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Abstract The correlation between the Soil Moisture and Ocean Salinity (SMOS) L-band brightness temperature and thin sea
ice thickness has been widely exploited using semi-empirical retrieval approaches based on a single-tie point (STP). However,
due to pronounced spatial heterogeneity in seawater and sea ice properties across the Arctic, the use of an STP often leads to
regionally biased. To address this limitation, this study proposes a multi-tie point (MTP) sea ice thickness retrieval method based
on SMOS brightness temperature and sea ice concentration time series. Multiple seawater and sea ice tie-point values are
identified through point-by-point time series analysis, quality control, and statistical hypothesis testing, allowing spatial
variability in radiometric properties to be explicitly considered. The MTP-based retrieval is applied to Arctic freeze-up
conditions. Validation against independent SMOS thin sea ice thickness products shows that the MTP approach yields
significantly reduced bias and root mean square error compared with the conventional STP method, with statistically significant
improvements confirmed by paired f-tests. While retrieval accuracy stabilizes beyond a certain number of tie points, the
preprocessing cost associated with tie-point selection increases substantially. Considering both accuracy and efficiency, the MTP
framework provides a practical and robust approach for large-scale Arctic thin sea ice thickness retrieval and enables improved
characterization of regional freezing processes and maximum ice thickness.
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1 Introduction

The exchange of heat, energy, mass, and momentum
between the atmosphere and the ocean is influenced by sea
ice (Kumar et al., 2021). The Arctic sea ice change has been
very active in recent years, with the sea ice coverage
shrinking and the sea ice thickness thinning, which is
among the significant factors affecting global climate
change (Laxon et al., 2013; MacDonald et al., 2005). The
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ocean—atmosphere heat exchange is dominated by thin ice
less than 0.5 m (Maykut, 1978). Moreover, The
Intergovernmental Panel on Climate Change (IPCC)
expects that Arctic sea ice loss will continue through the
middle of the century, along with a decline in sea ice extent
and thickness (IPCC, 2023). Therefore, it is critical to
retrieve the thin sea ice thickness accurately.

At present, two types of large-scale sea ice thickness
retrieval methods are available. Satellite altimetry and
remote sensing (including passive microwave and thermal
infrared imagery) are primarily used to retrieve thick and
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thin ice thicknesses, respectively. Altimetric sea ice
thickness retrieval first identifies leads to calculate the
freeboard and then obtains the sea ice thickness through the
hydrostatic equilibrium equation (Laxon et al., 2003). Radar
altimetry satellites, like ERS-1/2, ENVISAT, CryoSat-2 and
ICESat series laser altimetry satellites, provide foundation
data for retrieving sea ice thickness and other parameters.
However, the sea ice thickness retrieved from satellite
altimetry results in significant relative errors for thin ice
(Laxon et al., 2003). One method of thin sea ice thickness
retrieval is using the ice surface temperature from thermal
infrared imagery (Mikynen et al., 2013; Yu and Rothrock
1996), which requires clear skies, is heavily influenced by
the weather, and can thereby result in vacancies and
long-time intervals in the study area. Another method is the
use of passive microwave data, which can penetrate clouds
and is widely used in sea ice detection. An empirical
equation is constructed based on the correlation between ice
thickness and ice surface salinity to retrieve the ice
thickness using a passive microwave in the 19-90 GHz
band. However, this is only applicable for ice thickness of
less than 10-20 cm (Martin et al., 2004; Naoki et al., 2008;
Nihashi et al., 2009; Singh et al., 2011; Tamura and
Ohshima, 2011; Tamura et al., 2007), which is insufficient
for retrieving the polar thin sea ice thickness. The European
Space Agency (ESA) launched the Soil Moisture and Ocean
Salinity (SMOS) satellite in 2009. The satellite is equipped
with the first Microwave Imaging Radiometer using
Aperture Synthesis (MIRAS) at a frequency of 1.4 GHz
(L-band). Using L-band, the thin sea ice thickness can be
extracted due to higher penetration compared to 10-90 GHz,
introducing a new method for retrieving the thin sea ice
thickness and compensating for the altimetry satellite’s
shortcomings.

The microwave radiation of the target object is related
to its physical properties, which is the basis for retrieving
the sea ice thickness using passive microwave brightness
temperature. Sea ice’s microwave radiation energy differs
from seawater due to its complex internal structure. Hence,
the brightness temperature quickly identifies sea ice from
seawater, increases with sea ice thickness, and gradually
stabilizes. A three-layer medium model of the atmosphere—
sea ice—seawater to verify the SMOS satellite’s capacity to
retrieve the sea ice thickness was constructed. Using aerial
1.4-GHz microwave radiometer observations with the
semi-empirical algorithm, the retrieved maximum multi-year
ice/first-year ice thickness of the Baltic Sea is 1.5 m/0.5 m,
which is consistent with the sea ice thickness measured by
electromagnetic induction. The ability of 1.4-GHz passive
microwave brightness temperature to retrieve sea ice
thickness was confirmed (Kaleschke et al., 2010).
Multi-angle multi-polarization measurements have been
released since the launch of the SMOS satellite (Kerr et al.,
2010). To reduce the incident angle dependence in the
retrieval of sea ice thickness, the incident angle is set to
0°—40° to calculate the first Stokes parameter (intensity)
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from the vertical and horizontal polarization components.
The SMOS brightness temperature can retrieve the Arctic
sea ice thickness according to the proposed semi-empirical
algorithm (Kaleschke et al., 2012). However, the primary
method assumes constant sea ice temperature and salinity,
which is inconsistent with the natural Arctic environment.
Tian-Kunze et al. (2014) improved the algorithm by
introducing temperature, salinity variables, and a sea ice
thickness distribution function, resulting in a more accurate
thin sea ice thickness, which is in good agreement with the
simulation system, the telemetry data, and the airborne
electromagnetic data. In contrast to previous studies,
Huntemann et al. (2014) used SMOS measurements with an
incidence angle range of 40°-50° to calculate the
polarization difference and intensity between the vertical
and horizontal polarizations to construct an empirical
algorithm to retrieve sea ice thickness, which can reach up
to 0.5 m, based on the characteristic that different
polarization brightness temperatures show different trends
with the incidence angle. Ricker et al. (2017) integrated
CryoSat-2 and SMOS to retrieve the weekly Arctic sea ice
thickness, which was verified in the Barents Sea and
compared with the airborne electromagnetic induction
measurement. The results obtained from the fusion data are
more accurate than those obtained from CryoSat-2. After
the Soil Moisture Active Passive (SMAP) satellite was
launched, Patilea et al. (2019) provided a merged
SMOS-SMAP sea ice thickness product with improved
spatial and temporal coverage, while, the algorithm is an
extension of the method proposed by Huntemann et al.
(2014).

Passive microwave remote sensing technology has
been gradually utilized to retrieve large-scale sea ice
thickness because it is not affected by the weather.
Kaleschke et al. (2010) selects a single-tie point (STP) pair
to obtain the initial sea ice thickness based on the SMOS
satellite’s L-band penetration through sea ice, and
Tian-Kunze et al. (2014) built a long-time series SMOS thin
ice thickness product based on the initial sea ice thickness.
The properties of seawater and sea ice vary around the
Arctic, resulting in different values of seawater and sea ice
tie points. Using the STP may lead to under/overestimation
of sea ice thickness in other regions, and the properties of
seawater and sea ice in the relevant regions can be reflected
by partitioning the regions and selecting multi-tie point
(MTP) pairs. In this study, we carried out the MTP for
retrieving the sea ice thickness.

2 Data

2.1 SMOS brightness temperature

SMOS is a ESA-launched second-generation Earth
exploration mission satellite that monitors soil moisture and
ocean salinity. Since the summer of 2010, this satellite has
been taking near real-time measurements and providing
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multi-angle and multi-polarization data. The MIRAS is the
only payload carried by the SMOS satellite, consisting of
69 evenly distributed individual antennas on three Y-shaped
arms and has a working center frequency of approximately
1.4 GHz, a resolution of 30-50 km, and a swath of 900 km.
MIRAS is the first synthetic aperture radiometer in orbit to
use the L-band for observations. Every three days, the
radiometer covers the entire globe, with a daily coverage in
the polar regions (Kerr et al., 2001).

The SMOS LIC brightness temperature is used to
retrieve thin ice thickness. The top of atmospheric (TOA)
multi-angle brightness temperature of the SMOS L1C data
is geographically located at the equal area discrete global
grid system of ISEA 4h9 (Icosahedral Snyder Equal Area
projection with aperture 4, resolution 9, and shape of cells
as a hexagon), with a grid resolution of 15 km (Pinori et al.,
2008). All brightness temperature and auxiliary data for
each SMOS grid cell are collected during data processing,
including the longitude, the latitude, the incident angle, the
Faraday rotation angle, and the snapshot number.

SMOS measurements are influenced by radio
frequency interference (RFI) while receiving microwave
signals due to radar and radio transmissions (Mecklenburg
et al., 2012). Meanwhile, the incident angle, the polarization
mode, and ascending and descending orbits have an impact
on the RFI (Camps et al., 2010). For simplicity, the
threshold is utilized to distinguish the RFI in both
horizontal and vertical polarization brightness temperatures.
If any polarization observation in the snapshot exceeds
300 K, the snapshot is considered RFI contaminated and
should be eliminated (Kaleschke et al., 2012; Tian-Kunze et
al., 2014).

The first Stokes parameter (intensity) is nearly
independent of the incidence angle within 0°—40°. This
parameter is the average of the horizontal and vertical
polarization brightness temperatures and is unaffected by
the Faraday rotation. The intensity is also robust to the
instrument and geophysical errors. The uncertainty
produced by the transfer from the antenna reference frame
to the Earth reference frame can be avoided using the
intensity. Therefore, selecting the intensity to retrieve the
sea ice thickness is preferred.

2.2 AMSR-E sea ice concentration

The AMSR-E microwave radiometer has a frequency
band range of 6.9-89.0 GHz, 12 channels, a resolution of
5.4-56 km, and a scanning range of £55°.

The National Snow and Ice Data Center
(http://nsidc.org) provides Aqua/AMSR-E Arctic sea ice
concentration (SIC) products. The AMSR-E SIC products,
available from 4 May 2002 to 4 October 2011, are provided
on polar stereographic projection at a 12.5-km grid
resolution and a 1-d temporal resolution, and are obtained
based on the Enhanced NASA Team (NT2) algorithm
(Cavalieri et al., 2014; Markus and Cavalieri, 2000).

Based on SIC, seawater and sea ice are classified, and
combined with brightness temperature time series, the
tie-point values of seawater and sea ice are determined.

3 Methods

3.1 Brightness temperature observations

During the sea ice freezing period, we assume a
spatially homogeneous ocean that is entirely covered by sea
ice. Thus, the brightness temperature observed over sea ice
is expressed as:

Tobs = eiceTice (1)
where T, means the brightness temperature observations,
eicc means the sea ice emissivity and 7, means sea ice
physical temperature, in K. The sea ice emissivity with
respect to sea ice thickness (d) is derived as follows
(Kaleschke et al., 2024; Menashi et al., 1993).
_ (=r)(-4r)

1+ Arr, +2Mcos(2ﬂd)

where r is the reflectivity of air to ice, and r, is the
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pand « are the real and imaginary parts of sea ice
attenuation coefficients, respectively. Both o and S

have units of m™'. Here,  is the angular frequency, ¢, is the
speed of light in vacuum, 6; is the incidence angle, and &,
is the complex dielectric constant of sea ice.

Vant et al. (1978) proposed the empirical equation for
calculating the dielectric constant of sea ice depending on
relative brine volume V, (in %o, or per thousand) (Hu et al.,
2023; Xie and Yan, 2024).

Eiee = Ao taiVy + j(ay +a3V%) (%)
where j represents the imaginary part.

The coefficients for calculating the sea ice permittivity
are presented in Table 1. The 1.4-GHz coefficients are
interpolated linearly (Hallikainen and Winebrenner, 1992;
Munoz-Martin et al., 2025), as shown in Table 1.

Table 1 Sea ice dielectric constant coefficient

Frequency/GHz ap a a as
1.0 3.12 0.009 0.039 0.00504
1.4 3.10 0.0084 0.037 0.00445
2.0 3.07 0.0076 0.034 0.00356

Cox and Weeks (1983) proposed an equation for
calculating the relative brine volume for low temperatures.
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Vb — piccSicc (6)
Fi (T) - piceSiceFZ (T)
3 J
Fi,= ZFO ajT @)
Pie =0.917-1.403x107*T; ®)

where p;.. is the density of sea ice in g-cm_3, and Sic.e
represents the sea ice salinity expressed in density units
(gem™). T (Ty) is the sea ice temperature in ‘C. The
functions F(T) and F,(T) are empirical temperature-
dependent functions whose units are defined to ensure
dimensional consistency of Equation (6), and are calculated
using the polynomial coefficients listed in Table 2.

Table 2 Polynomial coefficients for the calculation of the
relative brine volume under low temperatures
7/°C [ 4 0 03
[22.9,-2] —4.732 —22.45 —0.6397 -1.074x107
[-30, 22.9) 9899 1309 55.27 0.716
[-22.9,-2] -8.903x10 -1.763x10% -5.33x10* 8.801x10°°
[-30,—22.9) 8.547 1.089 0.04518 5.819x10°*

Equation (2) is a coherent solution to sea ice emissivity.
The periodicity of the emissivity relative to the sea ice
thickness will be destroyed if the roughness (o4) (e.g.,

RMSD) of the sea ice thickness exceeds one-fourth of the
applied electromagnetic wavelength, and an incoherent
solution will be introduced (Menashi et al., 1993).
_ (=)A= Ar,) | 1= 4rr, exp(-foy)
“ I=Anry | 1+ 4rr, exp(-foy)
Under the typical Arctic condition, Equations (2) and
(9) are simulated under various sea ice thicknesses. The
coherent emissivity has a significant periodicity, a single
emissivity corresponds to diverse sea ice thicknesses, and
the incoherent emissivity increases and tends to stabilize
with the sea ice thickness, which is suitable for retrieving
thin ice thicknesses, as shown in Figure 1. The roughness is
set to an empirical value of 20 cm and a fixed percentage of
sea ice thickness (0.1 d) in the incoherent emissivity. When
the sea ice thickness is zero, the sea ice emissivity produced
by applying a constant sea ice thickness roughness is
inconsistent with the open water emissivity because
roughness is 0 when there is no sea ice, and when the sea
ice thickness roughness increases, 0.1 d should be
introduced as the sea ice thickness roughness.

©)

3.2 Sea ice thickness retrieval

Equations (1) to (7) are simple expressions for the
ground microwave radiation received by SMOS. According
to the semi-empirical approach proposed by Kaleschke et al.
(2010).

Ty =T (T = Ty)exp(~7d) (10)

o
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y  h-Ty
where sea ice tie-point value (7)) means the brightness
temperatures of infinitely thick sea ice, seawater tie-point
value (7,) means the brightness temperatures of open water,
the tie-point pair is chosen from the same grid cell before
and after the freeze-up, and the attenuation factor (), the

least squares optimization is constructed by combining
Equations (1) and (9) to obtain y for the retrieval of the

sea ice thickness.
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Figure 1
emissivity values for various sea ice thicknesses.

Corresponding coherent and incoherent sea ice

Equations (4) and (6) show that some sea ice
parameters, such as sea ice temperature and sea ice salinity,
are required in the process of retrieving the sea ice thickness.
Specific locations are selected as the tie points during the
sea ice freezing period, the brightness temperature time
series is constructed, the seawater and sea ice tie-point
values are derived, and the Arctic sea ice thickness is
obtained by simultaneously using Equations (1) and (10)
(Kaleschke et al., 2010, 2012).

3.3 Tie points selection

The retrieval of sea ice thickness by STP has several
restrictions. The properties (e.g., salinity, temperature) of
seawater and sea ice in different regions are not consistent,
which leads to the inconsistency of 7 and 7;. As a result,
using a STP to retrieve sea ice thickness may not fully
reflect the sea ice thickness characteristics in different
regions.

Due to the lack of spatiotemporal applicability when
using a STP in sea ice thickness retrieval process, resulting
in significant uncertainty in the retrieved sea ice thickness
away from the tie point, therefore, this study extracted MTP
with scene adaptability to jointly retrieve sea ice thickness.

The first issue we must address is how to choose MTPs.
We should know the 7, at the beginning of the freezing
stage and the 7 at the end of the freezing stage within the
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same grid cell. Some issues in the study area which is the
same as Kaleschke et al. (2012) will be encountered if the
areas are evenly divided by geography graticule. For
example, multiyear ice areas only have sea ice tie-point
values; similarly, if sea areas have not frozen, only seawater
tie-point values exist. As a result, multiyear ice and
perennial seawater areas should be avoided, the long-term
sea ice brightness temperature and SIC time series should
be constructed in a point-by-point manner, and points that
are severely affected by dynamics, such as sea ice drift and
wind fields, should be eliminated. To identify stable ice tie
points, a statistical hypothesis test was applied to the
brightness temperature time series. Specifically, a
one-sample #-test was performed at the 5% significance
level. The null hypothesis H, assumes that the mean
brightness temperature of the window is equal to the fitted
sea ice tie-point value, while the alternative hypothesis H|
assumes a significant deviation from this value. Only
brightness temperature time series for which the null
hypothesis could not be rejected were retained as valid sea
ice tie points, whereas brightness temperature time series
showing statistically significant deviations were excluded
from further analysis.

4 Results and discussion

Different tie points are selected; empirical parameters
under a typical Arctic environment, such as bulk sea ice
temperature T;.=—7 C and sea ice salinity Sj..=8 g-kgfl, are
applied; the sea ice thickness on 15 November, 2010, is

retrieved; and the difference between the sea ice thicknesses
retrieved by STP and MTP is investigated.

4.1 Sea ice thickness retrieval of different tie points

The sea ice thickness retrieved by deriving the
seawater and sea ice tie-point values on the basis of the time
series of brightness temperature at different grid cells is
shown in Figure 2. Figure 2a depicts the sea ice thickness
derived from earlier studies of STP (Kaleschke et al., 2012),
77.5°N and 137.5°E. Figures 2b and 2c show the sea ice
thickness derived from the tie point grid cells at 80.7°N,
72.7°E and 79.0°N, and 153.6°E, respectively. The overall
sea ice thickness is lower in Figure 2b than in Figure 2a,
and higher in Figure 2c than in Figure 2a.

The brightness temperature time series and the SIC
during the sea ice freezing period are shown in Figure 3.
During the sea ice freezing period, the sea ice grows, and
the SIC increases more rapidly than the sea ice brightness
temperature. The SIC reaches 100% within a short time, the
sea ice brightness temperature is not synced, and the sea ice
brightness temperature continues to increase and gradually
tends to stabilize.

However, the sea ice thickness increase varies by
region. The STP grid cell locates at 77.5°N, 137.5°E in
Figure 3a, where T} is (105.4+1.1) K. On 20 October, 2010,
sea ice appeared, and the SIC reached 100% on 28 October,
while the sea ice brightness temperature continued to rise,
eventually stabilizing at (247.2+1.1) K. The maximum sea
ice thickness retrieved was 0.56 m. The STP grid cell in
Figure 3b is at 80.7°N, 72.7°E, where T} is (101.3£1.1) K,

70°N

0.0 0.1

0.2

0.3 0.4 0.5

Sea ice thickness/m

Figure 2 Sea ice thickness retrieved according to different tie points on 15 November, 2010. a, b and ¢ show the tie point grid cells at
77.5°N, 137.5°E; 80.7°N, 72.7°E; and 79.0°N, 153.6°E, respectively. The yellow circles are the locations of the tie point grid cells.
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Figure 3 Time series of sea ice brightness temperature (BT) and SIC at different grid cells: a, 77.5°N, 137.5°E; b, 80.7°N, 72.7°E; ¢, 79.0°N,
153.6°E. The shade represents the dynamic effect and should be ignored for retrieving sea ice thickness.

1,327 km away from the STP grid cell in Figure 3a. Sea ice
appeared later, on 17 October. On 30 October, the SIC
reached 100%, and the sea ice brightness temperature
continued to increase, eventually stabilizing at (240.3£1.7) K.
The maximum sea ice thickness retrieved was 0.48 m. The
STP grid cell in Figure 3c is at 79.0°N, 153.6°E, 400 km
away from the STP grid cell in Figure 3a, where T, is
(103.5+0.6) K and sea ice appeared sooner, for the first time
on 11 October, and the SIC reached 100% on 31 October.
The sea ice brightness temperature progressively increased,
and T is (245.2+1.0) K. The maximum retrieved sea ice
thickness was 0.59 m.

Table 3 shows the Arctic sea ice thickness on
15 November, 2010, according to different tie points.
Figures 3b, 3c, and 3a show the largest sea ice thickness
areas, from large to small; the maximum sea ice thickness is
0.48, 0.59, and 0.56 m, respectively; the corresponding
average sea ice thickness is 0.37, 0.40, and 0.36 m,
respectively. This result can be attributed to the inconsistency
of the Tj and T derived from the time series of brightness
temperature at different grid cells and the sea ice thickness.

The shaded parts in Figure 3 represent the dynamic
effect, which causes sudden accumulation or breach of sea
ice and sudden changes in SIC and brightness temperature.
However, the thermodynamic growth of sea ice is given
more weight in the retrieval of sea ice thickness. The sea ice
bright temperature increases with the reduction in

temperature, freezing of sea ice, and increase in thickness
during the sea ice freezing phase and gradually tends to
stabilize. Thus, we ignore the abrupt shift in sea ice
brightness temperature produced by dynamics when
retrieving the sea ice thickness.

Table 3 Arctic sea ice thickness retrieved from different STPs
on 15 November, 2010

Average Maximum Grid cells
Seawater Sea ice tie- - o o8 ximu with

No Location tie-point point value sea ice SeaICe aximum

: thickness thickness .

value To// K T1/K m m sea ice

thickness
a 77.5°N,137.5°E 105.4+1.1 247.2+1.1  0.36 0.56 7,159
b 80.7°N, 72.7°E 101.3+1.1 240.3+1.7 0.37 0.48 13,933
¢ 79.0°N, 153.6°E 103.5£0.6 245.2+1.0  0.40 0.59 9,013

4.2 Results and analysis of sea ice thickness by MTPs

The impact of different STPs on sea ice thickness
retrieval is discussed in the previous section. Multiple STPs
are selected to construct MTP to retrieve sea ice thickness.
In the experimental area, a total of 1,230 tie points are
present according to the selected rules. Four kinds of MTP
combinations are selected for SIT retrieval, as shown in
Figure 4. The first three tie point combinations are included
in all 1,230 tie points.
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Figure 4 Distribution of different MTP combinations. a, 3-tie points; b, 23-tie points; ¢, 230-tie points; d, 1,230-tie points.

According to different MTP combinations, the SIT is
jointly retrieved via the weighted averaging method, the
inverse-distance weighting method was used to calculate
the sea ice thickness at grid points based on the distances to
the selected tie points. The distance between each grid point
and the tie points was calculated using spherical distance
(i.e., the great-circle distance on the Earth’s surface). The
weight was then computed as the inverse of the distance
squared. Although the runtime of the MTP-based thickness
retrieval itself is relatively short, the dominant
computational cost arises from the tie-point selection
procedure, which involves quality control, dynamic filtering,
and statistical testing for each candidate tie point. In
practice, the average processing time required to identify a
single tie point is approximately 5 min. As a result, the total
preprocessing time increases rapidly with the number of tie
points, from minutes for MTP_3 to several days for
MTP_1230. Given that the retrieval accuracies of MTP_ 23,
MTP 230, and MTP 1230 are comparable, MTP 230
represents a practical compromise between retrieval
accuracy and preprocessing efficiency. As shown in Figure 5,
the different MTP combinations reveals yield similar SIT
patterns, indicating the robustness of the proposed method
when identifying the major ice regions. Small local
differences may be observed, but the overall ice distribution
pattern remains consistent.

The results reveal that the process of jointly retrieving
SIT via MTPs is influenced by the nearby tie points. In
addition, the STP grid cell in Figure 2a is located in the
Laptev Sea, resulting in a small difference in the area.
While consistency is exhibited by the overall ice
distributions of different MTP combinations, the selected
combination can still influence the precision of the final SIT

estimates.

We compare the MTP SIT and the original STP SIT
with SIT products, yielding the following results. Tables 4
and 5 present comparisons between the retrieved SIT (from
STP/MTP) and two reference products: SIT BREMEN
(below 0.51 m) and SIT_AWI (below 0.6 m). For the
SIT BREMEN, the maximum retrievable thickness is
limited to 0.5 m, and values exceeding this limit are capped
at 0.51 m. For the SIT_AWI, a threshold of 0.6 m is applied.
Sensitivity tests using alternative thresholds (0.5 m, 0.6 m,
and 0.7 m) indicate that although the absolute values of
mean bias difference (MBD) and root mean square
difference (RMSE) vary slightly with the chosen cutoff, the
relative performance of the retrieval methods remains
unchanged. In all cases, MTP-based retrievals consistently
outperform the STP approach, demonstrating that the
conclusions of this study are not sensitive to the specific
choice of the thin ice thickness threshold. Compared with
SIT BREMEN, the MBD ranges from —0.063 m (STP_a)
to —0.024 m (MTP_230). Compared with the reference, all
the combinations slightly underestimate the SIT, but the
MTPs perform better than the STP does. MTP_230 shows
perfect agreement, wherecas MTP_1230 exhibit small,
nearly identical underestimations; the RMSE decreases
from 0.093 m (STP_a) to a range from 0.073 m to 0.056 m
with different MTP combinations. The RMSE reflects the
same pattern observed in the MBD. MTP 230 yields the
smallest error, followed by MTP 1230 and MTP_23.
STP_a has the highest error, indicating that the STP is less
accurate in terms of estimating SIT. Similarly, in the
SIT AWI comparison, the MBD improves from —0.097 m
(STP_a) to a range from —0.080 m to —0.063 m with MTP
combinations; while these values are slightly greater than
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Figure 5 Sea ice thickness obtained by different MTP combinations. a, 3-tie points; b, 23-tie points; ¢, 230-tie points; d, 2,300-tie points.

those in the SIT BREMEN comparison, the trend still
shows a reduction in bias with more tie points. The RMSE
also decreases from 0.154 m (STP a) to a range from
0.135m to 0.115 m. In contrast, the MTP results
demonstrate superior MBD and RMSE in comparison with
those of the STP. Among the MTP combinations, MTP_ 230
is the most accurate option across both references, with
MTP 23 and MTP_1230 providing similar performance.
These three MTP combinations are equivalent in terms of
precision, especially compared with the STP, which induces
larger errors.

For both comparisons, as the number of tie points
increases, both the MBD and the RMSE exhibit overall
decreasing trends. This suggests that adding more tie
points improves the accuracy of SIT retrieval. However,
after a certain number of points (approximately MTP 23
and MTP_1230), the MBD and RMSE improvements
begin to stabilize. This indicates that while adding more
points helps improve the achieved accuracy, there is a
limit after which additional tie points yield diminishing
returns.

Although Tables 4 and 5 show clear reductions in
MBD and RMSE from STP to MTP, these metrics alone do
not indicate whether the observed improvements are
statistically significant. Therefore, paired ¢-tests were
conducted at the grid-cell level using absolute retrieval
errors to evaluate the robustness of the performance
improvements.

As summarized in Table 6, all MTP configurations
yield positive mean error reductions relative to STP for both
SIT BREMEN and SIT AWI. The corresponding 95%
confidence intervals do not include zero, and the p-values

are all below 0.01, indicating that the improvements from
STP to MTP are statistically significant. These results
confirm that the reductions in RMSE and MBD reported
above reflect a systematic improvement rather than random
variability.

Table 4 Comparison among the SIT obtained by the STP and
MTP with SIT BREMEN below 0.51 m on 15
November, 2010

STPa  MTP 3 MTP 23 MTP 230 MTP 1230
MBD/m  —0.063  —0.043  —0.032 ~0.024 ~0.025
RMSE/m  0.093 0.073 0.063 0.056 0.056

Table 5 Comparison among the SIT obtained by the STP and
MTP with SIT AWI below 0.6 m on 15 November,
2010

STP.a  MTP 3 MTP 23 MTP 230 MTP 1230
MBD/m  —0.097  —0.080  —0.069 ~0.063 ~0.063
RMSE/m  0.154 0.135 0.123 0.115 0.116

In the experiment, considering both efficiency and
accuracy, we select the 23-tie point combination as an
example to analyze the advantages of MTPs in sea ice
thickness retrieval tasks. Figure 6 indicates that the
minimum and maximum distances between each pair of tie
points are 80.5 km and 457.9 km, respectively, with an
average distance of 176.5 km. The details of MTP 23 are
presented in Table 7, where Max (d) is the maximum
retrieved sea ice thickness corresponding to each tie point.
The brightness temperature and SIC time series of each tie
point are displayed during the sea ice freezing period, and
the results are shown in Figure 7.
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Table 6 Statistical significance of the performance improvement from STP to MTP based on paired #-tests of grid-cell absolute errors.

Results are shown for comparisons against the SIT BREMEN (<0.51 m) and SIT AWI (<0.6 m)

STP-MTP comparison (MTP MeanD/m 95% Cl/m
configuration) SIT_BREMEN SIT_AWI SIT_BREMEN SIT_AWI SIT_BREMEN SIT_AWI
MTP_3 0.016 0.013 [0.016, 0.017] [0.013,0.014] <0.01 <0.01
MTP_23 0.024 0.021 [0.023,0.024] [0.020, 0.021] <0.01 <0.01
MTP_230 0.029 0.026 [0.029, 0.030] [0.025, 0.027] <0.01 <0.01
MTP_1230 0.029 0.025 [0.028, 0.029] [0.024, 0.026] <0.01 <0.01

Note: MeanD denotes the mean difference between the absolute errors of STP and MTP (Je_STP|—|e_MTP)|), evaluated against the same reference product.

135°E

90°E

70°N

75°N

80°N

0.0 01
Sea ice thickness/m

03 04 05

Figure 6 The distribution of the 23-tie points, where the yellow circles represent the locations of the MTPs. The base map shows the

retrieved Arctic sea ice thickness from Figure 4a.

As shown in Table 7, the tie point grid cells are not
selected in some areas because to obtain 7, and 77, the time
series of seawater brightness temperature and high SIC sea
ice brightness temperature should both exist at the
beginning and end of the freezing period, as shown in
Figure 3. However, some areas cannot satisfy the
requirements. The brightness temperature and SIC time
series of each MTP are displayed during the sea ice freezing
period, and the results are shown in Figure 7.

Table 7 and Figure 7 show certain commonalities in
the time series of sea ice brightness temperature and SIC
between adjacent tie points. However, the time series at
each location differ because the study area encompasses the
maritime areas.

The tie point grid cells in Figures 7a—7c are located in
the Barents Sea. Among all the tie points, sea ice began to
freeze latest, appeared for the first time on 1 November,
2010, and was affected by the dynamics on 12 November.
The pattern shown in Figure 7c is the most significant,
followed by Figures 7a and 7b, resulting in the decrease of
sea ice brightness temperature and SIC. The SIC reached
the maximum after the decline, while the brightness
temperature continued to rise. The brightness temperature

stabilized at (235.6+1.75) K in Figure 7c, while the sea ice
brightness temperature declined with the SIC on 26 and
24 November in Figures 7a and 7b and varied substantially
before stabilizing at (237.66+1.82) K and (239.09+1.38) K,
respectively. The sea ice brightness temperature and SIC
declined again under the influence of dynamics on
12 December, as shown in Figure 7c, and stabilized on
21 December.

In Figures 7d—7k, the tie point grid cells are located in
the Kara Sea. Since the first appearance of the
corresponding sea ice (1 November, 1 November, 30
October, 28 October, 20 October, 7 October, 7 October,
5 October), which demonstrated that the speed of sea ice
freezing gradually accelerates, and sea ice appears earlier
and earlier. As we can see, the sea ice brightness
temperature and SIC growth curves are similar within
different tie point grid cells, but the sea ice thickness
derived is different, as shown in Table 7, reflecting the
limitations of STP retrieval. For example, the dynamics
affected tie points d and e (Figures 7d and 7e) on 18
October, causing the brightness temperature to rise, in
contrast, tie point d (Figure 7d) was more influenced. The
sea ice brightness temperature and the SIC increased
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Table 7 Information concerning the MTPs used to retrieve sea
ice thicknesses

No. Grid cells To/K T/K Max (d)/m
a 78.9°N, 49.5°E 103.43 237.66 0.58
b 79.2°N, 55.1°E 103.33 239.09 0.55
c 78.6°N, 59.4°E 101.97 235.60 0.58
d 79.5°N, 65.2°E 103.44 239.44 0.53
e 79.7°N, 70.0°E 102.05 241.76 0.54
f 80.5°N, 75.1°E 104.88 237.24 0.52
g 78.6°N, 80.5°E 104.18 236.79 0.57
h 77.5°N, 84.0°E 104.36 237.80 0.60
i 77.0°N, 91.4°E 103.76 241.22 0.59
j 78.0°N, 96.6°E 106.49 245.75 0.58
k 77.6°N, 99.5°E 104.99 241.93 0.52
1 77.2°N, 112.0°E 106.44 245.81 0.53
m 77.5°N, 115.4°E 105.73 243.88 0.57
n 76.0°N, 121.4°E 104.80 244.60 0.52
o 76.3°N, 125.6°E 102.97 244.70 0.54
p 77.3°N, 129.5°E 102.70 242.42 0.57
q 78.7°N, 135.3°E 102.79 243.74 0.52
r 79.2°N, 140.2°E 102.43 245.55 0.61
s 80.2°N, 144.9°E 102.70 244.66 0.60
t 79.9°N, 149.3°E 102.81 244.89 0.57
u 78.7°N, 154.4°E 104.48 244.46 0.56
v 74.7°N, 158.2°E 105.30 243.45 0.55
w 71.4°N, 162.4°E 103.33 239.68 0.58

rapidly after 1 November. The sea ice brightness
temperature and the SIC declined dramatically on
12 November, and then the SIC reached its maximum. The
sea ice brightness temperature increased and was stable at
(239.44+1.76) K and (241.46+1.27) K. The tie point grid
cells in Figures 7h—7k are in the Kara Sea’s east and are
considerably influenced by the dynamics. Sea ice in Figure 7h
appeared earlier than that in Figure 7g and suffered from
dynamic effects. In Figure 7h, sea ice accumulated on
13 October, and the sea ice brightness temperature and SIC
rose. Meanwhile, Figure 7i shows that sea ice broke, and
the sea ice brightness temperature and the SIC suddenly
declined on 13 October because of the dynamics, and there
is a difference between the two sea ice tie points.

The tie point grid cells in Figures 71 to 7r are located in
the Laptev Sea. The figures show that sea ice first appeared
(20 October, 19 October, 16 October, 15 October, 13 October,
13 October, 14 October). The trend is consistent with the
Kara Sea; from west to east, sea ice appeared earlier and
earlier, and the rate of sea ice freezing increased, with the
exception of the tie point shown in Figure 7r, gradually
accelerating to one day earlier than the preceding one.
Unlike tie point 1 (Figure 71), tie point m (Figure 7m) is
significantly affected by the dynamics in the early stage
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before the sea ice appearance. Sea ice began to accumulate
on 9 October, resulting in a sudden increase in the sea ice
brightness temperature and SIC, and then sea ice appeared
on 19 October and gradually grew. No substantial change in
sea ice occurred throughout the later period of sea ice
freezing once the SIC reached 100%. The sea ice brightness
temperatures  stabilized at (245.81+1.48) K and
(243.88+1.23) K. The sea ice brightness temperature then
declined on 30 November, with the decrease at tie point |
(Figure 71) being particularly noticeable. The brightness
temperature increased and dropped again on 22 December.
The rest tie point grid cells are similar in sea ice growth, for
example, the tie point grid cells in Figures 7p to 7r are in
the northeast of the Laptev Sea. These areas are
insignificantly affected by the dynamics, and the first
occurrence time of sea ice is similar. The sea ice brightness
temperature in the later stages of sea ice freezing is
(242.42+1.77) K, (243.74+2.06) K, and (245.55+1.86) K,
respectively, and the sea ice brightness temperature dropped
on 17 December.

In Figures 7s—7w, the tie point grid cells are located in
the East Siberian Sea. The tie point grid cells of Figures 7s
and 7t are in the northwest of the East Siberian Sea and near
the Laptev Sea. Therefore, they are insignificantly affected
by the dynamics like shown in Figure 7r. However, both sea
ice first appeared on 21 October uniformly, later than that
shown in Figure 7r. Figure 7t is similar with Figure 7s. Sea
ice first appeared on 7 October, as seen in Figure 7u. During
sea ice growth, the sea ice brightness temperature and SIC
decreased simultancously on 17 October. Then, the SIC
increased, reaching the maximum on 23 October, while the
sea ice brightness temperature continued to rise, with the
sea ice tie-point value of (244.66+1.12) K. The tie point
grid cell in Figure 7v is 458 km away from the STP grid cell
in Figure 7u; the first appearance of sea ice occurred around
the same time, that is, on 8 October. The tie point grid cell
in Figure 7w is 383 km away from the tie point in Figure 7v
and is located near the coast. On 13 October, sea ice
emerged initially. Given the dynamics, the sea ice
brightness temperature dropped on 12 November and
subsequently stabilized at (239.68+1.92) K.

The dynamics have varied effects on different
locations in the same sea region, as shown in Table 7 and
Figure 7. Furthermore, the brightness temperature time
series at different locations are inconsistent with the SIC
time series, resulting in different seawater and sea ice
tie-point values. Furthermore, the retrieved sea ice thickness
is inconsistent due to the different properties of seawater
and sea ice in different regions. This finding demonstrates
that utilizing MTPs to retrieve the sea ice thickness is more
rational than using the STP. For tie point grid cells 80.5°N,
75.1°E and 79.2°N, 140.2°E, the differences between the Ty
and 7) are 2.45 and 8.31 K, respectively. If the sea ice
thickness is retrieved by tie point 80.5°N, 75.1°E, then the
sea ice thickness of the other areas will be underestimated;
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Figure 7 Sea ice BT and SIC time series. The sequences in the figure correspond to those in Table 7, and the shaded parts are consistent
with those in Figure 3. a—w present the data for tie point grid cells a—w in Figure 6, respectively.
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and at the tie point in the Barents Sea at 78.6°N, 59.4°E, the
sea ice in other sea areas will begin to freeze earlier if the
STP is utilized to retrieve the sea ice thickness because Ty is
lower than others. Therefore, according to the MTPs and
their corresponding areas, the sea ice thickness on
15 November, 2010 is retrieved, as shown in Figure 7.
Several marine areas near the coast in the Laptev Sea and
the Northland Islands are not frozen, in addition to parts of
the Barents Sea and the Kara Sea.

5 Conclusions

The SMOS microwave brightness temperature can be
used to retrieve the thin sea ice thickness. The seawater and
sea ice tie-point values were determined based on the
brightness temperature observation and SIC time series at
the STP grid cell to retrieve the sea ice thickness using the
semi-empirical approach. However, for large-scale areas,
the STP cannot reflect the entire region’s properties, leading
to under/overestimation of sea ice thickness in other regions,
the retrieval has certain limitations.

MTPs are different from STPs in terms of retrieving
SIT, and the accuracy of the SIT retrieved from MTPs is
greater than that retrieved from STPs, revealing more
details. Among all the MTP combinations, MTP 230 was
the most accurate option across both SIT, with MTP_23 and
MTP_1230 providing similar performances. These three
combinations had nearly the same level of precision,
indicating that when the number of tie points reached 23 or
more, the system became sufficiently stable, and further
increasing the number of tie points did not significantly
improve the resulting accuracy. Considering both retrieval
accuracy and the computational cost associated with
tie-point selection, MTP 230 provides a practical balance
between efficiency and performance. Specifically, the
proposed approach can not only demonstrate the variations
exhibited by the properties of seawater and sea ice in
different regions but also provide more accurate estimates
of the initial freezing time and maximum SIT at different
scales.

Due to the different properties of seawater and sea ice
in each sea area, the sea ice freezing period varies, but all
properties show a trend of accelerating sea ice freezing from
west to east. Furthermore, the sea ice brightness temperature
and SIC time series at different tie points, and the retrieved
sea ice thickness are inconsistent with each other.

In this study, the MTP method was primarily validated
using data from the sea ice freezing period. The
applicability and accuracy of the MTP method during the
summer thawing or warming season, when sea ice
properties may significantly change due to temperature
fluctuations and melting, were not evaluated. This remains a
limitation of the current approach, and further research is
needed to assess its performance under these dynamic
conditions.
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