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Abstract. Sea ice thickness is an essential climate variable, which is often derived from satellite altimetry freeboard estimates,
e.g. CryoSat-2. In order to convert freeboard to sea ice thickness, assumptions are needed for snow thickness, snow density, sea
ice density and water density. These parameters are difficult to observe co-located in time and space with the satellite derived
freeboard measurements. For this reason, most available CryoSat-2 sea ice thickness products rely on climatologies based on
outdated observations and empirical values. Model and observation based alternatives of sea ice density and snow thickness
values have been suggested over the past years, but their combined influence on the freeboard to sea ice thickness conversion
has not been analyzed.

This study, evaluates model based spatially varying snow thickness, sea ice density and water density with in situ observa-
tions and the associated parameters used in the classical CryoSat-2 sea ice thickness production. Further, this study calculates
the mean sea ice thickness differences resulting from substituting the parameters used in a classical CryoSat-2 sea ice thickness
product with model based values. The evaluation shows that the model derived snow thickness, sea ice density and water density
compare better to observations than the associated parameters used in the CryoSat-2 sea ice thickness product. Furthermore,
we find that the model based snow thickness and sea ice density separately lead to the largest sea ice thickness differences, but
that, to some extent, their differences cancel out when both parameters are used in combination. For the water density, we find
the average and maximum sea ice thickness difference to be small in comparison to the sea ice thickness differences introduced
by the snow thickness and sea ice density, but not negligible as currently stated in most studies. Based on our findings, we
recommend to either use a water density climatology, or an uncertainty value of 2.6 kgm 2 instead of the commonly used

value of 0 to 0.5 kgm 3 in CryoSat-2 freeboard to sea ice thickness conversion.

1 Introduction

Observing sea ice thickness (SIT) on an Arctic wide scale has been impossible before the satellite era. Laxon et al. (2003)
published the first study that calculated SIT from freeboard (FB) observations derived from satellite radar altimetry. They
based the derivation on an assumption of hydrostatic balance and estimates of the mass of snow and ice. Equation 1 from
Tilling et al. (2018) is currently often used to derive SIT from radar FB, following similar assumptions.
(FB, +0.25% Hy) py, L Hsps

ST = (Pw — pi) (Pw — pi)
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F'B, is the radar freeboard, H is the snow thickness, p, is the snow density, p; is the ice density and p,, is the water density.
These variables are difficult to observe co-located in time and space with satellite derived FB estimates. For this reason, most
current CryoSat-2 based SIT products use, with adaptations of snow thickness and sea ice density estimates, the approach
introduced by Laxon et al. (2003), which was based on using climatologies and empirical values.

The first of these adaptations was introduced by Alexandrov et al. (2010) for the sea ice density. While Laxon et al. (2003)
used a constant sea ice density, Alexandrov et al. (2010) allowed the sea ice density to differentiate between multi-year ice
(MY]) and first year ice (FYI). The second adaptation was introduced to the snow thickness. Laxon et al. (2003) used values
from Warren et al. (1999), which is known as the Warren climatology, or simply W99. The W99 climatology is based on
observations in the central Arctic collected during the time period 1954—-1991 on primarily MYI (Warren et al., 1999). Since
then, the Arctic sea ice cover has obtained dramatic changes towards a larger coverage of FYI (Maslanik et al., 2011). In line
with this, Kurtz and Farrell (2011) pointed out that W99 snow thickness is biased towards snow on thick ice i.e., MYI and that
the snow thickness should be reduced on the thinner FYI. Different approaches have since then been used to modify the W99
snow thickness over FYI. For example, Tilling et al. (2018) and Guerreiro et al. (2017) reduced the snow thickness from W99
by 50% on FYI, whereas e.g. Hendricks et al. (2021) used auxiliary satellite products to estimate the snow thickness over FYT.
The approach of differentiating the snow thickness and sea ice density based on satellite derived ice types will here be referred
to as the classical approach.

The snow thickness and sea ice density values used in the classical approach have been discussed heavily over the recent
years. According to Kern et al. (2015), these are the variables with the largest impact on the conversion from FB to SIT. Mallett
et al. (2021b) showed that inclusion of seasonal variability in the snow thickness product used in the FB to SIT conversion can
lead to up to 100% faster decline of sea ice in the marginal seas. For this analysis, they used the SnowModel-LG (Liston et al.,
2020) forced by ERAS (Hersbach et al., 2017) to simulate the seasonal variability. Later, Landy et al. (2022) used the same
snow model in their FB to SIT conversion and finally Fiedler et al. (2022) used the modeled snow thickness in their sea ice
thickness assimilation. However, both Landy et al. (2022) and Fiedler et al. (2022) use the bi-modal sea ice densities introduced
by Alexandrov et al. (2010).

Alternative approaches to derive sea ice density for FB to SIT conversion have been explored by e.g., Jutila et al. (2022a) and
Jietal. (2021). Ji et al. (2021) showed that sea ice densities from a climatology derived from sea ice density observations from
2011-2015 improved the SIT estimates in the Beaufort Sea compared to using the fixed values from Alexandrov et al. (2010).
However, the observations used in this climatology are sparse with significantly more observations close to the validation site
in the Beaufort Sea, which means that more validation is needed before relying on the derived method. Jutila et al. (2022a) uses
airborne observations to derive bulk sea ice densities and finds that sea ice in the Arctic has become denser since Alexandrov
et al. (2010). They also derive a negative exponential relationship between the bulk density and the FB, but acknowledge that
more research is needed in order to use this relationship in FB to SIT retrievals. Based on the study by Jutila et al. (2022a),
Hendricks et al. (2021) recognizes that the Alexandrov et al. (2010) sea ice densities within their SIT product are probably
biased low, but that a change in one variable should go hand in hand with a review of other variables, which might be biased

too. Changing only one of the variables in eq. 1 could introduce a significant bias.
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A multi-variable evaluation has to our knowledge not been carried out to date. One challenge with such an approach is the
lack of available Arctic wide sea ice density observations. Even though Jutila et al. (2022a) suggests a method to derive sea ice
density from FB, they acknowledge that the method is not mature enough to be used routinely in the FB to SIT conversion for
the entire Arctic. Sievers et al. (2023) introduced a new FB assimilation method, including a FB to SIT conversion in which
snow thickness, sea ice density and water density model values were used to derive the SIT from FB. The values from this
modeling approach allow for an Arctic wide comparison to the classically used values of snow thickness, sea ice density and
water density, as they are available on similar temporal and spatial resolution as the typically used satellite derived FB values.

The model values from Sievers et al. (2023) include Arctic wide varying water densities, which are typically assumed to be
constant in the classical FB to SIT conversion, see Laxon et al. (2003); Alexandrov et al. (2010); Tilling et al. (2018); Guerreiro
etal. (2017); Kurtz et al. (2013). Most of these studies cite Laxon et al. (2003) or Alexandrov et al. (2010) as their water density
source. Alexandrov et al. (2010) states that the surface water density only varieskagith 2 throughout the Arctic, which
is not re ected in our model results. Laxon et al. (2003) uses the water density from Wadhams et al. (1992) that changes with
the season but not in space. It is known that the surface salinity varies throughout the Arctic (Zweng et al., 2019) and that this
governs the density. Wadhams et al. (1992) also emphasizes that water density could have a signi cant in uence on the FB to
SIT conversion but has since not gotten much attention, which means that it might be about time to revise the assumption that
water density can be considered constant.

This study aims at analyzing how on average the geographical variability of sea ice density, snow thickness and water density
in uences the derived SIT. First, we compare the modeled and classical approach values for sea ice density, snow thickness
and water density against in situ observations. Since we nd that the model sea ice density from Sievers et al. (2023) is not
varying enough, we introduce an improved model derived sea ice density. The detailed derivation of the improved model sea
ice density is added in the appendix. Secondly, the impact of using the different snow thicknesses, sea ice density and watel
density values in the FB to SIT conversion is evaluated. For this, the SIT difference resulting from each parameter separately
is calculated, as well as their combined impact on the SIT.

The snow thickness, sea ice density and water density values from the classical approach are taken from Hendricks et al
(2021) in this study. This data set was chosen, because it provides all variables used to derive SIT from FB. Sallila et al. (2019)
compared different CryoSat-2 derived SIT products, also listing their approach to derive sea ice density and snow thickness.
Their analysis shows that the publicly available SIT products derived via the classical approach are using similar values for
snow thickness and sea ice density, hence it can be assumed that Hendricks et al. (2021) data set provides a good representati
of typical values used.

As mentioned above, observations on similar time and spatial scales as the CryoSat-2 observations are currently not available
for snow thickness, sea ice density and water density. Therefore, different methods for the validation of each of the parameters
were introduced. They are presented in section 2.4. The variable with the closest temporal and spatial coverage to CryoSat-:
FB is the snow thickness. Over the past years, multiple efforts have been made to derive new Arctic winter snow thickness
products. The efforts comprise microwave based snow thickness products (Rostosky et al., 2018), radar based snow thicknes

products (Garnier et al., 2021; Lawrence et al., 2018) and model based approaches (Liston et al., 2020; Petty et al., 2018). Foi
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the comparison in section 3.1 we decided to utilize the radar based snow product Garnier et al. (2021), due to its independence
from the CryoSat-2 snow thickness including W99 and the microwave based Rostosky et al. (2018) snow product, and it's more
realistic seasonal cycle compared to Lawrence et al. (2018). Since we compare 10-year averages in the SIT comparison, we
chose to compare the surface water density to the World Ocean Atlas climatology from 2018 (Zweng et al., 2019) in section 3.3.
Most in situ observations that could have been used instead are included in the climatology. The sea ice density observations
are the most sparse, which is why we included two data set for the sea ice density observation comparison in section 3.2: the

airborne observation from Jutila et al. (2022a) and the ice core based observations from (Oggier et al., 2023a, b).

2 Data and Methods
2.1 Model setup

The model system is a coupled ocean and sea ice model, which is described in Sievers et al. (2023). The ocean model is NEMC
(v4.2, Madec et al. (2017)) and it closely follows the tuning from Hordoir et al. (2022). The sea ice component is CICE v6.2
(Hunke et al., 2021). The model setup used in this study will be called C6N4 in the following.

In CICE snow-ice formation is applied, and melt ponds are included. The CICE surface water density is calculated from sea
surface salinity following Feltham et al. (2006). The coupling is performed every time step, and both the ocean and the ice
components are run with a 600-second time step and on a 10 km x 10 km gird. The model run analyzed ran from 2010-01-01
to 2020-12-31 and was initialized by a 15-year spin up simulation.

The atmospheric forcing applied is ERA5 (Hersbach et al., 2017) with a frequency of 3 hours. The snow thickness is
calculated by CICE based on the snow forcing from ERA5. We found that the atmospheric boundary layer scheme and the
atmospheric drag formulation impacts the snow thickness. This study use the CICE default atmospheric boundary layer and
the form drag formulation from Tsamados et al. (2014).

The sea ice density parameterization requires temporal evolving sea ice salinity, which is only available in the mushy ther-
modynamics (Turner et al., 2013). Two sea ice density parameterization are investigated. The sea ice density originally used in

Sievers et al. (2023) model C6N4 is shown in equation 2.
i=a b+t(l: @) fresh (2)

whereay, is the fraction of brine contained in sea ice anpdhe density of the brine, following Assur (1958)esh is the
sea ice density excluding brine, and is to B§&h 2 in C6N4. The second model approach for calculating the sea ice density,
here called C6N#;1, is achieved by lettingsesn  depend on the model variable rst year ice area fractioN (rac ):

fresh = myi (L FYlgac )+ fyi  FYlfrac ©))

where myi =890kgm 3 is the sea ice density of MYI andyy; =907kgm 3 the sea ice density of FYI, in both cases
excluding brine. The values for,,; and ty; were determined by the least square t analysis of data from Jutila et al. (2022a).
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Since the sea ice density is only a diagnostic variable, it has no impact on the snow thickness and water density, which are the
same as in C6N4. More details on the derivationgfi and ry; are listed in the appendix.

2.2 Snow Thickness, Sea Ice Density and Water Density from the Classical Approach

The weekly gridded along-track CryoSat-2 derived SIT data product version 2.4 developed at the Alfred Wegener Institute
(AWI) (Hendricks et al., 2021) includes all values used in equation 1 for deriving the SIT from radar FB at the corresponding
location. It also only differs on minor details from other CryoSat-2 FB derived SIT data sets (Sallila et al., 2019), which is why
it is here used as a representation for the classical FB to SIT approach.

The sea ice density values used are 91635.7kgm 3 for FYl and 882.0 23.0kgm 2 for MYI following Alexandrov
et al. (2010). The ice type data is the OSISAF daily ice type product OSI-403-d (SAF, 2017). The snow thickness is a combi-
nation of the W99 snow climatology and a product that uses the Advanced Microwave Scanning Radiometer 2 (AMSR2) in the
marginal seas. The snow thickness products are weighted depending on location. In the central Arctic extending to the Russian
the Greenlandic and Canadian coasts the W99 climatology is dominating. In the marginal seas of the Canadian Archipelago,
the Fram Strait, the Barents Sea and the Bering Sea the AMSR2 snow thickness is dominating. Following Kurtz and Farrell
(2011) they reduce the W99 snow thickness by 50% over FYI. The value used for the water density kga024 and
its uncertainties are neglected. The data comes on an Equal-Area Scalable Earth Grid version 2 (EASE2-Grid) with a 25 km
resolution. For model comparison, the data was bilinearly interpolated to the model grid. In the following text, this data set will
be referred to as CQg -

2.3 Validation data
2.3.1 Snow thickness

To validate the snow thickness, the altimeter based snow thickness product (ASD) published by Garnier et al. (2021) from
Laboratoire d'Etudes en Géophysique et Océanographie Spatiales (LEGOS) was used. The ASD product is based on the
assumption of different penetration depth of different radar wavelengths. It is derived by subtracting the SARAL/Altika Ka-
band and CryoSat-2 Ku-band radar height measurements from one another. It is available on a monthly basis on a 12.5 km
grid.

Garnier et al. (2021) found that the ASD data product compares better to NASA Operation IceBridge airborne snow thickness
observations than both the W99 climatology and the AMSR2 based data product. The ASD data product covers the Arctic up
to 81.5 N, which sets the limit for the comparison in section 3.1.
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2.3.2 Seaice density

Airborne observations (Jutila et al., 2022a) of sea ice bulk densities are used as the baseline for sea ice densities. The densit
was calculated based on the Archimedes' principle, following:

Hfs Hs

- 1 —)+ _
1= wl htot Hs) Cw S)Htm Hs

(4)

w equals 102«gm 2 and s 300kgm 3. The values foH (snow thickness) (total snow and ice thickness) akis
(snow freeboard) are based on airborne observations in the beginning of April 2017 and April 2019. The locations of the eld
campaign in 2017 are marked on gure 1 by blue dots and stars, and by red dots and stars for the 2019 chgpeagn.
measured with a snow radar (Jutila et al., 2028k}, was measured with an electromagnetic induction sounding instrument
also called the EM-Bird (Haas et al., 2009) afgl. was measured with a near-infrared, line-scanning Riegl VQ-580 airborne
laser scanner. More details about each of the measurements can be found in Jutila et al. (2022a). The resulting data includes &
error estimate, which was used to Iter the data. No values with error larger thiegr80° were used.

A second sea ice density data set, used for comparison, was obtained primarily in the central Arctic ( gure 1 black dots). This
data set was collected during the Multidisciplinary drifting Observatory for the Study of Arctic Climate (MOSAIC) expedition,
where sea ice density from FYI and second year ice cores was obtained (Oggier et al., 2023a, b). The sea ice density value:
were calculated using the method of hydrostatic weighing. For this method, the mass of the ice core is measured both in air anc
in an unspeci ed liquid (Oggier et al., 2023a, b). The locations of the coring sites were interpolated to the model grid using the

nearest neighbor method. The time the measurements were taken range from October 2019 to August 2020.
2.3.3 Water density

The surface water density was calculated from the salinity of the World Ocean Atlas 2018 (WOA) data set described in Zweng
et al. (2019). The WOA consists of quality controlled observations interpolated to a standardized depth grid. It is the largest
freely available gridded data set of oceanographic observations (Boyer et al., 2018). The data set used in this study is the 0.25
data set spanning the years 1955 to 2017 and the averaged monthly subsets for October to March. The density was calculate
following the salt water density calculation from Feltham et al. (2006) utilizing only the surface values from WOA.

2.4 Validation methods

Reference observations of ice conditions in the Arctic are sparsely distributed both in time and geographic coverage. The
reference measurements included in this study have different spatial and temporal resolutions, and thus different methods havi
been used to validate the model and @R values of snow thickness, sea ice density and water density. Where the latter two
have been compared using conventional methods such as the root-mean-square differences (RMSD), the snow thickness ar
SIT comparison methods need a more detailed description, which is included in section 2.4.1 and 2.5.
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Figure 1. The map shows the locations of the observations from the IceBird campaign from April 2017 (turquoise stars and dots), April 2019
(red stars and dots) and the four areas considered in gure 2. The blue region is the Canadian Arctic, the orange region the Beaufort Sea, the
purple region the Russian Arctic East and the gray region the Russian Arctic West. The black dots indicate the locations of the MOSAIC sea

ice density measurement shown in gure 4

2.4.1 Snow thickness

The snow thickness data sets from C6N4, 52 and ASD have different spatial and temporal resolutions. The C6N4 data

is provided on an Arctic wide 10x10 km grid at a weekly frequency, the g$2data includes approx. 100 orbit passes per

week gridded on a 25 x 25 km EASE?2 grid covering up toM8and the ASD data is provided with a monthly frequency on

a 12.5 km EASE2 grid, covering only up to 81M To ensure a fair comparison, probability density functions (PDF) of each
month's snow data were calculated for each of the three data sets. The data was divided into 4 regions, covered by all three
data sets (gure 1), which enables the discussion of regional differences. The area under the PDF is always one, allowing a
direct comparison of data sets with different resolutions. To evaluate, how well the model apg ,C8ata agree with the

ASD data, a measure here called “disagreemeits J is introduced,
z z Z
Dis = PDFasp + P DF model P DFoverIap (5)
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Where theP DF asp is the PDF of the ASD data sé?,DF yodei PDF of the model an® DF overiap the area where the two
PDFs overlap. For the disagreement between ASD ang\&S2P DF mogel Would be substituted bl DF s in equation 5
If both curves are perfectly overlappifijs =0 and if there is no overlap between the curés=2. Dis is dimensionless.

2.5 SIT comparison

One objective of this study is to evaluate SIT differences resulting from using different sea ice density, snow thickness and water
density in the production of the CRg, and the C6N4 data. To evaluate this, rstthe G2 data was bilinearly interpolated

onto the model grid and the model data was averaged to weekly means to match the temporal resolution @fithedas2
Following this, all grid points covered by less than 50 satellite overpasses, in thg,/CS3fata set from 2010-01-01 to 2020-

12-31 were discarded, and only grid points and time steps covered by both thg C8ata product and C6N4 were kept

for further analysis. In a second step, where gird cells ful lled the above-mentioned criteria, the mean snow thickness, sea ice
density and water density values for the model and Ag$2data were calculated, followed by their differences as model —
CS2ww, resultingin j, Hsand . Finally, the average snow thickness, sea ice density and water density for each grid
cell ful lling the above-mentioned criteria was calculated from all model and gg$2values represented in the following by

—, Hs and—,. The mean difference and mean values are used to determine the mean SIT difference when calculating the SIT.
For the SIT differences resulting from snow thicknes$( Ty ), sea ice density (SIT ) and water density (SIT ) the

following equations were used:

FBW+(H5+ Hs) s FBW+ Hs s

STw. = 0 (v (v ) (w D ©)
_ FB Hs s FB w Hs s

ST G 0 e G ) e 0t Gl @

SIT " - FB( W+ W) HS S FB w + HS S (8)

(wt w0 Cwtr w0 (w0 (w0
for the combined SIT difference:

FB( w+ w) + (Hs+ Hs) s FB w + Hs s
Cwt w) Cit ) Cwt w (it i) (w i) Cw )

The mearFB values are calculated from C{g, data only, and thes values are equal in both data sets.

SIT = )

3 Results

The results are split into two sections. In section 3.1, 3.2 and 3.3 the snow thickness, sea ice density and water density from
C6N4 and CSRy, data are compared to observations for validation. In section 3.4, the differences in SIT resulting from
the 10-year mean snow thickness, sea ice density and water density values of the two data sets are analyzed. First for eac
parameter isolated and nally for all three combined.



220 3.1 Snow thickness

The PDF of the snow thicknesses from C6N4, o2 and ASD are displayed in gure 2 for the months November to
March. Compared to the Cng; and ASD snow thicknesses, the C6N4 values are thinner in November and have the largest

Figure 2. Probability density functions (PDF) for snow thickness in regions de ned in gure 1, where all three data sets exist.

accumulation over winter. The Cgg, show thickness PDFs show two or even three distinct peaks due to the thinner snow

cover over FYI and thicker over MYI. In the Canadian Arctic, three peaks are visible. This is due to the diverse snow conditions
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in the Canadian Archipelago, the northern Baf n Bay and Fram Strait that are all included within the region ( gure 1). Overall,
the PDFs in gure 2 show that the snow cover of C6N4 is in better agreement with the ASD snow thickness compared to the
agreement of the CQg;; and the ASD. To quantify this, the disagreement between the(S2and the ASD PDFs and the
disagreement between the C6N4 and the ASD PDFs were calculated and displayed in table 1.

Table 1.Overview of the disagreement between the PDFs in gure 2 using the ASD observations as reference. The disagreement is based on

equation 5, and it ranges from 0. to 2., where 0 is best.

Month Canadian Arctic Beaufort Sea Russian Arctic East  Russian Arctic West
C6N4  CS2w C6N4  CS2wi C6N4  CSaw C6N4  CS2w
November  0.91 0.58 0.45 0.87 0.30 0.98 0.48 0.98
December  0.54 0.71 0.42 0.84 0.24 1.11 0.22 0.86
January 0.46 0.65 0.25 0.98 0.33 1.28 0.50 0.88
February 0.22 0.78 0.26 1.18 0.61 1.38 0.87 0.62
March 0.26 0.74 0.46 1.24 0.67 1.15 0.94 0.57

Overall, the disagreement between the C6N4 and ASD is lower than the disagreement between the ASRand T&®2
C6N4 snow thickness is in best agreement with the ASD data in the Beaufort Sea and the Russian Arctic East. The large
disagreement in the Beaufort Sea (gure 2) is caused by the presence of the large peak indicating thick MY éngn.¢
m) inthe CS2w, data, which is not re ected in the ASD data set, nor in the C6N4 data. It is only in November in the Canadian
Arctic and in February and March in the Russian Arctic West that$2data match better with the ASD data, when it is
compared to C6N4.

3.2 Seaice density

The relation between the sea ice density retrievals from the IceBird measurements of Jutila et al. (2022a) and the C6N4,
C6N4;,; and CS2w, data is displayed in gure 3. According to Jutila et al. (2022a), the observations from 2017 were only
obtained over FYI locations, while the 2019 observations cover both MYl and FYI. To distinguish the data sets from 2017
and 2019, they are here shown in two separate panels. All IceBird measurements originating from the same day and grid cell
were averaged to one value. Grid cells with less than 10 IceBird measurements were excluded (0.9 % of the data) from the
analysis. The RMSD between the IceBird and g2, and IceBird and C6N4/C6N4; data are listed in table 2 for each
year separately.

In both 2017 and 2019 there appears to be clustering of the modeled data and thg GB2a in gure 3. The ight tracks
of the IceBird campaigns in both years ( gure 1) are situated at two different locations. The clustering is a result of the different
representations of sea ice densities in C6N4 and thegS2lata at the different locations. The locations are marked by stars
and dots in gure 1. The large stars and dots in gure 3 show the average values for the two regions of each year.

Comparing C6N4 and C6N4, with the IceBird observations in gure 3, C6N4; appears to be in better agreement with
the IceBird observations than C6N4. From the RMSD in table 2, it is also clear that the; &6dé4 ice densities are in closer

10
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agreement with the observations than C6N4. In 2019 both the eastern and western average values (large red stars and dots
gure 3b) from C6N4 ,; compare especially well to the IceBird values, which was to be expected, since the 2019 values were
used to derive the C6N4; sea ice density. In 2017 the C6N4 sea ice density also compares better to the IceBird values than

the C6N4 sea ice density, but the 2017 C6MARMSD is 4kgm 2 higher than in 2019. Especially in the western Beaufort

sea (large red star in gure 3a) the values have not improved as much as in 2019 or the 2017 eastern Beaufort Sea value:
(large red dot in gure 3a). The close agreement between the averaged sea ice density froyp; Géd4he IceBird data in

Figure 3. The IceBird sea ice density plotted against @2, C6N4 and C6N4»; sea ice densities for 2017 and 2019 campaigns. The stars

and dots represent the averaged Western and Eastern observation sites, as de ned in gure 1.

2019, and the fact that the 2019 IceBird data were used to derive the sea ice density parameterization 4p, CalAfor

a comparison with independent reference observations. Such a comparison has been made between the sea ice core based
ice density measured from the MOSAIC expedition and the C4N6, G4N6@odel based estimates. All the MOSAIC density
measurements and density estimates are plotted against time in gure 4 and the resulting RMSD are listed in table 3. From
gure 4 and table 3 it is clear that the C6)A sea ice densities are in closer agreement with the observations than the C6N4
values, supporting the ndings of the IceBird comparison. Figure 4 also shows that both model estimates result in overall lower
sea ice density values, with a slight seasonality of decreasing density over the winter, which is not re ected in the observations.
Since this is visible in both C6N4; and C6N4 sea ice density, the reason for this seasonality must be linked to the sea ice
brine content, since this is the only factor varying C6N4 sea ice density. The best agreement betwegn @6MNMOSAIC

11
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observations is in April, which is also the month that the observations (Jutila et al., 2022a) used to dgrigaed ;i in
equation 3 were collected.

Table 2. RMSD between C6N4, C6N4,, CS2aw: and the IceBird sea ice density. The values in brackets indicate the model values only
considering data points covered by all three data sets.

2017 2019
C6N4 CB6N4z CS2wi  C6N4  CB6N4z  CS2w
RMSD 35(33) 21(17) 35 25(20) 17 (18) 22

In the 2019 plot ( gure 3b), the mean IceBird values (large stars and dots location on the y-axis) differ signi cantly between
the CS2w, (yellow) and the model data (blue and red). This is due to the different number of data points covered by the
observation and CSg,, data and the observation and C6N4 data. To compare thgygS®ith the model values, only data
point should be taken into account which are covered by a all three datasets. This reduces the comparison data signi cantly.
For comparison, the Cag,, data coincides only with 40 observation points, while the model coincides with 130-140
observation points, depending on the year. To compare thg#f;S8ata with the modeled sea ice density and the observations,
the RMSD was calculated for all data points covering all three data sets. The RMSD are listed in the brackets in table 2 and
3. Overall, the RMSD between the C6N4 and the IceBird data are lower than the ones betweengSand IceBird data.

For the MOSAIC data, the C6N4; RMSD is also lower than the C®g, RMSD, but not as signi cant as in the IceBird data

comparison.

Figure 4. C6N4, C6N4,; and CS2w, sea ice density estimates and MOSAIC FYI and second year ice core sea ice density.

While the CS2y, data was biased low in comparison to the IceBird data in gure 3, theafySdata is biased high in
comparison to the MOSAIC data ( gure 4). Most of the G2 data points here are classi ed as FYI, and also many of the
observations are taken on a FYl ice ow (Oggier et al., 2023a). Jutila et al. (2022a) concludes that the sea ice densities values
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Table 3. RMSD between the MOSAIC sea ice density observations and model angyCS@&lues. The values in the brackets indicate the
results for model values in locations where only @2 data exists (yellow rhombuses in gure 4).

C6N4 C6N4 21 CS2w
RMSD 17.3(17.8kgm * 8.1(7.7)kgm * 8.2kgm 3

following Alexandrov et al. (2010) are biased low for both FYI and MYI. The results displayed in gure 4 suggest that this
might not be the case for the FYI values everywhere in the Arctic.

3.3  Water density

To evaluate the model and CQe  surface water densities, the model's 10-year mean and th@ygS2pproach using a
single value of 102&«gm 2 were compared to the WOA climatology, which is based on observations. The water 10-year
mean densities of WOA, Cag, and the C6N4 simulation are displayed for November to March in gure 5.

Figure 5. From left to right: Maps of the WOA, C6N4 and C&& water densities (top row), and difference maps of WOA—-GS2,
WOA-C6N4, and CSRv, -C6N4 water densities (bottom row).
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Overall, the pattern of dense water in the Atlantic sector, low density water in the Russian shelf area and a negative density
gradient from the Fram Strait towards the Beaufort Sea are present in both the model and the WOA density maps. The WOA—
C6N4 surface water density differences ( gure 5e) reveal areas with the highest differences located in the Russian shelf area.
The WOA-CS2w, surface water density differences ( gure 5d) also show the largest differences here, but of opposite sign
than WOA-C6N4. The model simulated lower densities than the WOA suggests, and thyg, C&Hue is higher than WOA.

In the rest of the Arctic, the WOA—-C6N4 and WOA-GgR differences are of similar sign, but locally of different magnitude.

In the Beaufort Sea both WOA—-C6N4 and WOA-GR2 differences are of about the same magnitude and in the Atlantic
sector the WOA-CSgy, differences is larger than the WOA—-C6N4 differences. In the Lincoln Sea, a strong negative anomaly
is shown in both differences. Apart from this, the WOA-G®?2 difference is here lower than the WOA—-C6N4 differences.
Overall, the C6N4 is in better agreement with the WOA, except in the Lincoln Sea. C6N4 show less variability when compared
to the WOA data. The standard deviation (STD) between the C6N4 and the WOA water densities for the entire Arctic is 1.6
kgm 2 and the STD between the WOA and the G2 water densities is 2.&gm 3.

3.4 Sea Ice Thickness difference analysis

The individual in uence of sea ice density, snow thickness and water density on the FB to SIT conversion are displayed in
gure 6. Both the snow thickness differences between C6N4 anda@S2 gure 6¢) and the sea ice density differences
between C6N4,; and CS2w, ( gure 6k) resultin signi cant SIT differences, as seenin gure 6d and gure 6l, respectively.

The largest SIT difference results from the sea ice density differences betweep £@&Hd CS2w, . On average, it amounts

to 0.14 m, but reaches maximum values of 1.16 m (table 4) close to the north coast of Greenland. The water density results in

the lowest SIT difference (on average 0.01 m), but the maximum value of 0.33 m is not negligible.

Table 4. Maximum (Dnax ) and root-mean-square difference (RMSD) of the SIT differences calculated by the 10-year mean model and

CS2w, differences for snow thickness, sea ice density, water density and all three combined.

C6N4—-CS2w C6N4-CS2w C6N4 21 -CS2w1 C6N4-CS2w C6N4; 21 —CS2w C6N4—-CS2w

Snow Thickness  Sea ice density Sea ice density Water density Combined Combined
Dimax 0.55m 0.49m 1.16 m 0.33m 0.94m 0.61m
RMSD 0.17m 0.11m 0.21m 0.01m 0.12m 0.17m

Figure 6 also shows that the impact of the speci c variables on the SIT differences are not necessarily mapped one-to-one
for all parameters. The snow thickness differences in gure 6c¢ for example almost translate one-to-one to the resulting SIT
differences in gure 6d. For example, both in the Lincoln Sea and north of Svalbard, #thearsomaly of about 0.1 m translate
to a SIT anomaly of about 0.2 m. This is not the case for the sea ice density, which is particularly visible when comparing
gure 6g and h. In this case, the sea ice density anomaly in the Lincoln Sea of akgut 5° causes the same SIT anomaly

in the Lincoln Sea as the sea ice density anomaly of aboutg2® 2 on the East Siberian Shelf.
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