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Abstract The European Space Agency’s CryoSat-2 satellite mission provides radar altimeter data that are
used to derive estimates of sea ice thickness and volume. These data are crucial to understanding recent
variability and changes in Arctic sea ice. Sea ice thickness retrievals at the CryoSat-2 frequency require
accurate measurements of sea ice freeboard, assumed to be attainable when the main radar scattering
horizon is at the snow/sea ice interface. Using an extensive snow thermophysical property dataset from late
winter conditions in the Canadian Arctic, we examine the role of saline snow on first-year sea ice (FYI), with
respect to its effect on the location of the main radar scattering horizon, its ability to decrease radar
penetration depth, and its impact on FYI thickness estimates. Based on the dielectric properties of saline
snow commonly found on FYI, we quantify the vertical shift in the main scattering horizon. This is found to be
approximately 0.07 m. We propose a thickness-dependent snow salinity correction factor for FYI freeboard
estimates. This significantly reduces CryoSat-2 FYI retrieval error. Relative error reductions of ~11% are found
for an ice thickness of 0.95 m and ~25% for 0.7 m. Our method also helps to close the uncertainty gap
between SMOS and CryoSat-2 thin ice thickness retrievals. Our results indicate that snow salinity should be
considered for FYI freeboard estimates.

1. Introduction

Satellite radar altimetry from the European Space Agency’s CryoSat-2 (CS-2) is widely used to provide esti-
mates of Arctic sea ice thickness and mass balance (e.g., Kwok & Cunningham, 2015; Laxon et al., 2013).
Under an assumption of isostatic equilibrium, sea ice thickness estimates are primarily a function of sea ice
freeboard and snow load (e.g., Ricker et al., 2014). Measurement of the sea ice freeboard relies on the alti-
meter radar penetrating the snow cover to interact with the snow/sea ice interface. In the case of CS-2, the
reflected radar signal (i.e., the main scattering horizon) is assumed to be at the snow/sea ice interface
(Hendricks et al., 2016; Laxon et al., 2013). However, the snow cover on sea ice affects the CS-2 radar waves,
and it is acknowledged that this may lead to a vertical shift in the location of the main scattering horizon (e.g.,
Ricker et al., 2015; Willatt et al., 2011). Such a shift has the potential to misrepresent the sea ice freeboard,
leading to ambiguous sea ice thickness estimates (e.g., Ricker et al., 2014; Tilling et al., 2015).

Several studies discuss factors that can contribute to snow cover interactions with the CS-2 radar signal,
including footprint-scale surface roughness variations (Kwok, 2014), potential dependence on snow tempera-
ture (Willatt et al., 2011), snow volume scattering-induced bias (Hendricks et al., 2016; Ricker et al., 2014,
2015), and overestimation or underestimation of the measured freeboard due to snow compression (Kern
et al., 2015; Tilling et al., 2015). However, no study has investigated the impact of snow salinity on CS-2
signal penetration.

During the formation of seasonal first-year sea ice (FYI), a small amount of brine is expelled upward, resulting
in a thin brine layer on the ice surface. With subsequent snow accumulation, there is an upward wicking of
brine from the ice surface into the snow cover. This wicking produces brine-wetted snow, primarily within
the bottom 6–8 cm, which have salinities ranging from 1 to 20 parts per thousand (Barber et al., 1995;
Crocker, 1992; Geldsetzer et al., 2009). In thicker snow covers, strong salinity gradients are commonly
observed in the bottommost layers, with significantly lower brine volumes, or brine-free conditions, in the
uppermost snow layers (Drobot & Barber, 1998; Fuller et al., 2014). The brine within the snow alters the
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dielectric and microwave scattering properties of the snow (Barber & Nghiem, 1999; Drinkwater & Crocker,
1988; Geldsetzer et al., 2009), leading to strong microwave attenuation within the snow volume, with
significantly reduced radar penetration (e.g., Nandan et al., 2017). These factors likely also affect the
location of the CS-2 main scattering horizon.

Brine-wetted snow is found predominantly on FYI (Drinkwater & Crocker, 1988; Geldsetzer et al., 2009),
whereas on older, thicker multiyear sea ice (MYI), snow salinity is negligible because brine drainage occurs
through the ice during repeated summer melt cycles. The upper layers of MYI ice thus are also brine-free.
Therefore, MYI and FYI interact with the CS-2 radar signal in markedly different ways, with MYI allowing
greater CS-2 signal penetration, while FYI inhibits the CS-2 signal. Under the influence of a warming Arctic,
the proportion of FYI is increasing and that of MYI decreasing (Maslanik et al., 2011). Additionally, a warming
Arctic, with increasingly thinner snow covers on FYI in many parts of the Arctic (e.g., Webster et al., 2014), and
these snow covers are likely to be more saline. The influence of brine-wetted snow on FYI is thus an increas-
ingly relevant factor affecting satellite altimeter measurements.

In this study, we propose a semiempirical approach to quantify the effect of snow salinity on CS-2-estimated
FYI freeboard and thickness estimates. Using snow property measurements on FYI acquired from various
locations in the Canadian Arctic during late winter season, we characterize the brine volume and dielectric
property distribution in snow-covered FYI. We then model the main scattering horizon and maximum
penetration depth at the CS-2 frequency (13.575 GHz). Next, we establish a snow salinity correction factor,
as a function of snow thickness, to be used in the determination of sea ice freeboard from CS-2. Finally, we
use the corrected freeboard to estimate FYI thickness from CS-2 and compare this with a CS-2 FYI thickness
retrieval estimate from March 2016 produced by Ricker et al. (2017). A stepwise flowchart (F1) is included in
the supporting information to provide additional information on the modeled parameterization of the main
scattering horizon and the correction factor.

2. Data and Methods
2.1. Sea Ice Freeboard Data

Ice freeboard (FI) from CS-2 was obtained from the Alfred Wegener Institute data products (http://www.meer-
eisportal.de) (Grosfeld et al., 2016; Ricker et al., 2014). These data are based on a threshold-first-maximum
retracker algorithm (TFMRA) that locates the main scattering horizon at 50% of the first local maximum of
the radar waveform. Following subtraction of the mean sea surface and local sea surface anomalies, the radar
freeboard (FR) is assumed to be at the snow/ice interface (Hendricks et al., 2016). With regards to the snow
cover, only a single correction factor (CW) (Kwok, 2014) is applied, to account for the reduced propagation
speed in the snow cover given by (1):

FI ¼ FR þ CW (1)

2.2. Snow and Sea Ice Data

Field data from FYI were collected during nine field campaigns in the Canadian Arctic. These campaigns took
place during the late winter season (April and May) from 2004 to 2017, on both undeformed and slightly
deformed FYI (Figure S1 in the supporting information and Table 1). These data encompass 53,000 snow
thickness measurements and 213 detailed snow pits. To minimize spatial autocorrelation of snow thickness
measurements, a lag distance threshold of 15 m is used to select only spatially independent measurements,

Table 1
Snow Thickness and Snow Pit Metadata From Measurements Made on First-Year Sea Ice in the Canadian Arctic Archipelago

Field campaign Month, year
# of spatially independent snow thickness

measurements
# of snow

pits Reference

Cambridge Bay (69.03°N; 105.12°W) April 2014 and 2017
and May 2016

~4,150 43 Zheng et al. (2017)

Eureka (80.08°N; 86.77°W) April 2014, 2016 ~2,550 59 King et al. (2015)
Resolute Bay (74.7°N; 95.6°W) May 2012 ~650 44 Nandan et al. (2017, 2016)
Hudson Bay (58.46°N; 93.50°W) April 2009 ~350 38 Fuller et al. (2014)
Cape Bathurst (69.63°N; 126.11°W) May 2004 and 2008 ~750 29 Barber and Hanesiak (2004)
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following the semivariogram methodology of Iacozza and Barber (1999). This reduces the number of snow
thickness measurements to 8,500. The mean snow thickness (HS) of these 8,500 measurements is
16 ± 6 cm (with a modal snow thickness of 14 cm). The 213 snow pits range in snow thickness from 4 cm
to 40 cm. Snow pit thermophysical properties were sampled at 2 cm vertical resolution and include snow sali-
nity (SS), snow temperature (TS), and snow density (ρS).

2.3. Brine Volume and Penetration Depth Modeling

Brine volume fraction φbs is estimated following Drinkwater and Crocker (1988),

φbs ¼
φbsiρb

1� φbsið Þρi þ φbsiρb

� �
ρs
ρb

� �
(2)

where ρi is the temperature-dependent density of pure ice in g/cm3, ρb is the density of brine in g/cm3 as a
function of temperature-dependent brine salinity (Cox & Weeks, 1975), and φbsi is the temperature-
dependent brine volume fraction of sea ice (Frankenstein & Garner, 1967).

CS-2 penetration depth δP into the snow cover, ignoring scattering losses is derived following Ulaby et al.
(1984):

δP ¼ λ0
4π

ε
0

2
1þ ε

0 0

ε0

� �2
 !1=2

� 1

2
4
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(3)

where λ0 is the wavelength (0.02 m for CS-2). ε
0
and ε

0 0
represent the modeled dielectric permittivity and loss,

respectively. Employing the snow density data and the estimated brine volume, we calculate ε
0
and ε

0 0
for

each snow layer. For fresh dry snow on FYI, ε
0
equals the permittivity of dry snow ε

0
ds , which is frequency

independent:

ε
0
ds ¼ 1þ 2:55ρds (4a)

where ρds is the density of dry snow (Geldsetzer et al., 2009).

For snow layers that are brine-wetted, ε
0
becomes the permittivity of brine-wetted snow ε

0
bs, calculated using a

dielectric mixture model (Geldsetzer et al., 2009):

ε
0
bs ¼ ε

0
ds þ Sφbsε

0
b (4b)

where ε
0
ds is obtained by removing the brine volume from the measured snow density, S is a saturation-

dependent dielectric depolarization factor, set to 1.33 (Geldsetzer et al., 2009), and ε
0
b is the temperature-

and frequency-dependent permittivity of brine (Stogryn & Desargant, 1985).

For fresh dry snow layers on FYI, ε
0 0
equals the dielectric loss of dry snow (ε

0 0
ds), which is <0.01 (Denoth, 1989);

ε
0 0
is set to 0.001 in this study. For snow layers that are brine-wetted, ε

0 0
becomes the dielectric loss of brine-

wetted snow (ε
0 0
bs) and is also calculated using a dielectric mixture model, as the sum of the dielectric loss of

dry snow, and the conductivity and relaxation contributions owing to brine inclusions. Detailed description of
the dielectric mixture model can be found in Geldsetzer et al. (2009).

The two-way loss L(θ
0
) for a snow layer is given by (Winebrenner et al., 1992)

L θ
0

� �
¼ exp

�2Keτ

cosθ
0

� �
(5)

where the extinction coefficient Ke is the inverse of δP, θ
0
is the incidence angle within the snow layer based

on the degree of refraction, and τ is the snow layer thickness (0.02 m).

Maximum δP is attained using the equation P(d)/P(0+) = 1/e, where P(0+) is the power at the air/snow interface
and P(d) is the power at depth d (Winebrenner et al., 1992). Hence, the deepest layer to which microwaves
penetrate corresponds to approximately one-third of the initial power that enters the snow layer.

2.4. Modeled Scattering Horizon

The main scattering horizon (SH) is modeled as the vertical distance from the air/snow interface. In a multi-
layered system such as snow covered FYI, SH is a function of the snow thermophysical properties through

Geophysical Research Letters 10.1002/2017GL074506

NANDAN ET AL. SEA ICE BRINE-SNOW EFFECT ON CRYOSAT-2 10,421



which the CS-2 altimeter signal propagates (Ricker et al., 2014). Nevertheless, the dominant scattering
mechanism for FYI is expected to be surface scattering, especially at the CS-2 incidence angle.

To obtain a first-order estimate of the dominant surface scattering interface (i.e. SH) in snow-covered FYI, we
model the Ku-band transmission, reflection (Lorrain et al., 1988), and two-way loss (Winebrenner et al., 1992)
for a multilayered snow cover. The simulated normalized echo power PT at each nth snow layer is derived
using (6a) and (6b)

PT n≥2ð Þ ¼ 1� Pn�1ð Þ� ∏
n�1

k¼2
Tk θ

0
� ��

∏ 1� ∏
n�1

k¼2
Lk θ

0
� �� �� 	� ��

Rn θ
0

� �
(6a)

while

P1 ¼ R1 θð Þ (6b)

where L(θ
0
) is the two-way loss factor given the refracted incidence angle θ

0
. T(θ

0
) and R(θ

0
) are the power

transmission and reflection coefficients at the upper surface of each snow layer, given the θ
0
in the layer

immediately above it. θ in ((6b)) represents the incidence angle at which the CS-2 signal interacts with the
air/snow interface. The snow layer with the maximum PT is identified as the SH. In radar altimetry of ice,
the dominant surface scattering interface is associated with a point at 50% of the first local maximum of
the waveform (Davis, 1997). Therefore, SH corresponds to the 50% TFMRA used by Ricker et al. (2014, 2017)
and Hendricks et al. (2016).

2.5. Snow Salinity Correction Factor

The portion of a FYI snow cover lying below SH is the estimated vertical shift in the scattering horizon due to
snow salinity. We term this the snow salinity correction factor (ΔS). Building on equation (1), we propose a
snow salinity correction factorΔS that can be applied to CS-2 estimated FI for FYI, thus

FI ¼ FR þ CW þ ΔS (7)

Other snow cover correction factors have been proposed (e.g., Hendricks et al., 2016; Kern et al., 2015; Kwok,
2014; Ricker et al., 2014, 2015; Tilling et al., 2015; Willatt et al., 2011); however, these are not applied to the
freeboard product used in this study. Possible effects of ΔS on CW and other correction factors are not inves-
tigated in this study and warrant further research.

2.6. Sea Ice Thickness

Sea ice thickness (T) is derived assuming isostatic equilibrium using

T ¼ FI
ρW

ρW � ρI
þ HS

ρS
ρW � ρI

(8)

where ρW is the density of seawater (1,024 kg/m3), ρI is the density of sea ice density (916.7 kg/m
3 for FYI), HS is

the snow thickness, and ρS is the density of snow.

This equation is used to estimate T from the measured FI, using assumed snow properties (e.g., Kwok &
Cunningham, 2015; Laxon et al., 2013; Ricker et al., 2014). The HS for MYI is generally obtained from the
Warren snow climatology (Warren et al., 1999), whereas the HS for FYI is most often assumed to be 50% of
the Warren snow climatology (Kurtz & Farrell, 2011). ρS is also obtained from the Warren snow climatology.
FYI is distinguished fromMYI using the daily Ocean and Sea Ice Satellite Application Facility ice concentration
product (Eastwood, 2012).

We apply the snow salinity correction factor (i.e. ΔS=HS� SH) via equation (7) (FI) in conjunction with equa-
tion (8), to estimate FYI ice thickness (TFYI) for the entire Arctic. We compare this snow salinity-corrected
retrieval with the standard FYI thickness retrieval from March 2016 produced by Ricker et al. (2017). CS-2
retrievals are likely not appropriate for thin FYI (i.e., <~0.5 m) (Ricker et al., 2017). Therefore, we also demon-
strate the Soil Moisture and Ocean Salinity (SMOS) L-band radiometer data as a complementary product for
thin FYI thickness retrievals (Tian-Kunze et al., 2014).

2.7. Sea Ice Thickness Error Analysis

FYI thickness retrieval error is assessed as the relative error ER, which is defined as the ratio between the ice
thickness uncertainty and the ice thickness (Hendricks et al., 2016; Ricker et al., 2017). The ER of the original FYI
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thickness retrieval (Ricker et al., 2017) (hereafter TFYI(ORIG)) is compared
with the ER of the snow salinity-corrected TFYI using ΔS (hereafter TFYI(ΔS)).
ER follows a positively skewed, non-normal distribution (Ricker et al.,
2017); therefore, we employ running medians (based on 20 cm wide bins)
to illustrate trends. This is in contrast to the running means used by Ricker
et al. (2017) and Kaleschke et al. (2015), which overestimate ER due to
the skewedness.

3. Results and Discussion
3.1. Empirical Distribution of Brine Volume in Snow-Covered FYI

The brine volume distribution in the snow-covered FYI in our dataset
ranges from 0% (brine-free) to ~6%. The highest brine volumes are found
at the snow/sea ice interface, decreasing with height into the snow cover.
These observations are consistent with the upward brine wicking mechan-
ism expected to occur within the bottom 6–8 cm of the snow cover over-

laying FYI (Barber et al., 1995; Crocker, 1992; Drinkwater & Crocker, 1988; Geldsetzer et al., 2009; Nandan et al.,
2017). For snow thicknesses ≤8 cm, the snow is usually found to be completely brine-wetted. For snow thick-
nesses >8 cm, the brine volume gradient culminates in very low brine volume in the uppermost layers.

As an example of the brine volume φbs distribution in snow-covered FYI, we illustrate snow pit data (n = 36)
for a snow thickness of 16 cm (Figure 1). This case study corresponds to the mean snow thickness observed in
our dataset. Nearly brine-free snow (φbs < 0.1%) is observed in the top 4 cm, below which φbs increases to
~1% at 7 cm above the ice surface and increases further to ~2% at 2 cm above the ice surface.

The φbs distribution at minus one standard deviation (φbs(�1σ)) represents less saline and moderately cold
snow covers within the dataset (Figure S2c). In such cases, the snow cover is brine-free for the top 4 cm,
below which it has low brine volumes (<0.2%), with somewhat higher brine volume found only immediately
above the snow/sea ice interface. The φbs distribution at plus one standard deviation (φbs(+1σ)) represents rela-
tively warmer, more-saline snow covers within the dataset (Figure 1). In such cases, the snow cover can reach
~1% φbs at 10 cm, ~2% φbs at 7 cm, and >5% φbs at 1 cm; however, the top 4 cm still have relatively low
brine volume.

It is important to note that the brine volume distributions in our dataset were obtained during late winter
conditions on thick FYI. During the early winter, shortly after sea ice formation, the brine volume distribution
may exhibit even higher values, due in part to thinner snow covers and warmer air and ice temperatures (e.g.,

Drinkwater & Crocker, 1988). Conversely, in midwinter, snow covers likely
exhibit reduced brine volumes, as snow temperatures are at a minimum.
Given the large snow temperature range of our dataset (Figure S2b), the
brine volume variance in our dataset is expected to reasonably represent
the majority of spatiotemporal variance in the Canadian Arctic.

3.2. CryoSat-2 Scattering Horizon, Penetration Depth, and Snow
Salinity Correction Factor

Based on the brine volume distributions, ΔS is calculated for snow thick-
nesses from 4 to 40 cm, via equations (4a) through (7) (Figure 2). A cubic
fit provides a first estimate of the trend of ΔS as a function of
snow thickness HS:

ΔS ¼ 1:4022229þ 0:9114689HS � 0:0437265HS
2 þ 0:00061HS

3 (9)

Although data are somewhat scarce for some snow thicknesses, there are
some notable trends. For HS ≤ 8 cm, ΔS is within 2 cm of the snow surface,
the result of shallow snow usually being brine-wetted throughout. For
10 cm ≥ HS ≤ 24 cm, ΔS ≈ 7 cm, and for HS ≥ 26 cm, ΔS ≈ 6 cm. The consis-
tency of ΔS for snow thicknesses ≥10 cm is supported by observations of

Figure 1. Mean brine volume (φbs) as a function of snow thickness for 16 cm
snow covers on FYI. The error bars φbs(�1σ) and φbs(+1σ) represent one
standard deviation (±1σ) from the mean φbs. The snow/sea ice interface is
located at 0 cm on the y axis.

Figure 2. Box and whisker plot illustrating the statistical relationship of the
snow salinity correction factor (ΔS), as a function of snow thickness (HS) for
the snow thickness range of the snow pit data set. The numbers highlighted
in red represent the number of snow pits under each snow thickness.

Geophysical Research Letters 10.1002/2017GL074506

NANDAN ET AL. SEA ICE BRINE-SNOW EFFECT ON CRYOSAT-2 10,423



brine-wetted snow typically being confined within the bottom
6–8 cm of the snow cover overlaying FYI (Barber et al., 1995;
Drinkwater & Crocker, 1988; Geldsetzer et al., 2009; Nandan et al.,
2017). Therefore, a consistent value of ΔS = 7 cm could reasonably
be used for snow thicknesses >8 cm.

The standard error (SE) of the regression is 2.7 cm, providing an indi-
cation of the spatiotemporal variability in ΔS that may be encountered
in the Canadian Arctic. To illustrate the effects of this variability on FYI
thickness retrievals, we used the 16 cm snow pit case study data to
calculate the position of ΔS corresponding to φbs, as well as the scat-
tering horizons corresponding to φbs(�1σ) and φbs(+1σ); these
areΔS(�1SE) and ΔS(+1SE), respectively (Figure 3).

For a 16 cm snow cover with mean φbs distribution, the maximum
power SH occurs 9 cm below the air/snow interface, and ΔS is thus
7 cm above the snow/ice interface (equation (6a)) (red line and black
square in Figure 3). The simulated CS-2 radar signal has a maximum
penetration (δP) of 11 cm into the snowpack (downward red arrow in
Figure 3), where the high salinity and associated dielectric loss
(ε

0 0
> ~0.32) in the bottom snow layers lead to signal absorption.

In the case of cold, nearly brine-free conditions (i.e. φbs(�1σ)), the SH(�1σ) is 15 cm below the air/snow interface,
and thus, ΔS(�1SE) is only 1 cm above the snow/sea ice interface (Figure 3). The CS-2 radar signal penetrates
through the entire 16 cm snow cover to be absorbed in the upper layer of sea ice. The location of SH(�1σ) is
close to the location of the 50% TFMRA-assumed main scattering horizon, which is assumed to be at the
snow/sea ice interface (Ricker et al., 2014). Therefore, existing 50% TFMRA retrievals are likely most applicable
to brackish sea ice areas such as the Baltic Sea or the colder conditions of midwinter. In the case of snow

covers that are highly brine-wetted (i.e., φbs(+1σ)), the SH(+1σ) and δP
are 3 cm and 4 cm below the air/snow interface, respectively
(Figure 3). The ΔS(+1SE) is thus 13 cm above the snow/sea ice interface.

3.3. First-Year Sea Ice Thickness Retrieval Correction and
Error Analysis

Figure 4 illustrates the relative error (ER) (%) for CS-2 monthly mean
FYI thickness retrievals over the entire Arctic, for March 2016. It
includes the original FYI retrievals (TFYI(ORIG)) (Ricker et al., 2017) and
the snow salinity-corrected TFYI using ΔS, ΔS(�1SE), and ΔS(+1SE) for
the 16 cm snow pit case study data (equations (7) to (9)).
Comparing first the running median and running mean lines
for TFYI(ORIG) (bold versus dotted black lines in Figure 4), we note that
at a FYI thickness of 1 m, the running median reduces ER by 8.8% in
relation to the running mean, and at 0.8 m, ER is reduced by 23.6%.

Next, comparing the TFYI(ORIG) ER running median with the SMOS ER
running median (black versus white lines in Figure 4), we note the dif-
ference in retrieval estimates between these two sensors. Adopting a
30% ER threshold to define the FYI thickness regimes for which retrie-
val error is relatively high, it can be observed that the CS-2 TFYI(ORIG) ER
is high for FYI thicknesses <0.95 m, whereas SMOS ER is high for FYI
thicknesses >0.35 m. A SMOS-to-CS-2 uncertainty gap therefore
exists between 0.35 m and 0.95 m, where confidence in FYI thickness
estimates is limited.

To assess the reduction in ER using the ΔS correction, we compare
the TFYI(ORIG) and TFYI(ΔS) running median values. At 1.6 m, the

Figure 3. Simulated normalized echo power for 16 cm snow covers on FYI. The
green, red, and blue lines represent power values for the distributions of
φbs(+1σ), φbs, and φbs(�1σ), respectively. The downward green, red, and blue
arrows indicate the maximum penetration depth for φbs(+1σ), φbs, and φbs(�1σ),
respectively. The black square represents the SH for φbs. The snow/sea ice interface
is located at 0 cm on the y axis.

Figure 4. Relative error (ER) for original CS-2 FYI thickness TFYI(ORIG) using the
TFMRA50% retracker algorithm and SMOS, for March 2016. The yellow, blue,
and purple lines represent the ER for corrected CS-2 Arctic FYI
thickness TFYI(ΔS), TFYI(ΔS(�1SE)), and TFYI(ΔS(+1SE)), respectively. The solid lines
represent running medians. The bold black line and dashed black line represent
the running median and running mean of ER characteristic of TFYI(ORIG) following
Ricker et al. (2017).
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differences in ER are negligible with all ER ≈ 10%. However, as FYI thickness decreases, TFYI(ΔS) exhibits
substantially reduced error. While the TFYI(ORIG) reaches ER ≈ 30% at 0.95 m, TFYI(ΔS) is 18.7% (yellow line in
Figure 4), a reduction in ER of 10.8%. TFYI(ΔS) does not reach 30% until 0.7 m, by which point the TFYI(ORIG)
is 55%. Therefore, using our 30% ER reference threshold, employing TFYI(ΔS) reduces the SMOS-to-CS-2 uncer-
tainty gap for thin ice types by 0.25 m (from 0.35–0.95 m to 0.35–0.7 m).

All of the CS-2 running medians illustrate rapid increase in ER at some inflection points as FYI thickness
decreases. To define these inflection points, we identify the point on each curve where it reaches a slope
of 100% per meter. For TFYI(ORIG), this inflection point occurs at around 0.95 m ice thickness, whereas the
corrected TFYI(ΔS) does not exhibit such a steep increase until 0.65 m ice thickness (Figure 4).

The corrected TFYI using ΔS(�1SE) (hereafter TFYI(ΔS(�1SE))) closely follows TFYI(ORIG) (blue line in Figure 4), which
indicates that TFYI(ΔS(�1SE)) aligns closely with the 50% threshold TFMRA and tracks close to the ice freeboard
(Ricker et al., 2014), suggesting that the TFYI(ORIG) is more suitable for cold brine-free snow conditions on FYI.

The corrected TFYI using the ΔS(+1SE) (hereafter TFYI(ΔS(+1SE))) (purple line in Figure 4) reduces ER even more
than using ΔS. ER of TFYI(ΔS(+1SE)) is lower than that of TFYI(ΔS) by 4.6% at 0.8 m and by 9.7% at 0.6 m.
However, TFYI(ΔS(+1SE)) produces considerable overcorrection, due to a substantial number of negative
freeboards, resulting in TFYI(ORIG) < 0 m (Figure S3). Negative freeboard values are found in original FI and
corrected FI(ΔS(+1SE)) estimates, ~3.5% and ~28%, respectively (Figure S3). For FI(ΔS) estimates, ~12% are
negative (not shown in Figure S3). Negative freeboards associated with the original FI and FI(ΔS) estimates
are likely the result of excess snow loading (via the modified Warren climatology) and/or inaccurate snow
and ice densities. This effect is consistent with the ice freeboard estimates obtained using the TFMRA 80%
retracker threshold, where the mean FI was found to be negative during November 2013, and close to sea
level in March 2013 (Ricker et al., 2014).

4. Conclusion

We have derived an estimate of the effect of snow salinity on CS-2-derived Arctic FYI freeboard and thickness
estimates. A thickness-dependent snow salinity correction factor is added to the existing ice freeboard
estimation method, based on a theoretically derived main radar scattering horizon at the CS-2 frequency
of 13.575 GHz. We use in situ snow thermophysical property measurements, sampled from numerous unde-
formed and slightly deformed FYI locations within the Canadian Arctic during late winter season. Our simula-
tions highlight the substantial effect that brine-wetted snow has on the main scattering horizon of CryoSat-2,
which influences FYI freeboard and thickness estimates. Our corrected FYI thickness estimates using the
snow salinity correction factor demonstrate reductions in CS-2 relative errors. The reductions are consider-
able at FYI thicknesses <1 m. At 0.95 m, the relative error reduces by ~11% and at 0.7 m the error reduces
by ~25%. These reductions also help to close the uncertainty gap between SMOS and CS-2 thin ice thickness
retrievals by 0.25 m. We find that current retrieval methods are likely more suited to very cold, low snow
salinity FYI, which limits their scope. We also find that FYI with warm, highly saline snow has the potential
to produce the highest retrieval errors. To increase confidence in CS-2 error analyses in all seasons, subse-
quent research should focus on using in situ FYI thickness data for validation, to quantify the error objectively.
With the recent and rapid decline of MYI, and its replacement by FYI, the role of snow salinity should be
considered whenever FYI freeboard is estimated using CryoSat-2 on local to pan-Arctic scales.
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