle on
2.56 6 0.53 m thick MYI indicated an average snow cover of
0.25 6 0.27 m (Table 3 and Figure 11).
While observations from the recent INTPART Field School 2017 cruise
in May to the marginal ice zone north of Svalbard showed a signiﬁcant
number of ﬂoes with snow depths larger than 0.4 m (A. Doulgeris
et al., personal communication, 2017), alongside FYI ﬂoes with much
less snow. These observations resemble the conditions during NICE2015 and give an indication that the situation of thick snow on
thin ice could occur more regularly in this region and might favor an
increase in the occurrence of negative freeboard.

Figure 11. (a) Mean snow thickness, (b) mean sea-ice thickness, and (c) mean
and modal total thickness values from historical and recent observations in the
area north of Svalbard, as listed in Table 3. The error bars present the standard
deviation.

In summary, the April to early June mean snow depth of
0.50 6 0.12 m averaged over all measurements on Floe 3 (Table 1) was
signiﬁcantly higher than the averaged observations of 0.30 6 0.14 m
from historical observations, including the recent observations from
2017 (Table 3).

Compared to the W99 climatology with values of 0.37 m for snow
depth in April in the area north of Svalbard, our observations show
thicker snow. It needs to be noted, however, that the use of W99 in the Atlantic Sector of the Arctic should
be treated carefully, since observational data are sparse in this region. In fact, only 41 average snow thickness values from the ‘‘Sever’’ Aircraft Landing Observations from the Former Soviet Union from the years
1955 and 1975–1979 (Romanov, 2004) are included in W99 for the area north of Svalbard. W99 describes a
general decadal scale decreasing trend in snow depth between 1954 and 1991, but explained by a decrease
mainly in May. In addition, a later onset of ice formation (Johnson & Eicken, 2016; Stroeve et al., 2014) and
an associated delay in snow accumulation on sea ice, or liquid precipitation instead of snowfall in the
autumn, could lead to a general thinning of the snow cover. Nevertheless, interannual and spatial variability
€m et al. (2011) present values in the range of 0.30 6 0.19 m for
of snow thickness is high (Table 3): Forsstro
Fram Strait in April–May 2005, 2007, and 2008, while Renner et al. (2014) measure 0.32 6 0.22, 0.47 6 0.24,
and 0.39 6 0.22 m for the same years, respectively. It is to be noted that the corresponding sea-ice thick€m et al. (2011) and Renner et al. (2014). Fram Strait is connesses are also showing high variability in Forsstro
sidered a region with high drift speeds and the origin of the sea ice might be different than in the area
north of Svalbard (Spreen et al., 2009).
However, exceptional atmospheric circulation events in autumn 2014 and winter 2015 could have caused
the observed increased snow depth in 2015 in the study area (Merkouriadi et al., 2017a). Studies suggest
that there is evidence, especially for the climate of the Atlantic sector of the Arctic, to shift toward a different regime with a higher storm frequency and more precipitation events, particularly during the winter
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Table 3
Snow and Ice Thickness From Historical and Recent Observations in the Area North of Svalbard During April to Early June
Date
April 1955
April 1974
April 1975
April 1976
April 1977
April 1978
April–May 1979
April–May 1954–1991
March 1993
1 April 2003
April 2003
18 May to 4 June 2005
10–30 April 2007
April–May 2005/2007/2008
16 April to 1 June 2008
April 2009
April–May 2011
April–May 2011
February 2014
April–June 2015
May 2017

Expedition

Mean snow
depth (m)

Mean sea-ice
thickness (m)

Modal total
thickness (m)

Reference

‘‘Sever’’ Aircraft landings
‘‘Sever’’ Aircraft landings
‘‘Sever’’ Aircraft landings
‘‘Sever’’ Aircraft landings
‘‘Sever’’ Aircraft landings
‘‘Sever’’ Aircraft landings
‘‘Sever’’ Aircraft landings
Climatology
PS ARKTIS-IX/1
PS ARKTIS-IXI/1
PS ARKTIS-IXI/1
Fram Strait
Fram Strait
Fram Strait
Fram Strait
Polar 5 ﬂight
ICE2011
KVS2011/ICE2011
N-ICE Testcruise
N-ICE2015
INTPART Cruise

0.16 6 0.16
0.38 6 0.12
0.29 6 0.13
0.46 6 0.08
0.45 6 0.16
0.16 6 0.01
0.2 6 0.09
0.37
0.25 6 0.27
0.17 6 0.08
0.18 6 0.14
0.32 6 0.22
0.47 6 0.24
0.30 6 0.19
0.39 6 0.22
n/a
0.36 6 0.26
0.32
0.20 6 0.08
0.53 6 0.17
0.41 6 0.23

0.94 6 0.42
2.92 6 0.11
2.28 6 0.49
2.33 6 0.10
2.6
2.75 6 0.35
1.93 6 0.65
n/a
2.56 6 0.43
n/a
1.96 6 0.43
2.5 6 1.1 (total ice and snow)
2.5 6 0.9 (total ice and snow)
1.88 6 0.83
3.2 6 1.1 (total ice and snow)
n/a
n/a
n/a
n/a
1.56 6 0.51
1.65 6 0.50

n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
n/a
2.6 6 1.7
n/a
n/a
2.7 6 1.6
2.4
1.8
1.8
0.80 (FYI)
1.7
n/a

Romanov (1996)
Romanov (1996)
Romanov (1996)
Romanov (1996)
Romanov (1996)
Romanov (1996)
Romanov (1996)
Warren et al. (1999), N-ICE2015 area
Eicken and Meincke (1994)
Haas (2018)
Sch€
unemann and Werner (2005)
Renner et al. (2014)
Renner et al. (2014)
Forsstr€
om et al. (2011)
Renner et al. (2014)
Haas et al. (2010)
Haapala et al. (2013)
Renner et al. (2013)
Unpublished data, NPI
This paper, Floe 3, EM31/MP(i)
Unpublished data, NPI

season. This can result in an increased snow thickness (Bintanja & Selten, 2014; Graham et al., 2017a;
Merkouriadi et al., 2017a; Park et al., 2015).
Based on ERA-Interim reanalysis data along the back trajectories of the four ﬂoes for the months September
to March over the period 1979–2015, we see that the winter precipitation has increased. The precipitation
experienced by our four ﬂoes in winter 2014–2015 lies 50% above the long-term average in our study area
(Merkouriadi et al., 2017a). To summarize: in combination with a thinner sea-ice cover (e.g., Hansen et al.,
2013; Kwok & Rothrock, 2009) the recently observed amount of snow causes an increase in the snow-ice
ratio (this will be even the case if the snow depth is not increasing), which favors negative freeboard and
subsequent ﬂooding of the snow pack in the Atlantic sector of the Arctic.
5.3. Thick Snow on Thin Ice Promotes Negative Freeboard
On all four ﬂoes widespread negative freeboard along with ﬂooded areas was observed from the drilling
records (32–61% of the drill holes show negative freeboard). Also the calculated freeboard indicate widespread negative freeboard, from 5% (Floe 1) to 62% (Floe 2) of the individual points with snow and ice thickness, when an uncertainty of 60.06 m is accounted for Figure 6. Of course, part of the negative freeboard
values can result from deformation events like ridging, but from the drill hole dataset we have evidence
that negative freeboard was common on level ice. Considering the speciﬁc densities of snow and ice, the
hydrostatic balance is of snow-covered sea ice with a freeboard of 0 cm is given when the ratio of snow
depth to ice thickness is approximately 1:3 (Sturm & Massom, 2009). Once this ratio is exceeded—either by
accumulating snow on the sea ice or bottom melt of sea ice—and the freeboard becomes negative, lateral
ﬂooding or permeation of water through the porous ice with subsequent snow-ice formation can occur.
Snow-ice formation is a positive contribution to the sea-ice mass balance and has to be considered in seaice models, as snow-ice was found to be widespread during N-ICE2015 (Granskog et al., 2017).
A substantial fraction of areas with negative freeboard can affect regional ice thickness retrievals from satellite altimetry data like CryoSat-2 in two ways: (i) a ﬂooded and saline snow pack will raise the main radar
scattering horizon, therefore the sea-ice freeboard might be misinterpreted, which results in erroneously
high sea-ice thickness values (Nandan et al., 2017). Further, (ii) areas of negative freeboard might have a disproportionately thick snow cover. For CryoSat-2 ice thickness retrieval algorithms, snow depth values from
W99 are widely used, and for FYI dominated regions, it is suggested for calculation of sea-ice thickness to
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use only half of the snow depth given in W99 (e.g., Laxon et al., 2013). For the conditions during N-ICE2015,
where the observed snow depth in the area north of Svalbard region was 73% higher than the climatological value of W99 for the months April and May, this results in an underestimation of the CryoSat-2 sea-ice
thickness product compared to the ground truth data. As an example, with a freeboard of 0.05 m, the calculated sea-ice thickness for hs 5 0.185 m (which represents the value of W99/2 which is typically applied for
this region), the calculated sea-ice thickness results in 0.87 m for spring conditions (using equation (1)),
while with an observed snow thickness of 0.53 m results in an ice thickness of 1.72 m. Another important
point to mention in this context is that the presence of thick snow cover might be biased toward higher values in ice thickness (e.g., Kwok, 2014; Ricker et al., 2015). Again, we advise a closer look into the regional
characteristics when data are used in a pan-Arctic context, since the observations from the Atlantic sector
differ substantially from those of the western Arctic.

6. Conclusion
We have presented a comprehensive data set in which ground-based point measurements from buoys,
snow stakes, or drill holes, are complemented by local scale surveys of ice and snow thickness with EM31
and Magnaprobe, and more regional observations with airborne instruments. The N-ICE2015 expedition
took place an ice pack composed of SYI, originating from the Laptev Sea in fall 2013 (Itkin et al., 2017), and
FYI formed during the drift of the ﬂoes with the Transpolar Drift, with some YI formed in leads. From all
observations on the individual ﬂoes, we ﬁnd that the average snow depth from January to March 2015 on
Floes 1 and 2 is 0.44 6 0.14 m, it shows an increase in April and May 2015 on Floe 3 to 0.50 6 0.12 m and a
substantial decrease in June 2015 to 0.31 6 0.02 m on Floe 4. On the other hand, the average sea-ice thickness remained fairly constant (Figure 3), ranging from 1.2 to 1.3 m (Table 1), until the ﬂoes reached the marginal ice zone with strong Atlantic Water inﬂuence, where bottom melting occurred (Figure 3).
Irrespective of ice type the modal total snow and ice thickness of 1.6 and 1.7 m inferred from ground-based
EM and airborne EM measurements in April, May, and early June 2015, respectively, lie below the values
ranging from 1.8 to 2.7 m, reported in historical observations from the same region and time of year. Due to
exceptional atmospheric circulation events in autumn 2014 and winter 2015 (Cohen et al., 2017), the
observed mean snow depth of 0.53 6 0.17 m for April–early June in this region is 73% higher than the average of 0.30 m, ranging from 0.16 to 0.47 m from historical and recent observations (see Table 3).
The thick snow cover affects the sea-ice mass balance on one hand by insulation and slows thermodynamic
growth. On the other hand, it leads to negative freeboard of level ice with subsequent ﬂooding and a
potential for snow-ice formation. This is exempliﬁed with a positive contribution of snow-ice to the total
sea-ice mass balance as found in sea-ice cores collected during N-ICE2015 (Granskog et al., 2017).
Further, snow depth is considered a factor of a high uncertainty in a number of remote sensing and climate
modeling applications. Deriving a new pan-Arctic sea-ice snow cover climatology is crucial for further
improvement of the satellite based ice thickness products.
The comparison to earlier years suggests that there might be evidence for a regional negative trend in ice
thickness and a positive trend for snow depth, while recent observations, i.e., on the INTPART Field School
2017 cruise support that thick snow was not a unique observation. We accept that to some extent we see
effects from regional and temporal variability, and to asses this variability, continuous observations of different regions should be performed in the coming years.
The good agreement of measurements on point, local, and regional scales will allow us to take the next
step toward upscaling ice classiﬁcation using satellite images, and make an assessment of the homogeneity
of sea-ice cover in the region. This will provide valuable information for sea-ice model parameterizations as
well as for sea-ice forecasts, e.g., for navigation and ship route planning in ice.
A repetition of an N-ICE2015-like drift experiment, especially over a longer time period to cover a full cycle
of ice growth and ice melt, can be helpful to set our ﬁndings on snow and ice thickness in a temporal and
spatial context. Prospective expeditions like the planned Multidisciplinary drifting Observatory for the Study
of Arctic Climate (MOSAiC) (see science plan at http://www.mosaic-expedition.org/) are highly needed and
will give additional value to the previous efforts made in Arctic research.
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