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Abstract

Radar altimetry measurements of the current satellite mission CryoSat-2 show an increase of
Arctic sea ice thickness in autumn 2013, compared to previous years but also related to March 2013. Such
an increase over the melting season seems unlikely and needs to be investigated. Recent studies show that
the inﬂuence of the snow cover is not negligible and can highly aﬀect the CryoSat-2 range retrievals if it is
assumed that the main scattering horizon is given by the snow-ice interface. Our analysis of Arctic ice mass
balance buoy records and coincident CryoSat-2 data between 2012 and 2014 adds observational evidence
to these ﬁndings. Linear trends of snow and ice freeboard measurements from buoys and nearby CryoSat-2
freeboard retrievals are calculated during accumulation events. We ﬁnd a positive correlation between buoy
snow freeboard and CryoSat-2 freeboard estimates, revealing that early snow accumulation might have
caused a bias in CryoSat-2 sea ice thickness in autumn 2013.

1. Introduction
A rapid reduction of the Arctic sea ice cover has been observed during the last decades [Comiso et al., 2008;
Comiso, 2012; Comiso and Hall, 2014; Stroeve et al., 2012]. There is signiﬁcant evidence that along with the
shrinking ice area, sea ice is also thinning. This has been directly observed with upward looking sonar measurements from submarines, aircraft, and autonomous stations [Rothrock et al., 1999; Lindsay and Schweiger,
2015; Meier et al., 2014]. The only technique, however, to monitor sea ice thickness on basin scale are spaceborne satellite altimeter measurements [Kwok et al., 2009; Laxon et al., 2013]. The current satellite altimeter
mission CryoSat-2 (CS-2) was launched in 2010 and is equipped with a Ku band synthetic aperture interferometric radar altimeter. CS-2 measures the ice surface and open water elevations. Subtracted, both quantities
yield ice freeboard, the height of the ice above the local sea level. In contrast to a laser altimeter, such as on
board the ice, cloud, and land elevation satellite (ICESat), the radar can penetrate the snow cover. The range
estimate, and thus the freeboard sensed by the radar altimeter, depends on the actual location of the main
scattering horizon [Ricker et al., 2014] as well as surface roughness within the CS-2 footprint [Hendricks et al.,
2010]. In previous studies it has been assumed that the main scattering horizon is given by the snow-ice
interface [Laxon et al., 2013; Kurtz et al., 2014], though both authors did not rule out an inﬂuence of radar
backscatter from the snow layer. For Ku band frequencies (13.5 GHz), this assumption might only be valid
for a cold, dry, and homogenous snow layer. On the other hand, density contrasts such as compacted snow
and/or ice lenses in the snow layer may signiﬁcantly alter the backscatter or absorption properties for Ku band
signals [Beaven et al., 1995]. Kwok [2014] analyzed airborne snow and Ku band radar data from Operation IceBridge and found that the air-snow interface clearly contributes to radar backscatter, causing an alteration
of the tracking point. The limited CS-2 range resolution of 0.47 m does not allow to distinguish between the
radar return of the snow-ice interface and the air-snow interface. Moreover, backscatter from both interfaces
superimpose each other and cause broadened radar returns, which is largest for snow depths >20 cm [Kwok,
2014]. As a result, freeboard estimates can be biased high with the presence of thick snow layers. In addition,
the eﬀect of multiple backscatter interfaces on the radar waveform is superimposed by the eﬀect of surface
roughness in the CS-2 footprint. First retrieval methods obtain freeboard and roughness from CS-2 waveforms [Kurtz et al., 2014]; however, the scale of snow contribution to the freeboard bias for diﬀerent regions,
ice types, and season is currently unclear. We therefore use the term radar freeboard, which is associated with
CS-2 freeboard in this paper. It implies that surface roughness aﬀects the range retrieval and that snow plays
a role for the location of the main backscatter interface below the top snow surface. For wet snow at the
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Table 1. Linear Trends 𝛼 (cm/month) of Buoy Snow Freeboard (FS ), Buoy Ice Freeboard (FI ), and CryoSat-2 Modal
Freeboard (FC )a
Buoy

Event Period [t0 , t1 ]

𝛼FS

𝛼FI

𝛼FC40

𝛼FC50

𝛼FC80

2012G-A

1 Oct 2012 to 30 Nov 2012

6.9 ± 0.6

−2.8 ± 0.3

1.8 ± 1.2

1.9 ± 1.2

1.6 ± 1.0

2012H

28 Sep 2012 to 29 Dec 2013

5.2 ± 0.4

−0.8 ± 0.1

4.8 ± 0.8

4.1 ± 0.7

3.3 ± 0.5

2012J

16 Oct 2012 to 13 Dec 2013

5.3 ± 0.7

−1.2 ± 0.4

4.9 ± 2.1

4.2 ± 1.7

3.2 ± 0.9

2012L

4 Apr 2012 to 18 May 2012

8.4 ± 0.6

−2.9 ± 0.3

12.9b± 3.4

9.3b± 2.3

5.2b± 1.5

2012G-B

14 Sep 2013 to 9 Dec 2014

11.4 ± 1.0

−5.2 ± 0.4

8.3 ± 1.2

10.0 ± 2.0

6.5 ± 1.0

2013F

20 Sep 2013 to 1 Nov 2013

23.1 ± 1.1

−11.1 ± 0.6

12.5 ± 2.7

9.2 ± 1.9

4.8 ± 1.2

2013H

–

–

–

–

–

–

a For F

C diﬀerent retracker thresholds have been applied: FC40 (40%), FC50 (50%), and FC80 (80%). The linear trends are
calculated only during deﬁned event periods (see Figure 3).
b No correction for lower wave propagation in the snow.

beginning and the end of the melting season, the dielectric properties of the snow layer might even limit the
physical penetration of radar waves. It is our goal to estimate the uncertainties originating from additional
snow backscatter and distinguish their eﬀects from simpliﬁcation or diﬀerences in waveform interpretations
from available algorithms.
During the freeze up in November 2013, we observed increased multiyear ice freeboard compared to March
2013 of the CS-2 monthly gridded sea ice data product of the Alfred Wegener Institute [Ricker et al., 2014].
An increase of freeboard over the melting season is not very likely and has to be investigated. However, few
to none aircraft observations are available during this period. Ice mass balance buoys (IMBs), however, are
deployed regularly in the Arctic and provide year-round measurements of sea ice thickness and snow depth.
Their acoustic sounder measurements allow to monitor changes at the ice/snow surface and the ice bottom
independently [Richter-Menge et al., 2006]. Observational data from these buoys oﬀer point measurements of
ice thickness changes due to thermodynamic growth and the accumulation of snow. Furthermore, these data
can be used to cross-validate satellite data [Nghiem et al., 2007], although the comparison of spatial coarse
satellite measurements with point measurements from IMBs can be problematic [Kwok et al., 2007].
The importance of snow accumulation on freeboard retrieval during freeze up was investigated for the ICESat
mission. Its laser altimeter is reﬂected at the top snow surface, and thus, the range measurements are a direct
function of snow accumulation. Therefore, we use the term snow freeboard as the height of the snow surface
above the water level. Kwok et al. [2007] compared ICESat snow freeboard measurements with values derived
from IMB records in the Arctic and concluded that snow depth changes account for 90% of multiyear snow
freeboard rise between autumn and late winter. Thus, any contribution of snow backscatter would cause a
noticeable and temporal variable freeboard bias that is multiplied tenfold by the conversion into thickness.
In our study, we therefore compare IMB-derived sea ice thickness and snow depth with coincident CS-2 measurements between 2012 and 2014. This is done to investigate the observed increase of CS-2 multiyear sea
ice freeboard north of Greenland and Canada over the melting season. We use the IMB data to investigate
the changes of snow depth and CS-2 radar freeboard, avoiding the comparison between absolute values. We
hypothesize that the snow cover signiﬁcantly aﬀects the CS-2 freeboard retrieval by snow backscatter which
would aﬀect also sea ice thickness and volume, independently of the range retrieval method.

2. Methods
2.1. Ice and Snow Freeboard From Ice Mass Balance Buoys
IMBs are usually deployed on undeformed sea ice ﬂoes of average size and thickness, avoiding deformed ice
and melt ponds. The IMBs consist of a main buoy which carries the transmission and data acquisition system
and batteries. Among other sensors, acoustic rangeﬁnder sounders above the snow surface and below the
ice bottom record changes in snow depth and bottom growth or ablation, respectively. The accuracy of these
rangeﬁnder sounders is 5 mm [Richter-Menge et al., 2006].
We use provisional IMB data provided by Perovich et al. [2013] that are available on the website http://imb.
erdc.dren.mil/buoysum.htm. They contain meteorological data and the positions of the snow surface, ice
surface, and ice bottom. The range measurements are referenced to the initial ice surface. Hence, in the
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Figure 1. The maps show the diﬀerences in gridded CryoSat-2 Arctic modal freeboard (FC ) (top row) between November 2013 and November 2012 retrievals and
(bottom row) between November 2013 and March 2013 retrievals. For FC diﬀerent retracker thresholds have been applied: FC40 (40%), FC50 (50%), and FC80
(80%). In addition, buoy tracks are mapped with encircled segments that represent the event periods where signiﬁcant snow accumulation occurs (see Figure 3).
Squares (triangles) in Figure 1(top left) highlight the start (end) of a considered buoy drift.

absence of ice surface melt the value of the ice bottom position is identical to the ice thickness. All consistent
IMB data sets that were available in the period 2012–2014 are used in this study, in particular, the records of
seven IMBs (Table 1). Figure 1 shows the IMB drift tracks within the considered period. The data set of IMB
2012G has been divided into two periods (A and B), since it covers two freezing seasons. We excluded data
during summer season since CS-2 freeboard retrievals are not available for this period. Furthermore, periods
where the rangeﬁnder sensors became unreliable were excluded, except of IMB 2012G where the bottom
sounder is unreliable from 7 September 2013 until 23 December 2013. We used a constant ice bottom position over the missing data period by using the last observed ice thickness of 2.16 m from 7 September 2013
onward. For an ice thickness of > 2 m and snow depth > 0.4 m the thermodynamic ice growth is < 0.1 m and
therefore negligible [Semtner, 1976; Leppäranta, 1993].
The IMBs measure meteorological parameters hourly (position, barometric pressure, and air temperature)
whereas others are sampled every 4 h (surface and bottom positions, temperature proﬁles). We resampled
the IMB time series to a temporal resolution of 2 days, because with this period a suﬃcient CS-2 orbit coverage is given within a search radius of 50 km around an IMB position (Figure 2a). Since the IMB only measures
RICKER ET AL.
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Figure 2. (a) Example of matched CryoSat-2 measurements within a 50 km radius (red circle) around a considered buoy
position (red dot). Nearby, grey dots show the buoy position 2 days before and after the current position, together with
the corresponding CryoSat-2 measurements (grey shaded). (b) Probability density function (blue solid line) of matched
CryoSat-2 freeboard measurements for the considered buoy position in Figure 2a. The modal freeboard is retrieved by
locating the maximum of the lognormal ﬁt.

ice thickness (T ) and snow depth (S), we have to convert them into ice (FI ) and snow freeboard (FS ), assuming
hydrostatic equilibrium:
FI =T ⋅

𝜌
𝜌W − 𝜌I
−S⋅ S ,
𝜌W
𝜌W

FS =FI + S,

(1)
(2)

where densities of 320 [Warren et al., 1999] and 1024 kg/m3 are assumed for snow (𝜌S ) and sea water (𝜌W ). Since
all considered IMBs were deployed at the end of the melting season or beginning of freeze up (see Table 1),
we assume that the ice survived the summer melt and therefore used a multiyear ice density of 882.0 kg/m3
[Alexandrov et al., 2010]. We acknowledge that values for snow and multiyear ice densities vary in literature but
since we consider relative changes, this eﬀect should not be remarkable. We are also aware that the IMB spot
measurements might not represent local hydrostatic equilibrium. We, however, assume that the observed
snow accumulation is representative of nearby level ice.
2.2. CryoSat-2 Modal Freeboard Retrieval
CS-2 radar freeboard is obtained from ESA geolocated waveform data (Level-1B) and processed as described
in Ricker et al. [2014]. We use the Threshold First-Maximum retracker [Helm et al., 2014] with three diﬀerent
thresholds of 40%, 50%, and 80% [Ricker et al., 2014] of the ﬁrst-maximum peak power. This is done to investigate the inﬂuence of snow backscatter at diﬀerent parts of the leading edge. We apply a range correction
hc = ha (1 − cs ∕cv ) for a lower wave propagation speed inside the snow layer, where ha is the apparent penetration, which is the covered distance in the snow when we assume vacuum speed of light (cv ) as propagation
speed. It is estimated by the distance between the IMB snow freeboard and the respective CS-2 freeboard
retrieval. The ratio of local speed of light in the snow layer (cs ) to cv is approximately 0.78, assuming a snow
density of 320 kg/m3 [Matzler and Wegmuller, 1987; Tiuri et al., 1984].
For the comparison with the IMB measurements, we apply a search radius of 50 km around each resampled
IMB position within the given time window of 2 days. All individual CS-2 measurements within the search
area are collected for further processing (Figure 2a). IMB measurement points are discarded if the number of
matched CS-2 measurements is less than 50. The average number of matches is 206 for this analysis.
Since IMBs are usually deployed on level ice, we do not use the average of all collected CS-2 points. Instead,
we compute the probability density functions of CS-2 freeboard values with a bin size of 10 cm and select
RICKER ET AL.
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the modal value. To enhance the resolution and reduce noise, we compute a nonlinear least squares ﬁt of a
lognormal distribution of the CS-2 freeboard distribution:
f (x) =

c

⋅ exp
√
𝜎(x − 𝜗) 2𝜋

(

−(ln (x − 𝜗) − 𝜇)2
2𝜎 2

)
.

(3)

Fit parameters are given by the logarithmical scale parameter (𝜇 ), the shape parameter (𝜎 ), the location
parameter (𝜗), and a scale parameter for the lognormal distribution (c). The parameter x represents the
thickness or bin value. The lognormal distribution describes typical sea ice thickness distributions [Haas,
2009]. Figure 2b shows an example of a CS-2 freeboard distribution and the corresponding ﬁt within the
search radius of a resampled IMB measuring point. We take the maximum of the lognormal ﬁt to obtain the
CS-2 modal freeboard at higher resolution than the binned values for comparison with the resampled IMB
measurement.

3. Results
Figure 3 shows the direct comparison between the CS-2 modal freeboard retrievals and IMB snow and ice
freeboard. We ﬁnd high scattering of CS-2 modal freeboard, independent of the used retracker threshold. The
sites where the IMBs were deployed show a high variability in ice thickness and snow depth. The observed
mean thickness varies between values greater than 3 m (2012L) and less than 1 m (2012J). The thicker ice ﬂoes
show no substantial growth during most parts of the freezing season (2012L), while snow accumulates mainly
at the beginning of the freezing season between September and December. In order to ﬁnd a correlation
between snow depth and CS-2 freeboard, we focus on periods with substantial changes in snow depth that
are marked in Figure 3 as event periods. We additionally restrict these periods by taking into account the left
pulse peakiness (PPL ) that has been described in Ricker et al. [2014] and which is a measure of the width of the
leading edge of the CS-2 waveforms. High values indicate a steep leading edge and a specular return while
low values indicate a shallow leading edge. Specular returns typically originate from open or refrozen leads,
or from melt ponds. As for the CS-2 freeboard (see section 2.2), we consider the modal PPL . For example, along
with IMB 2012J we ﬁnd high modal PPL values in September and October which gives evidence that open
or refrozen melt ponds still dominate the ice surface and bias the CS-2 freeboard retrieval, since we consider
waveforms that originate from sea ice only. We, therefore, exclude all periods from our analysis where the PPL
value exceeds 10.
We apply a linear regression model of the form f(t) = c + 𝛼 t for measurements during the event periods
(Figure 3) to ﬁnd correlations between the individual data sets. The obtained linear trends 𝛼 with 1 sigma
uncertainties are presented in Table 1. IMB 2013H has been excluded because no signiﬁcant change of the
snow depth has been observed. For IMB 2012L the correction for lower wave propagation in snow has not
been applied, since the CS-2 retrievals are consequently below the IMB ice freeboard and the approach according to section 2.2 is not reasonable. However, the impact of this correction on the trend is < 1 cm/month.
We ﬁnd only negative trends for the IMB ice freeboard, while IMB snow freeboard is always positive. The
negative correlation between IMB snow and ice freeboard occurs due to the fact that an increasing snow
load adds weight on the ice ﬂoe. On the other hand, we only ﬁnd positive trends for the CS-2 modal freeboard. For example, along with IMB 2012G-B, we ﬁnd rates of 8.3, 10.0, and 6.5 cm/month for the CS-2
modal freeboard retrievals by using 40%, 50%, and 80% retracker thresholds. For the same period we ﬁnd
a rate of 11.4 cm/month for the IMB snow freeboard and −5.2 cm/month for the IMB ice freeboard. This
noticeable increase of the snow freeboard between September and December 2013 in conjunction with the
simultaneous rise of the CS-2 modal freeboard is also shown in Figure 3.
The IMB drift tracks are mostly situated in regions where a positive CS-2 freeboard trend has been observed
between March and November 2013 as well as between November 2012 and November 2013. The changes
of CS-2 radar freeboard over the melting season in 2013 and between November 2012 and 2013 are shown
as gridded freeboard diﬀerence maps for all retracker thresholds in Figure 1. The gridded diﬀerences are also
based on modal freeboard, calculated in 5 cm bins, to be in line with the usage of modal freeboard in this
study. We ﬁnd high diﬀerences of up to 45 cm (30 cm) for the 40% threshold retrieval and up to 30 cm (20 cm)
for the 80% threshold retrieval from the comparison between November 2013 and 2012 (November 2013 and
March 2013) north of Canada.
RICKER ET AL.
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Figure 3. Time series of buoy snow freeboard (FS ), buoy ice freeboard (FI ), and CryoSat-2 modal freeboard (FC ). For FC diﬀerent retracker thresholds have been
applied: FC40 (40%), FC50 (50%), and FC80 (80%). The solid lines represent the linear regression of freeboard from the individual measurements (dots). The purple
boxes represent event periods, starting at t0 and ending at t1 . During these periods, signiﬁcant snow accumulation occurred and is considered for the linear
regression (Table 1). Tt0 and Tt1 are the measured IMB ice thicknesses at t0 and t1 .

4. Discussion
In all cases of snow accumulation during the event periods shown in Figure 3, the change of CS-2 radar freeboard was positive, while local observations at the IMB sites indicated decreasing ice freeboard in all cases
(see also Figure S1 in the supporting information). The result is uniform for the three diﬀerent retracker thresholds used in this study, which indicates a shift of the entire leading edge of the waveform. The comparison of
absolute freeboard values reveals that the CS-2 retrieval using the highest threshold is closer to the IMB ice
freeboard in typical cases, but there is no information of the statistical relevance of the IMB point data within
its vicinity. In Figure 3 we ﬁnd CS-2 freeboard retrievals located consequently below the ice freeboard of IMB
2012L for the entire considered period. This can have two reasons. Either the buoy is not in hydrostatic equilibrium or the multiyear ice (MYI) ﬂoe drifted in a regime of thinner ﬁrst-year ice (see Figure 1). However, the
RICKER ET AL.
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comparison between the absolute CS-2 and IMB freeboard retrievals can be problematic [Kwok et al., 2007]
and is not pursued in this study.
Nevertheless we expect that IMB-detected snowfall is representative of an area of 50 km around the buoy
position, given that it is situated in the pack ice. In this case the ﬁndings indicate an increasing freeboard bias
with snow accumulation and thus a higher bias for thick snow regimes, for example, multiyear ice zones. The
prominent example for these regions is the IMB 2012G. Its observation period spans two freezing seasons, and
in the second year, it remained in a conﬁned area in the MYI region north of Canada (see Figure 1). During this
time we also observe a substantial increase of CS-2 radar freeboard in the gridded product in November 2013,
relative to November 2012, but also relative to March 2013 (see Figure 1). At the same time IMB 2012G shows
thicker snow (> 50 cm) in autumn 2013 than for 2012 (≈ 30 cm). Whether the increase of CS-2 radar freeboard
is an indication of earlier or heavier snowfall in 2013 or result of changing surface topography is unfortunately
not known. In any case the radar freeboard in both years shows a correlation with the snow depth.
The observed average increase in CS-2 radar freeboard from March to November 2013 of about 18 cm north
of Canada would imply a gain of at least 0.5 m in ice thickness if we assume typical values for MYI thickness (2 m) and snow depth (35 cm) in March and absence of snow cover in November as least extreme case.
With the presence of snow also in November, the implied thickness gain would further increase if hydrostatic
equilibrium is assumed. Thus, even a lower snow load in November cannot explain this substantial freeboard
increase. Also, thermodynamic ice growth can be excluded, considering the absorbed and transmitted energy
ﬂuxes in Arctic summer [Arndt and Nicolaus, 2014].
Quick-look snow depth data, retrieved by Operation IceBridge (OIB) campaigns are provided by Kurtz et al.
[2012, updated 2011] and show an increase of up to 20 cm between the freezing seasons 2012/2013 and
2013/2014 in spring north of Canada and in the Beaufort/Chukchi Sea (Figure S2). In contrast, other areas
reveal a slight decrease. Willatt et al. [2010, 2011], Kurtz et al. [2014], Kwok [2014], and Ricker et al. [2014] showed
that the inﬂuence of snow depth on the Ku band is not negligible. Speciﬁcally, the simulations of Kwok [2014]
reveal that the snow-induced freeboard bias depends on the strength of snow surface backscatter and on
the snow depth. The indication of an exceptional high snow depth in the freezing season 2013/2014 north of
Canada by OIB strengthens the ﬁndings of our analysis. Our study, therefore, adds observational evidence to
the ﬁndings of Kwok [2014]. Nevertheless, we also acknowledge that the OIB data are only provisional.
It is still diﬃcult to quantify the snow-scatter-induced bias without knowledge of the regional distribution and
temporal evolution of snow depth and snow stratigraphy. Snow, accumulated early, may undergo a partial
melting and subsequent freezing as well as wind compaction. This leads to a very heterogeneous snow density distribution, while for the propagation of the Ku band signal it is widely assumed that the snow density
is homogeneous. In this way, formed layers may aﬀect the location of the main reﬂecting horizon. With snow
accumulation starting already in September, when the CS-2 freeboard retrieval is still inﬂuenced by freezing or
frozen melt ponds as indicated by the PPL , we are not able to observe the beginning of this process. Likewise,
wet snow or the start of snow melt in May deﬁnes the limit of retrievable CS-2 freeboard data. A model-based
investigation of Ku band radar backscatter for observed snow condition that includes internal layering and
a range of metamorphic states would be helpful as a step toward the quantiﬁcation of a snow bias on CS-2
data. With the diﬀerences between trends 𝛼FC and 𝛼FI , given in Table 1, we can estimate the freeboard-induced
impact Tbias on the CS-2 thickness retrieval within the event periods:
t

Tbias =

1
𝜕T
(𝛼 − 𝛼FI ) dt =
𝜕F ∫t0 FC

(

𝜌W
𝜌W − 𝜌I

)
(𝛼FC − 𝛼FI )(t1 − t0 ),

(4)

where 𝜕T
represents CS-2 sea ice thickness (T), derived from equation (2) and diﬀerentiated with respect
𝜕F
to freeboard (F). The parameters t0 and t1 mark the start and end of the event period, respectively (see
Figure 3). Averaged over all three threshold retrievals, we obtain biases Tbias between 0.7 m (2012G-A) and
2.7 m (2012G-B) while the mean thickness bias is 1.4 m. Thus, our ﬁndings suggest signiﬁcant thickness biases
over multiyear ice with thick snow layers, if it is generally assumed that the main scattering horizon is given
by the snow-ice interface during freeze up.
The CS-2 freeboard retrievals feature random and systematic uncertainties. Speckle noise is the major contribution to the random uncertainties. For the gridded product (Figure 1), they are below 5 cm while for a
single buoy-referenced modal freeboard retrieval (Figure 3), the uncertainty is in the range of 10 cm (one
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bin, respectively). Any systematic uncertainties are expected to have a correlation length higher than the
respective search area (50 km radius) and thus should not have a signiﬁcant impact on the linear trends in
Table 1. The sea surface height uncertainty can be either random or systematic, depending on the interpolation between leads. In any case this uncertainty is represented by the scatter of the CS-2 modal freeboard
values (see Figure 3) and in the 1 sigma uncertainties of the trends.
The random uncertainties of the IMB measurements are attributed to their accuracy of 5 mm and hence
are negligible in this comparison. Potential biases can occur due to the thickness to freeboard conversion
where we use constant values for ice and snow densities. However, relative changes and trends should not
be aﬀected remarkably. Another origin of uncertainty is snow drift that occurs on site and counteracts the
larger scale correlation of the IMB snow depth measurements. This impact should be reduced by considering
measurements of seven independently operating IMBs.

5. Conclusion
We hypothesized that the CryoSat-2 freeboard retrieval is aﬀected by snow accumulation, causing a bias that
has contributed to the major increase of CryoSat-2 multiyear ice freeboard north of Canada in November
2013. We compared year-round ice and snow freeboard measurements of Arctic ice mass balance buoys (IMBs)
from 2012 to 2014 with coincident CryoSat-2 measurements. We used CryoSat-2 modal freeboard retrievals
by applying three diﬀerent retracker thresholds to investigate the eﬀect of snow accumulation on diﬀerent
parts of the leading edge.
By deﬁning event periods of substantial snow depth changes, we calculated linear trends of the CryoSat-2
freeboard retrievals and IMB ice and snow freeboard within these periods. We only ﬁnd negative trends for the
IMB ice freeboard while the IMB snow freeboard trends are always positive. Simultaneously, we observe only
positive trends for coincident CryoSat-2 radar freeboard estimates, regardless of the used retracker threshold.
North of Canada we ﬁnd a mean increase of 18 cm of the gridded CryoSat-2 freeboard retrieval from March
to November 2013. From September to December 2013 IMB measurements in this area reveal snow and ice
freeboard growth rates of 11.4 and −5.2 cm/month, respectively. At the same time we ﬁnd a mean CryoSat-2
freeboard growth rate of 8.3 cm/month, averaged over all three retracker retrievals. We do assume that this
observation is the result of a snow bias on CryoSat-2 freeboard data, since thermodynamic ice growth over the
summer period is not to be expected. The magnitude of this bias is larger than reported values in literature that
were based on theoretical considerations [Kurtz et al., 2014; Kwok, 2014]. An exceptional high snow depth and
early accumulation during the freezing season 2013/2014 north of Canada, shown by IMB measurements and
indicated by Operation IceBridge snow depth retrievals, might have lead to the major increase of CryoSat-2
multiyear ice freeboard in November 2013 for this region. By quantifying the impact on CryoSat-2 sea ice
thickness retrievals, we obtain a mean multiyear ice thickness bias of 1.4 m, if it is assumed that the main
scattering horizon is given by the snow-ice interface.
We conclude that snowfall can have a signiﬁcant impact on CryoSat-2 range measurements and therefore
on ice freeboard, thickness, and volume. The assumption that the CryoSat-2 main scattering horizon is given
by the snow-ice interface cannot be justiﬁed in regions with a thick snow layer. Finally, this study also shows
that there is a strong need for more data and knowledge about the seasonal cycle of snow distribution and
properties on sea ice.
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