We are IntechOpen,
the world’s leading publisher of

Open Access books
Built by scientists, for scientists

6,600 178,000 19oM

ailable International authors and editors Downloads

among the

154 TOP 1% 12.2%

Countries deliv most cited s Contributors from top 500 universities

Sa
S

BOOK
CITATION
INDEX

Selection of our books indexed in the Book Citation Index
in Web of Science™ Core Collection (BKCI)

Interested in publishing with us?
Contact book.department@intechopen.com

Numbers displayed above are based on latest data collected.
For more information visit www.intechopen.com

Y



Chapter

Spatiotemporal Variation Analysis
of Arctic Sea Ice Thickness and
Volume Based on CryoSat-2
Altimetry Satellite Data

Xubing Zhang, Ruizhi Li, Wenxi Li, Liang Zhang and Kai Wang

Abstract

Sea ice monitoring is helpful to the research of the Arctic channels and climate
environment. Through echo signal classification, re-tracking correction, and other
techniques, data from the Cryosat-2 radar altimetry satellite between 2010 and 2020
facilitated the retrieval of Arctic sea-ice thickness and volume. The study subse-
quently analyzed the variations in the average thickness and volume of first-year ice
and multi-year ice in the Arctic sea ice over the past decade. In the past decade, the
volume of sea ice in the Arctic region fluctuates slightly. The multiyear ice changed
greatly in 2013, while the first-year ice shows an increased rate of both winter growth
and summer ablation. The presence of uncertainties arising from the fluctuations in
sea ice density values and the intricate patterns of Arctic circulation might impart
subtle biases in the measurements of sea ice thickness. However, the sea ice freeboard
and thickness data inverted based on the Cryosat-2 data were validated by the data
obtained through the Operation Ice Bridge (OIB), and the validation results indicated
that they are correspondent.

Keywords: sea ice, Cryosat-2, the Arctic, thickness, volume

1. Introduction

As an indicator of the Arctic climate, the sea ice is affected by the climate change
and reacts to global climate. It is an important indicator of global climate change
research and a window to understanding the current situation and change trend of the
Arctic environment. For a long time, limited by the harsh natural environment of the
Arctic region, the Arctic sea ice observation is high cost and low efficiency. Therefore,
it is difficult to realize the large-scale, multi-scale, and long-time series monitoring.
With the rapid development of remote sensing technology, satellite altimetry has
become an effective method to continuously obtain the accurate global thickness
information on the sea ice [1]. The Earth Explorer Opportunity Mission-2 (CryoSat-2)
satellite which launched in April 2010, with full coverage of the Arctic region and a
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centimeter-level precision [2], could meet the need for long-term monitoring of the
sea ice thickness.

At the same time, the theoretical method of the altimetry satellite inversion of the
sea ice thickness has also attracted the attention of many researchers. In 2003, the sea
ice thickness in the 40°N ~ 81.5°N range was retrieved by Peacock, Laxon et al. based
on the Earth Resources Satellite-1 altimetry satellite [3, 4]. As mentioned in the
articles [3, 4], the sea ice was distinguished from the water according to the pulse
peaks and backscattering coefficients of the radar echo signals. After that, the echo
signals are corrected by the re-tracking algorithm to calculate the elevation of the sub-
satellite point and obtain the elevation difference between the sea ice and the sur-
rounding seawater namely sea ice freeboard. Then, the sea ice thickness is estimated
based on the static equilibrium state of the sea ice, and some parameters such as snow
density and snow depth as well. Currently, the echo signals classification [5-8], re-
tracking correction algorithm [9-12], and sea ice thickness inversion model parame-
ters [13-16] have become hot issues in sea ice thickness monitoring.

To study the changes in the Arctic sea ice thickness between 2010 and 2019, this
paper selects the following data such as the CryoSat-2 data with high accuracy and full
coverage, the MASAM?2 sea ice density product with daily update of the 4 km resolu-
tion grid, the OSI SAF (Ocean and Sea Ice Satellite Application Facility) daily update
product of the sea ice type with 10 km resolution grids, the UCL13 MSS (Mean Sea
Surface model of the University College London 2013) and the ice snow thickness data
with the 24 km resolution grids of daily update produced by the Canadian Meteoro-
logical Center. With the above data, this paper analyzes the variation characteristics of
the sea ice thickness in recent years, which could provide the data basis for the change
trend research of the large-scale sea ice thickness in the Arctic region.

2. Sea ice thickness inversion data
2.1 Cryosat-2 altimetry satellite data

CryoSat-2 was launched by the ESA on April 8, 2010. The Synthetic Aperture
Radar Altimeter (SIRAL), carried by CryoSat-2, includes three modes of operation:
Low-Resolution Measurement Mode (LRM), Synthetic Aperture Radar Mode (SAR),
and Synthetic Aperture Radar Interferometry Mode (SARIn). The LRM model is
primarily used to make measurements of continental ice caps and the vast majority of
the Earth’s ice-free ocean and land areas. The SAR model measures mainly the sea ice
and some ocean basins and coastal areas. The SARIn model measures mainly the ice
cap, mountain glaciers, ground-transfer currents, hydrographic basins, and the coastal
zone regions. In this paper, the L1B data of the SAR model and SARIn model are used
to estimate the Arctic Sea ice thickness before September 2014, and the L1B data of
the SAR model is used to retrieve the whole Arctic Sea ice thickness after this time
point.

2.2 Sea ice density data

The sea ice density product is used to classify the CryoSat-2 radar satellite echo
signal waveforms. We use the SSM/I_SSMIS dataset provided by the National Snow
and Ice Data Center (NSIDC) to obtain sea ice density data from October 2010 to
March 2012, which provides daily and monthly updates of 25 km gridded sea ice
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density data [17, 18]. After October 2012, the MASAM2 (MASIE-AMSR?) dataset
provided by NSIDC was used. Compared with the AMSR2, the MASAM?2 data are less
affected by the weather, have higher accuracy and resolution, and are more accurate
in calculating the sea ice density during sea ice melt. The visualization of the MASAM?2
data is shown in Figure 1.

2.3 Sea ice type data

The sea ice type data could assist in calculating the sea ice thickness. We use the
Ocean and Sea Ice (OSI SAF) dataset produced by the Norwegian Meteorological
Service’s Ocean and Sea Ice Satellite Application Facility (OSSAF), which is a daily
updated 10 km grid sea ice type product from 2005 to the present [19]. A schematic
diagram of the sea ice type data visualized from the OSI SAF for March and October
2018 is shown in Figure 2.

2.4 Sea ice snow thickness data

As the input parameter of the sea ice static equilibrium model, the sea ice snow
thickness data are directly related to the accuracy of the sea ice thickness calculation
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Figure 1.
The MASAM?2 sea ice density data.
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Figure 2.
Schematic diagram of the OSI SAF sea ice type products in March and October 2018.
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results. The daily updated snow thickness data from the Canada Meteorological Cen-
tre (CMC), is a dataset based on the snow depth data provided by the World Meteo-
rological Organization Information System (WMOIS) and daily snow thickness
measurements in the field [20]. A schematic of the monthly average snow thickness
data for March and October 2018 for this dataset is shown in Figure 3.

2.5 The operation ice bridge data

The Operation IceBridge (OIB) science data are used to validate the results of the
sea ice thickness inversion process. IceBridge L4 sea ice freeboard height, snow depth,
and ice thickness data (IDCSI4, IceBridge L4 Sea Ice Freeboard, Snow Depth, and Ice
Thickness) are used to validate the sea ice freeboard and thickness inversion results of
this study [21, 22]. The March 2013 OIB flight path is shown in Figure 4.

2.6 Arctic mean sea surface data

The Mean Sea Surface in the Arctic region is one of the parameters used for the sea
ice freeboard estimation. We use the UCL13 mean sea surface model produced by
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Figure 3.
Schematic of the Canadian Meteorological Centre snow thickness products in March and October 2018.
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Figure 4.
Schematic diagram of the March 2013 OIB flight path.
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University College London (UK) in 2013. Because previous mean sea surface models
of the Arctic lacked satellite data north of 81.5°N, the UCL13 is more accurate over the
entire Arctic region [23-25].

3. Sea ice thickness inversion

The thickness and volume of the sea ice in the Arctic region are estimated in this
paper by using L1b level data from the Cryosat-2 radar altimetry satellite, and the
main steps are illustrated in Figure 5. First, the echo signal data in the Arctic sea
region are denoised. Then, the echo signal classification and re-tracking correction are
performed, and the sub-satellite point elevation is calculated. Finally, the sea ice
thickness is calculated based on the sea ice static equilibrium model, supplemented by
the snow depth and the sea ice density data.

3.1 Data preprocessing

The satellite altimeter transmits and receives the reflected pulse signals to the sub-
satellite point, and the distance from the satellite altimeter to the sub-satellite point is
obtained by calculating the time difference between the transmitted and received
pulse signals [26-28]. Where the echo signal waveform reflected from the sub-satellite
point is recorded in the CryoSat-2 satellite L1b data, the shape of which is shown in
Figure 6. The echo signal information needs to be pre-processed to reduce the back-
ground radiation, the instrument noise, or the waveform anomalies. The satellite data
in the region north of 60°N latitude is also screened to remove waveforms with
missing or mutilated information.

3.2 Echo signal classification

The pulse-peakiness (PP) and the pulse standard deviation so-called stack standard
deviation (SSD) are used to distinguish between the sea ice and the seawater in this
paper [6]. The pulse peak value is used to describe the shape of the echo signal, and
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Select the area north —>| from Terrestrial reflection » Noise Removal Waveform
of 60°N latitude waveform classificatio
A 4
Sea ice thickness Snow Sea ice Diffuse reflection Specular reflection
calculation depth density data waveform (sea ice waveform (inter-ice
X or open water) waterway or thin ice)
A 4 A
Sea ice SnHow Sea ice Mean sea Diffuse reflection Specular reflection
. . level v ¥
elevation correction type el Waveform WavefO.rm
I mode Retracking Retracking
[ |
Removal of -
. . Calculation of sub-
Sea ice freeboard | tropospheric, tidal | Removal of mean ¥ stellar point
calculation X and other ) sea level elevation | elevagon
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Figure 5.

Inversion process of the sea ice thickness.
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Figure 6.
Cryosat-2 measurement waveform. (a) is the specular echo; (b) is the diffuse echo.

the larger the value is, the peak exists in the waveform. The pulse standard deviation is
the standard deviation of the scattering direction of the echo signal. And the larger the
value is, the more dispersed the echo signal reflected from the surface is, conversely,
the reflection direction of the echo signal is concentrated. Pulse standard deviation
values are provided in the L1b file, and the PP value is calculated using the following

equation:

Pmax

Pmean

PP = (1)

Where PP is the pulse-peakiness, P, is the maximum power in the echo signal,
and P, is the average power in the echo signal. Specular echoes occur when the
radar pulses are reflected from a smooth, mirror-like surface such as the sea ice leads
or very thin ice (Figure 6a). Diffuse echoes occur when the radar pluses are reflected
from a rougher surface such as an ice floe or the open ocean (Figure 6b).

Specular echoes are defined as those with a pulse-peakiness greater than 18 and the
SSD less than 6.29 for SAR mode echoes or the SSD less than 4.62 for SARIn mode
echoes. Diffuse echoes are those with a pulse-peakiness less than 9 and the SSD greater
than 6.29 for SAR mode echoes or the SSD greater than 4.62 for SARIn mode echoes
[6]. Subsequently, it is necessary to distinguish the echoes of the sea ice from the
echoes of the ocean, as both are classified as diffuse reflection waveforms. Addition-
ally, the sea ice concentration products MASIE-AMSR? used in this paper only
recorded the regions with sea ice concentration above 70%. We thereby define the sea
ice regions as those with a sea ice concentration greater than 70%, or else, the diffuse
echoes are not trusted to come from either sea ice or open ocean and are removed
from the processing.

3.3 Echo signal re-tracking correction

The distance between the satellite altimeter and the sub-satellite point is calculated
by the time interval between the satellite altimeter transmitting pulse signal and
receiving the echo signal reflected by the ground object. Generally, the time tracking
point of the transmitting signal has been set on the satellite. Similarly, the time
tracking point of the echo signal is pre-set at the midpoint of the waveform sampling
window. However, the actual tracking point would always be offset from the original
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set tracking point, but the round-trip time of the pulse signals is still calculated
according to the positions of the original set tracking points. That it is necessary to
correct the distance differences between the actual tracking points and the preset
tracking points to obtain high-precision height measurement values [29]. In this
paper, a threshold first maximum re-tracker (TFMRA) is adopted, which is based on
the empirical estimation of statistical [15]. The flow chart is shown in Figure 7. The
main formulas are shown in Egs. (2)-(5):

noise

1
Pnoise = Pi 2
7’!015621.: ( )
A= max((Pn)Fim),n =123, ..,N 3)
(A>0.15+ Pyyis)

Th = Pnoi:e + q X (A - Pnoise) (4)

Tp —Pp 1

Re =Gp_1+——7—
e k-1t P, — Py (5)

where noise is the number of the range bins, and the value in the Cryosat-2 echo
signal is generally 6 P, is the noise value of echo waveform. The average value of the
echo power corresponding to the first six range bins is taken as the noise value P, P;
is the echo power corresponding to the range bin i. A is the first peak of the echo
waveform, and it needs to be larger than the sum of 0.15 and the value of P,,;,. P, is
the power value of the normalized echo waveform. # is the number of the range bins,
and the total number of the range bins is 256 in the SAR mode, and 1024 in the SARIn
mode. ¢ is the proportional coefficient namely the threshold value. T, is the power
value of the re-tracking point. Re is the range bin number obtained after re-tracking
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Figure 7.
Flow chart of TFMRA.
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correction, and if it is between two range bins, it would be calculated by linear
interpolation. Gy, ; is the previous range bin corresponding to Re.

3.4 Sea ice freeboard inversion and verification

After re-tracking correction, the sea ice and seawater elevation could be calculated,
and then the sea ice freeboard value is obtained. Figure 8 shows the schematic
diagram. The orbit elevation /. of the altimetry satellite is known and stored in the
L1b file. First, the distance H between the sub-satellite point and the altimetry satellite
is calculated by the round-trip time of the radar pulse. The difference between /., and
H is the elevation value of the sub-satellite point under the reference of the WGS84
ellipsoid. Then the sea ice freeboard is calculated according to the elevation difference
between the sea ice and the sea ice leads. Although some experiments have shown that
the scattering layer of the radar pulse at the ice-snow interface of the sea ice with
snow cover varies with the increase in temperature [30]. However, the variation of
the scattering layer has little effect on the results in the annual sea ice observation
[31]. Therefore, we assume that the radar pulses are scattered at the ice-snow inter-
face, and the formulas are shown in Eqgs. (6)-(8):

hf =hcs — hs, — H — Cg (6)
In

H= % + Cp )

Cr = (bo — b,)Ay (8)

Where /i is the freeboard of the sea ice, representing the height of sea ice above sea
level. Hy, is the elevation of the local sea level. And this paper refers to the elevation
value of the Arctic sea surface model UCL13. C; is the influence of various factors in
the atmosphere on a radar range, such as dry troposphere, wet troposphere, iono-
sphere, ocean tide, geocentric polar tide, and so on. C is the speed of light. t, is the
time in which the radar pulse is transmitted from the satellite and reflected by the
surface of the sub-satellite point, and then received by the satellite. Cp is the re-
tracking correction value. b, is the number of the range bin located in the middle,

H

hj;f Snow % Snow hcs
hnl - ii
Sea Ice g Sea Ice hi
73 hissh
Seawater
Reference ellipsoidal plane

Figure 8.
Schematic diagram of sea ice altimetry.
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which is 128 in SAR mode and 512 in SARIn mode. b,, is the number of the bin
determined by waveform re-tracking and 4, is the bin width (0.2342 m).

Because the electromagnetic waves will travel slower when they move into the
snow layer, it will cause errors in calculating the freeboard. It is necessary to modify
the calculation of the sea ice freeboard. The corrected sea ice freeboard is shown in

Eq. (9) [31]:
fe=fiths (Z— . 1) )

where f, is the corrected sea ice freeboard. f; is the original sea ice freeboard. 4, is
the snow depth. ¢, is the speed of light propagation in a vacuum (3 x 108 m/s). And c
is the speed of light propagation in the snow (2.4 x 108 m/s). Therefore, the corrected
freeboard is simply expressed as:

fe=fi+025%h (10)

To comprehensively evaluate the effect of the echo signal correction based on
TFMRA, the sea ice freeboard values, which were inverted by TFMRA based on the
different threshold g Eq. (4) of the sea ice, are compared with that of the airborne OIB
data. The verification time selected is March 2013, during which the flight missions of
the airborne OIB data are only carried out within seven days from March 20 to 24, and
26 to 27. The flight route was in the sea area of northern Canada. Cryosat-2 satellite
data from March 18 to 29 are selected for inversion verification. The horizontal spatial
resolution of Cryosat-2 is about 300 meters, while that of OIB data is close to 1 meter,
and then the Cryosat-2 data points are sparse and the OIB data points are dense. To
compare the two data, a 5 km resolution grid is made based on the OIB data. The
average value of data points in the grid is used to represent the value of the grid. The
grid containing both Cryosat-2 and OIB data points was selected for comparison. A
total of 1172 grids meet the requirements. Figure 9 shows the freeboard diagram of
the sea ice measured by airborne OIB.

The statistics of the survey points in the 1172 grids are shown in Table 1. The
number of the altimetry points of the Cryosat-2 in the grid is far less than that of the

180° 150°E 120°E
1 1 1

65°N -
Sea Ice Freeboard / m

Por7
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Figure 9.
Schematic diagram of sea ice freeboard measured by airborne OIB in March 2013 (Using WGS 1984 North Pole
LAEA Atlantic projection coordinate system,).
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Total number Mean value Maximum value Minimum Median

OIB high points 78,696 67.20 155 1 69
Cryosat-2 high points 12,034 10.28 42 1 8
Table 1.

Inversion of the number of high points in 1172 grids.

airborne OIB, and the altimetry points of both data are not evenly distributed in the
grids. Inevitably, there are some errors between the measured values of the Cryosat-2
data and that of the airborne OIB. Comparing the altimetry data of Cryosat-2 within
10 days and the measured data of the OIB within 7 days. Because of the inconsistent
timing of the acquisition of the two types of data, it is possible that the sea ice
thickness changed during this period, resulting in some errors between the Cryosat-2
and the OIB data.

Calculating the sea ice freeboard requires the local sea level elevation. We use
UCL13 mean sea level elevation model produced by the University of London to
obtain the sea level elevation of sea ice. The threshold g Eq. (4) is significant to the
results of the TFMRA. Therefore, the threshold g of the sea ice was set to 0.5, 0.6, 0.7,
and 0.8 to correct the sea ice echo signal by TFMRA, respectively. The sea ice free-
board values are calculated based on the UCL13 sea level average elevation model and
the Canadian snow data set, and the results compared with the OIB measurements are
shown in Table 2.

The scatter plots based on the airborne OIB measurements and the inversion
freeboard values on different thresholds are shown in Figure 10. Every scatter point
denotes the inversion freeboard mean value and the OIB measurement mean value of
the altimetry points in the same grid abovementioned. The scatter plot shows the
difference in the number and distribution of the inversion freeboard values and OIB
measurements in the grids. Ideally, the more points are concentrated in the line of
y = X, the closer the inversion freeboard values are to the OIB measurements, which is
more consistent with the actual situation.

As shown in Figure 10a, the scatter points are concentrated in the lower right area,
which means that the inversion freeboard values are generally larger than the OIB
measurements, and the largest deviation is 18.7 cm, when the threshold is set to 0.5.
As shown in Figure 10c, the scatter points are relatively evenly distributed on both
sides of the y = x line, which means that the inversion freeboard values are generally

OIB TFMRA-50% TFMRA-60% TFMRA-70% TFMRA-80%

data/m threshold threshold threshold threshold
value/m value/m value/m value/m
Mean value 0.380 0.567 0.463 0.361 0.263
Mean difference / 0.187 0.083 —0.019 —0.117
RMSE / 0.257 0.198 0.187 0.222
Correlation coefficient / 0.512 0.463 0.427 0.385

The significance of “/” is that values are missing.

Table 2.
Comparison of airborne OIB freeboards and sea ice freeboards based on different threshold values of the sea ice
according to TFMRA.
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Figure 10.
Freeboard scatters point inversion based on different thresholds of TFMRA and OIB. (a) 50% threshold inversion;
(b) 60% threshold inversion; (c) 70% threshold inversion; (d) 80% threshold inversion.

closer to the OIB measurements, and the average deviation is 1.9 cm, when the
threshold is set to 0.7. Overall, compared the four plots of Figure 10 the freeboard
inversion results are the most consistent with the actual situation when the threshold
is set to 0.7.

3.5 Sea ice thickness inversion and verification

According to the actual situation of the sea ice in the Arctic ocean, it is assumed
that the sea ice covered with snow is in equilibrium with the seawater. The sea ice
thickness could be calculated by the static equilibrium model [3], as shown in Eq. (11):

_f P+ hsps
Pw — Pi

hi (11)

where }; is the sea ice thickness, f. is the sea ice freeboard, and p,, is the density of
the seawater. In this paper, the seawater density is 1023.9 kg/m®. &, is the snow
thickness on the sea ice, referring to the snow thickness data of the Canada Meteoro-
logical Center. p; is the snow density on the sea ice, referring to Spreen [32], being
330 kg/ m>. p; is the sea ice density, which is 882.0 kg/m3 for multi-year ice density and
916.7 kg/m3 for first-year ice density, referring to Alexandrov [33].

In most cases, the hydrostatic equilibrium model is applicable to the calculation of
sea ice thickness. However, sometimes, as the thinner sea ice is pressed by the thick
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Figure 11.
Static equilibrium model in various cases (from left to right, the freeboard value is positive, zero, and negative).

snow and fluctuates up and down by the wave influence, and the seawater may
penetrate the sea ice snow and form a snow-water mixture (Figure 11) [34, 35]. Under
these circumstances, the sea ice freeboard values measured by the satellite altimeter
may be zero or negative.

When the freeboard of sea ice is zero or negative, the properties of the snow-water
mixture layer are very different from those of the sea ice and the snow cover. There-
fore, when the snow cover, snow water mixture, and the sea ice are in equilibrium in
the seawater, the calculation formula of the sea ice thickness is shown in Egs. (12) and
(13) [36]:

p =P " Pw gy P (12)

Pw — Pi w — Pi

hap, = —hs (13)

where h;, hs, p,, ps and p; are the same as the Eq. (11). k¢ is the freeboard height of
sea ice, hgy, is the thickness of the snow water mixture, and pyy, is the density of the
snow water mixture. The thickness of the snow-water mixture layer is equal to the
absolute value of the sea ice freeboard, and its density is 940 kg/m? [37].

To verify the availability of the inversion results of the sea ice thickness, the
inversion results were compared with the airborne OIB data. The abovementioned
5 km resolution grids based on OIB data are adopted here. The grids containing
Cryosat-2 and OIB data points were selected for verification. A total of 1025 grids met
the requirements. The sea ice thicknesses measured by the airborne OIB are shown in
Figure 12. The Canadian snow data product and UCL04 snow thickness model are
used to calculate the sea ice thickness, and the results are compared with the airborne
OIB measurement data, respectively as shown in Table 3.

As shown in Figure 13, at sea ice thickness of less than 1 m, there is a large
difference between the calculated sea ice thicknesses of the Canadian snow data
product and the UCL04 snow thickness model. The points in Figure 13a are scattered,
while the points in Figure 13b are closer to the x = 1 line. Can be introduced on sea ice
thinner than 1 meter, UCL04 have larger thicknesses of the snow on the sea ice than
that of the Canadian snow data.

When the reversion values of the sea ice thicknesses are greater than 1 m, the
points in Figure 13a and b are distributed consistently and concentrated in the lower
right region of the y = x straight line, indicating that the Canadian snow data product
and the UCLO04 have almost the consistent snow thicknesses.
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The sea ice thicknesses were measured by airborne OIB in March 2013 (Using WGS 1984 North Pole LAEA
Atlantic projection coordinate system,).

Thickness  Sea ice thickness calculated by Sea ice thickness calculated

measured by  combining Canadian snow by combining UCL04 snow
OIB /m cover thickness/m cover thickness/m
Mean value 2.239 2.764 2.961
Mean difference / 0.525 0.722
RMSE / 0.882 1.085
Correlation coefficient / 0.756 0.675

The significance of “/” is that values are missing.

Table 3.
Comparison of the inversion values of the sea ice thicknesses based on different snow products and the sea ice

thickness measured by airborne OIB.

W / SSUYIIY) JUIWIMSLIW [0
w

W / SSAUYIIY) JUIWIMSEIW [0
w

0 1 2 3 4 5 6 0 1 2 3 4 5 6
Sea ice thickness / m (Canada) Sea ice thickness / m (UCL04)

Figure 13.
Scatter plot of inversion values of the sea ice thicknesses based on different snow products and the sea ice thicknesses
measured by OIB.
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Combined with Table 3, the average reversion values of the sea ice thicknesses
based on the Canadian snow data are closer and more correlated to the airborne OIB
measurements. The slightly larger reversion values than the OIB measurements may
be due to the low signal-to-noise ratio of the snow radar echo signal in the ice ridge
region used in the OIB, which resulted in the underestimation of the actual sea ice
thickness by the airborne OIB [38]. In summary, the Canadian snow data products are
largely reflective of Arctic Sea ice thickness variability.

In summary, compared to the sea ice inversion values based on the UCL04, the
inversion values based on the Canadian snow data have a smaller average difference
and a higher correlation coefficient with the OIB measurements, therefore the Cana-
dian snow data product was adopted here to invert the sea ice thickness.

4. Sea ice thickness and volume change analysis in the arctic
4.1 Analysis of Arctic Sea ice thickness variation

According to the above steps, the Arctic sea ice thickness data are inverted based
on the Cryosat-2 data. It is notable that since the limitation of the sea ice concentration
products MASIE-AMSR2 (Section 3.2) the inversion sea ice thickness data are distrib-
uted only in the regions where the sea ice concentration is greater than 70%. And then
the inversion sea ice thickness data are divided using a 5 km resolution grid north of
60°N (Stereographic North Pole for projection). The sea ice thickness of each grid is
represented by the average of the sea ice thickness of the data points within the grid,
and if there are less than 5 available altimetry points in this grid, the average of the sea
ice thicknesses of the surrounding 8 grids would be taken as the sea ice thickness of
this grid. Studies show that the annual sea ice coverage area was greatest in March,
and as temperatures rose in April, the sea ice continued to melt and the sea ice
coverage area and thickness decreased to the lowest point in October [39]. Therefore,
to highlight the change of sea ice, the sea ice thicknesses in March and October are
inverted and compared in this paper.

Figures 14 and 15 depict the schematic distribution of the sea ice thickness in
October and March in the last decade. The sea ice coverage is almost all in the core
area of the Arctic Ocean. In October, there is almost no sea ice grid in the Chukchi,
Beaufort, and the Barents Seas, and only a few in the East Siberian and the Kara Seas.
Figure 16 depicts the grids of the different sea ice thicknesses, where the horizontal
coordinate is the thickness of the sea ice, the vertical coordinate is the number of
grids, and the different colored polygonal lines represent different years.

We can see that, in October, the sea ice is mostly 1-2 meters thick, while in March,
it is around 2 meters thick.

According to Figure 16a, sea ice in October 2016 exceeded subsequent years in
terms of the grid amount and the thickness, which showed a decreasing trend after
2016. In particular, the grid amount of the sea ice thickness being no less than 2 m was
the lowest in October 2011, and the grid amount of the sea ice thickness is less than
2 m was lowest in October 2018. Figure 16b shows that the grid amount of the sea ice
thickness arrives to the highest peak when the sea ice thicknesses are around 2 m in
March of each year. Furthermore, the highest peak grid amount was the largest in
March 2020 and lowest in March 2018.

The average sea ice thicknesses in March and October from 2010 to 2020 are
shown in Figure 17. There are large fluctuations in the average sea ice thickness [40].
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Figure 14.
Sea ice thickness distribution in October from 2010 to 2019.

In October 2011, compared to October 2010 the average sea ice thickness decreased by
26.13%, or 0.38 m, which is also the largest decrease in the average sea ice thickness in
nine years. In October 2013, compared to October 2012 the average sea ice thickness
showed a significant increase of 22.88% or 0.27 meters. In March 2014, compared to
March 2013 the average sea ice thickness increased by 15.55%, or 0.29 m. It reached
the maximum value of the average sea ice thickness in the past nine years. In March
and October 2015, compared to October 2014 the average sea ice thickness decreased
by 2.29% and 7.75%, respectively. In October 2016, the average sea ice thickness
showed a significant increase of 12.57%. And in March and October 2017, the average
sea ice thickness changed very slightly, with the changes both within 1%. In October
2018, the average sea ice thickness showed a small increase with 10.71% growth. In
March 2019, the average sea ice thickness increased by 5.4%. In March 2020, the
average sea ice thickness decreased by 7.82%. The average sea ice thickness showed a
significant increase in March 2014 and a small decreasing trend in the rest of the
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Figure 15.
Sea ice thickness distribution in March from 2011 to 2020.

years, with an average annual change rate of —0.51%. Overall, the variation of the
average sea ice thickness in March is relatively stable over the years.

October is the end of autumn in the Arctic region, and the Arctic will enter a long
winter in November. After the melting of the peripheral sea ice in summer, only the
sea ice remains in the core of the Arctic region. The average sea ice thickness change in
October is consistent with the trend of the multiyear ice volume change. Before 2013,
the average sea ice thickness was highly variable. After 2013, the average sea ice
thickness decreased slightly in 2015 and increased slightly in 2018. The annual mean
sea ice thickness decreased by 0.012 m in October 2019 compared to October 2010,
with an average change of 0.18%. In general, there are small fluctuations in the
average thickness change of sea ice in October over the years, and the overall trend is
stable. This is consistent with the findings of Hiroshi Sumata et al. [41] and Feng
XIAO et al. [42] on Arctic sea ice thickness.
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Figure 16.
Frequency and sea ice thickness in March and October from 2010 to 2020.
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Figure 17.
The average thickness of sea ice in Mavch and November from 2010 to 2020.

4.2 Analysis of volume changes of first-year ice and multiyear ice

To further analyze the process and trend of sea ice change, the volume of first-year
ice and multiyear ice was calculated separately over the years. Figure 18 shows the
variation of the sea ice volume in March from 2011 to 2020, and Figure 19 shows the
variation of the sea ice volume in October from 2010 to 2019.

There are small fluctuations in the total sea ice volume in March from 2011 to
2020, And from 2013 to 2014, the total sea ice volume increases by 10.41%. In
addition, in 2020, the total sea ice volume decreases by 10.08%, and in the rest of
the years, the volumes of the sea ice show some fluctuations with the variation
rate being within 5%. Overall, the total volume of sea ice in the Arctic region
was relatively stable in recent years. However, by analyzing the variations of the
multi-year ice and the first-year ice volume, they appeared opposite trends in
recent years. Multi-year ice volume increased by 61.93% in 2014 and 22.70% in 2017,
while showing a continuous decreasing trend in 2018 and beyond. First-year ice
volume decreased by 12.40% in 2014 and 12.51% in 2020, and increased by 15.53% in
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Figure 18.
Folding line graph of sea ice volume change from Mavch 2011 to 2020.
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Figure 19.
Folding line graph of sea ice volume change from October 2010 to 2019.

2018 and 18.85% in 2019. The volume changes of the first-year ice and the multi-year
ice showed a negative correlation. The growth of one side was accompanied by the
decrease of the other side.

From 2010 to 2019, the sea ice volume in October was highly variable. It decreased
significantly in 2011 and showed a large increase in 2013. Furthermore, after 2017, the
sea ice volume showed a continuous downward trend. Because usually, the life period
of the first-year ice would not exist more than one summer, after the summer, the
first-year ice maintains a very low total volume in October, and the volume variation
of the multi-year ice would be consistent with the volume variation of the total sea ice.
The first-year ice volume remained stable in 2014 and before. Except in 2017, the
volume of the first-year ice increased to close to the pre-2014, it changed fluctuated
less during the rest of the years. As shown in Figure 18, the first-year ice volume
shows an increasing trend in March 2017. Overall, in recent years, the first-year ice in
the Arctic region grew rapidly in winter and melted in summer, while the amount of
the first-year ice which became the multi-year ice through the summer decreased.
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In summary, from 2010 to 2019, the total volume of the sea ice in March over the
years remained stable, which is consistent with the findings of Julienne Stroeve et al.
[43]. The total volume of sea ice in October over the years fluctuates less after 2013,
but the overall trend is gradually decreasing. However, the total multi-year ice volume
showed a decreasing trend [44]. In winter, the increase of the total first-year ice hided
the decrease of the total multi-year ice, and the change of the total sea ice volume was
not obvious. While in the summer, much first-year ice melted, therefore the increase
of the total first-year ice would be hard to compensate for the loss of the total multi-
year ice.

5. Conclusion

In this study, the sea ice freeboard and thickness are calculated by the TFMRA
algorithm based on the CryoSat-2 satellite L1b altimetry data in the ocean region north
of 60°N latitude, including the echo signal preprocessing, waveform classification,
and re-tracking correction. Furthermore, the thickness results were made into a grid
of 5 km grid resolution and the average sea ice thickness and volume were calculated.
From 2010 to 2020, the variation of the average sea ice thickness in March is relatively
stable over the years. And there are small fluctuations in the average thickness change
of the sea ice in October over the years, while the overall trend is stable. On the other
hand, the total sea ice volume showed some small changes in recent years, while tends
to decline slowly in general. The first-year ice shows a trend of increasing winter
growth and summer ablation with a similar amount of growth and ablation. Decrease
in the number of volumes of first-year ice transformed into multi-year ice. The total
amount of the multi-year ice changed sharply in the previous years, while showing a
slow decreasing trend in recent years.

Our results show that the errors are present in current estimations of Arctic sea ice
thickness. Firstly, the threshold q used to calculate echoes is an empirical value, which
might introduce some errors in a small range. Secondly, due to the limited amount of
Cryosat-2 altimetry data available, the sea ice thickness inversion results exhibit some
striped contamination, which may lead to errors. Furthermore, uncertainties arising
from changes in snow thickness, sea ice density, snow density, seawater density
values, and Arctic circulation patterns can impact the accuracy of sea ice thickness
inversions to varying degrees.

Despite these uncertainties, the CryoSat-2 altimetry satellite method offers high
accuracy and volume, making it a reliable tool for monitoring Arctic sea ice. In future
research, we aim to further investigate the variability of Arctic sea ice thickness for a
more comprehensive understanding of this important area.
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