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Abstract: To understand the influence of sea ice on shipborne gravity measurements and the accuracy
of the satellite-altimetry-derived gravity field in the Arctic Ocean, we compared shipborne gravity
measurements with those obtained from satellite altimetric gravity measurements. The influence of
sea ice on the shipborne gravity measurements was mainly concentrated in the 0-6 km wavelength
range, and the standard deviation of the noise amplitudes was 2.62 mGal. Compared to ice-free
regions, the accuracies in the region with floating ice were reduced by 13% for DTU21 and 6% for
SV31. Due to the influence of sea ice, satellite altimetric gravity data lose significant information in
the 9-12 km wavelength range. The coherence curve of the shipborne gravity with bathymetry was
nearly the same as that of the satellite altimetric gravity. The satellite data contain nearly all of the
significant information that is present in the shipborne data. The differences between the shipborne
and satellite gravity data are small and can be used to study the crustal structure of the Arctic.

Keywords: Arctic Ocean; sea ice; shipborne gravity data; satellite altimetric gravity data

1. Introduction

Marine gravity data can provide important constraints on the density structure of the
lithosphere [1-4]. With the development and application of satellite technology, satellite
altimetry data have become the important data source for marine gravity fields. In recent
years, a number of new satellite altimetry missions, such as Jason-2, Cryosat-2, Altika
and Sentinel-3A, have been launched [5-7], which significantly increases the amount of
altimetry data available for marine gravity field determinations. This greatly improves
the resolution of global gravity fields and causes the data quality in some regions to be
comparable with that of shipborne gravity observations [8].

The harsh environment and cover of sea ice in the Arctic Ocean seriously hinder
the collection of geophysical and geological data. The satellite altimetric gravity field
model has become the main tool to study the lithospheric structure of the Arctic Ocean.
Therefore, a quantitative analysis of the accuracy of the current Arctic gravity model is
important for the study of its geological structure. In ice-covered regions, complex radar
echoes confuse the data processor and corrupt the standard altimetric data products [9].
Although altimetric gravity data can be derived by reprocessing the data from the ice-
covered regions [10], the data quality is reduced compared to that of ice-free regions [9]. In
addition, the shipborne gravity data contain noise due to the collision between the ship
and the sea ice [11]. Currently, the influence of sea ice on gravity measurements and the
accuracy of the current gravity model in the Arctic Ocean are still unclear due to the scarcity
of shipborne gravity data.
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Since 1999, China has carried out 11 Arctic research expeditions, which have obtained
large amounts of shipborne gravity data and multibeam bathymetry data. This provides
us with a good opportunity to analyze the influence of sea ice on gravity measurements
and assess the accuracy of the current gravity model in the Arctic Ocean. By using the ship-
borne gravity and multibeam bathymetry data that were collected by five Arctic research
expeditions, the satellite-derived gravity model, and the sea ice thickness and concentration
data, we analyzed the spectra of the shipborne gravity data from the ice-covered regions,
the differences and coherences between the shipborne and satellite altimetric gravity data,
as well as the coherence between gravity and bathymetry. This not only provides reliable
data analysis results for scholars to study polar regions by using gravity data, but also
provides a basis for improving the processing method for gravity data in polar regions.

2. Data

Here, we selected the shipborne gravity data of five Arctic research expeditions,
including the fifth Arctic research expedition in 2012, the sixth Arctic research expedition
in 2014, the seventh Arctic research expedition in 2016, the ninth Arctic research expedition
in 2018, and the eleventh Arctic research expedition in 2020. We refer to these data as
Arctic-12, Arctic-14, Arctic-16, Arctic-18, and Arctic-20, respectively. The Chinese icebreaker
research vessel employed was “Xuelong”, which has the ability to break 1.2 m of ice and
0.2 m of snow while operating at a speed of 1.5 knots. We selected gravity survey lines
with speed changes of no more than 1 knot, course changes of no more than 10°, and
measurement times of more than 60 min as the effective data. We selected 119 gravity
survey lines with a total of 2,833,023 observed points (Table 1, Figure 1). We processed the
original gravity data and corrected for various errors, including time constant corrections,
normal field corrections, Eotvos corrections, zero drift corrections, and free-air corrections,
to obtain the free-air gravity anomalies (FAA, Table 1). Figure 2 shows the crossover errors
of the five Arctic research expeditions. In the ice-free regions, the crossover error was
mostly less than 2 mGal. The average crossover errors of Arctic-12, Arctic-14, Arctic-18, and
Arctic-20 are 0.48, 0.99, 0.33, and 0.4 mGal, respectively. In ice-covered regions, the average
crossover error is 2.7 mGal due to the influence of sea ice. The Arctic-18 and Arctic-20 data
featured the densest survey lines (Figure 1), which were generally closer than 4 km. In
addition, Arctic-18 and Arctic-20 also collected multibeam bathymetry data. Therefore,
we used the gravity data and multibeam bathymetry data of Arctic-18 and Arctic-20 for a
two-dimensional comparison with the satellite altimetric gravity data.

Table 1. Information on gravity survey for each cruise of Arctic research expeditions.

Survey Number of Leneth (km) Minimum Maximum Mean St;rilggfi
Lines Observations & (mGal) (mGal) (mGal)
(mGal)

Arctic—12 29 906,789 11,062 —49.6 129.3 2.9 22.3
Arctic—14 20 717,961 2124 —72.4 59.3 —6.3 19.1
Arctic—16 15 375,841 2239 -78.8 39.9 -10.9 16.6
Arctic—18 15 180,014 1088 —58.6 69.8 5.6 36.8
Arctic—20 40 652,418 4486 —429 441 4.0 17.8

Here, we used the latest global marine gravity datasets that contain new altimetry data
from two polar-orbiting satellites (e.g., Cryosat-2 and SARAL/AltiKa): the DTU21 gravity
model at 1’ x 1’ from the Danish Technical University and the satellite-altimetry-derived
free-air gravity model at 1 x 1’ provided by Sandwell et al. [12]—version 31.1—hereafter
referred to as “SV31”. DTU21 used the EGM2008 gravity model [13] to fill north of 88° N in
order to ensure global coverage. However, the data coverage of SV31 is limited to 80° N/S.
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Figure 1. Ship track marine gravity used in the study. The green, blue, and red lines indicate gravity
survey lines in an ice-free, a moderately ice-covered, and concentrated ice-covered region, respectively.
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Figure 2. Crossover errors of shipborne gravity. The abscissa represents different survey voyages.
The solid circles of different colors indicate crossover errors of different survey voyages in an ice-free
region. The hollow circles indicate crossover errors in an ice-covered region. Numbers without
shadow and gray boxed numbers indicate the mean =+ standard deviation of crossover errors of
ice-free and ice-covered regions, respectively.

Sea ice thickness and concentration data were provided by the Polar Science Center.
These data were derived from the Global Ice Ocean Modelling and Assimilation System
(GIOMAS) [14-16].
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3. Data Comparison and Analysis
3.1. One-Dimensional Analysis

The satellite altimetric gravity data were sampled along the ship tracks, and the
shipborne gravity data were resampled at 1’ intervals to match the satellite-altimetry-
derived gravity field.

The gravity survey lines were divided into 55 ice-covered gravity survey lines and
64 ice-free gravity survey lines according to the sea ice thickness and concentration data
and some voyage reports (Arctic-14 and Arctic-16). When the ice conditions were extreme,
low-frequency gravity data were superimposed with a large number of high-frequency
noise (Figure 3). We calculated the power spectra of the shipborne and satellite altimetric
gravity data (red lines in Figure 1) that were seriously affected by sea ice at different
wavelength ranges by using fast Fourier transforms to investigate the wavelength range
of the influence of sea ice on shipborne gravity measurements (Figure 3). Profiles Ice-3
and Ice-4 only featured DTU21 gravity data due to the fact that they were located north
of 80°N, which is outside the data range of SV31. As shown in Figure 3, at wavelengths
greater than 10 km, the power spectrum curve of the shipborne gravity data was in good
overall agreement with those of DTU21 and SV31, which indicates that their waveforms
featured good consistency at long wavelengths. When the wavelengths were less than
10 km, the power spectrum curves of the DTU21 and SV31 data dropped rapidly, while the
curve of the shipborne gravity data remained unchanged or even rose. This was due to
the fact that satellite-altimetry-derived free-air gravity data did not recover a wavelength
shorter than 10 km. When the wavelengths are less than 6 km, the power spectrum curves
of the shipborne gravity data became significantly uneven, indicating that the gravity data
were disturbed by noise. We speculate that this was likely to have resulted from sea ice.
The collision between the ship and the sea ice made the speed and direction of the ship
change dramatically, resulting in high frequency gravity noise. Therefore, we suggest that
the influence of sea ice on shipborne gravity measurements was mainly concentrated in the
0-6 km wavelength range. The shipborne gravity data were filtered by using a Blackman filter
in order to eliminate the noise caused by the sea ice. In addition, to better quantify the influence
of sea ice on the shipborne gravity measurements, we compared the differences between
the unfiltered and filtered shipborne gravity data. The standard deviation of the differences
between the unfiltered and filtered shipborne gravity data was 2.62 mGal, which can be
regarded as the amplitude of the influence of sea ice on the shipborne gravity measurements.

We calculated the differences between the shipborne and satellite altimetric gravity
data over the ice-covered and ice-free regions (Figure 4) in order to analyze the influence
of sea ice on satellite altimetric gravity and the accuracy of the new satellite-altimetry-
derived gravity fields (DTU21 and SV31) in the Arctic Ocean. In the ice-free regions, the
standard deviations of the differences between the shipborne and satellite altimetric gravity
data were 3.1 mGal for DTU21 and 3.1 mGal for SV31. In the ice-covered regions, the
standard deviations of the differences between the shipborne data and DTU21 data and
the SV31 data were 3.5 and 3.3 mGal, respectively. Due to the influence of sea ice, the
accuracies of the DTU21 and SV31 data were reduced by 13 and 6%, respectively. Andersen
and Knudsen [17] analyzed the accuracy of DTU17 gravity data in the Arctic Ocean by
comparing DTU17 with high-quality airborne data flown north of Greenland. The results
showed that the standard deviation of the difference between the airborne gravity data
and DTU17 was 3.78 mGal. Therefore, the accuracy of DTU21 was improved by 7-13% in
the Arctic Ocean. This was primarily due to the recent inclusion of the new Cryosat-2 and
SARAL/AltiKa satellite altimeter data.
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Figure 3. Profiles and power spectra of shipborne and satellite altimetric gravity that were seriously affected
by sea ice (solid red lines in Figure 1). The figures in the left column show the free-air gravity of profiles.
The figures in the right column show the power spectra of free-air gravity. The black, red, and blue lines
indicate the shipborne gravity data, SV31 gravity data, and DTU21 gravity data, respectively.

We also calculated the coherence between shipborne and satellite altimetric gravity.
The coherence curve tended to 1, which indicates that the shipborne and satellite altimetric
gravity curves featured nearly the same waveforms. Since shorter gravity survey lines
contain less wavelength information, we selected lines with lengths greater than 80 km
for the coherence analysis. The coherence transition wavelength (CTW) is defined as
the wavelength at which the coherence is 0.5 and can be regarded as an approximation
of the wavelength at which the transition from a coherent curve to an incoherent curve
occurs [18,19]. Figure 5 shows the CTWs of the ice-covered and ice-free gravity data. In the
ice-covered regions, the satellite altimetric gravity data were nearly incoherent with the
shipborne gravity data below a wavelength of 10 km, and the CTWs of some gravity survey
lines were even greater than 17 km. However, in the ice-free regions, the maximum CTW
was 11.8 km, and at some points, the coherence between the shipborne and the satellite
altimetric gravity reached 5.2 km. The average CTWs of the ice-covered and ice-free gravity
data are 12-12.9 and 9.2-9.5 km, respectively, which indicate that the satellite altimetric
gravity data lose significant information in the 9-12 km wavelength range due to the
influence of sea ice.
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Figure 4. (a-d) Difference between shipborne and satellite altimetric gravity in different ice conditions.
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Figure 5. (a—d) Coherence transition wavelengths between shipborne and satellite altimetric gravity in
different ice conditions. Blue and red columns indicate ice-covered and ice-free regions, respectively.

3.2. Two-Dimensional Analysis

A two-dimensional comparison of the FAAs that were derived from satellite altimetry
with those that were obtained from the shipborne gravity data of Arctic-18 and Arctic-20
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was conducted in order to more comprehensively analyze the accuracy and application
of satellite altimetric gravity data in the Arctic Ocean. To better quantify the differences
between the shipborne and satellite altimetric gravity data, we gridded the shipborne
gravity data at 1’ x 1’ intervals and limited the comparison range to the region covered by
the shipborne data. The Arctic-18 data were located at Northwind Basin. Figure 6a shows
the shipborne free-air gravity anomaly. The survey area covered an area of approximately
5000 km?. Figure 6b shows the multibeam bathymetry in the survey area, and the water
depths vary from 650 to 2220 m. The eastern and western parts of the survey area feature
two obvious areas with high terrain where the water depths are below 1000 m. The water
depths in the middle of the survey area exceed 2000 m, except for two linear uplifts with
1500 m water depths in the south. Figure 6¢,e show the free-air gravity anomalies (FAA)
for the SV31 and DTU21 data, respectively. The overall FAA variation patterns of the
shipborne and satellite altimetry looked very similar and agreed well with the topography.
Figure 6d,f show the differences between the shipborne gravity data and SV31 and DTU21
data, respectively. The standard deviations of the differences between the shipborne gravity
data and satellite altimetric gravity data were 5.0 mGal for SV31 and 5.6 mGal for DTU21.

[mGal] [mGal]
-60 -40 -20 0 20 40 60 -60 -40 -20 0 20 40 60

[mGal] [mGal]
-2000 -1600 -1200 -800 -10 0 10 20 -20 -10 0 10 20

Figure 6. (a) Shipborne FAA map of Arctic-18. (b) Bathymetry of Arctic-18. (c) SV31 FAA map
of Arctic-18. (d) Difference between shipborne and SV31 free-air gravity. (e) DTU21 FAA map of
Arctic-18. (f) Difference between shipborne and DTU21 free-air gravity.

The Arctic-20 data were located on the Mendeleev Ridge and Chukchi Basin. Figure 7a
shows the shipborne FAA. The survey area covered an area of approximately 9360 km?.
Figure 7b shows the multibeam bathymetry in the survey area. The water depths range
from approximately 500 m on the Mendeleev Ridge in the western part of the survey area to
approximately 2100 m in the Chukchi Basin. Figure 7c,e show the FAA for SV31 and DTU21,
respectively. The shipborne and satellite altimetric gravity data showed good consistency
in the western part of the survey area, but there were some differences in the eastern part
of the survey area. The FAA map of the shipborne data shows a higher resolution than that
of the satellite data. As shown in Figure 7b, there are some uplifts in the transition zone
between the Mendeleev Ridge and Chukchi Basin, and the topographic gradient is steep.
These short-wavelength features can be seen in the ship’s FAA map. Figure 7d,f show the
differences between the shipborne gravity data and SV31 and DTU21, respectively. The
standard deviations of the differences between the shipborne gravity data and the satellite
altimetric gravity data were 5.2 mGal for SV31 and 3.9 mGal for DTU21.
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Figure 7. (a) Shipborne FAA map of Arctic-20. (b) Bathymetry of Arctic-20. (c) SV31 FAA map
of Arctic-20. (d) Difference between shipborne and SV31 free-air gravity. (e) DTU21 FAA map of
Arctic-20. (f) Difference between shipborne and DTU21 free-air gravity.

We compared the bathymetry, shipborne gravity, and satellite altimetric gravity data
in the wavenumber domain. In the absence of noise, FAAs are dominated by the attraction
of the seafloor/water interface [20]. Therefore, FAA variations should be consistent with
the topography. Figure 8 shows the coherences of the bathymetry with the gravity fields
from the shipborne and satellite altimetric data. In the Arctic-18 region, the CWT of the
shipborne gravity was 18.6 km, versus 19.5 km for the DTU21 and 19.5 km for the SV31
data (Figure 8a). In the Arctic-20 region, the CWT of shipborne gravity was 16.8 km, versus
17.7 km for DTU21 and 17.9 km for SV31 (Figure 8b). The coherence in the Arctic-18 region
was obviously lower than that in the Arctic-20 region at long wavelengths, which indicates
that the lithosphere of the Arctic-18 region was in a relatively non-isostatic state compared
with that of the Arctic-20 region. Overall, the coherence curve of the shipborne gravity was
nearly the same as that of satellite altimetric gravity, which indicates that the satellite data
contained nearly all of the significant information that was present in the shipborne data.

Gravity anomaly data are mainly used to study crustal thicknesses and density vari-
ations, while the noisy and filtered nature of satellite gravity measurements limit their
application [20]. To verify the accuracy of the satellite-altimetry-derived gravity field for
quantitative regional studies of the Arctic Ocean, we interpreted the FAAs in terms of
crustal thickness variations. In the Arctic-18 region, the standard deviation of the ampli-
tudes of the variations in crustal thickness derived from shipborne FAAs was 3330 m, while
the standard deviation of the amplitudes of the variations in crustal thickness derived
from the differences between shipborne and satellite altimetric FAAs was 450-600 m. In
the Arctic-20 region, the standard deviation of the amplitudes of the variations in crustal
thickness derived from the shipborne FAAs was 3700 m, while the standard deviation of
the amplitudes of the variations in crustal thickness that were derived from the differences
between the shipborne and satellite altimetric FAAs was 350-450 m. The erroneous varia-
tions in crustal thickness that were created by the differences between the shipborne and
satellite altimetric gravity accounted for only 9-18% of the variations in crustal thickness in
our survey area. Therefore, a new satellite-altimetry-derived gravity field can be used to
study the regional crustal structure of the Arctic Ocean.



Remote Sens. 2022, 14, 41

10 of 11

Wavelength (km)

Wavelength (km)
10

150 20 10 1 50 .
a —— Ship-Bathymetry ‘ b —— Ship-Bathymetry
0.9+ —— SV31-Bathymetry 1 09NN / —— SV31-Bathymetry -
0.8 DTU21-Bathymetry] (gl "\ / DTU21-Bathymetry|
0.7+ 1 07f
g 8
3 g 06
o (]
S £05
3 8 |
0.3f :‘ 1
02F « X
1t 01} \ N\
0 i M i A L a gk 0 NS S VA
10" 10° 107

Wavenumber Log, (1/km) Wavenumber Log, (1/km)

Figure 8. (a) Coherence of the bathymetry with the gravity fields from the shipborne and satellite
altimetric gravity data in Arctic-18 region. (b) Coherence of the bathymetry with the gravity fields
from the shipborne and satellite altimetric gravity data in Arctic-20 region.

4. Conclusions

The influence of sea ice on the shipborne gravity measurements is mainly concen-
trated in the 0-6 km wavelength range, according to the power spectrum analysis. The
standard deviation of the amplitudes of the influences of sea ice on the shipborne gravity
measurements was 2.62 mGal.

In the ice-free regions, the standard deviations of the differences between the shipborne
and satellite altimetric gravity data were 3.1 mGal for DTU21 and 3.1 mGal for SV31.
Compared with DTU17, the accuracy of DTU21 was improved by 7-13% in the Arctic
Ocean. In the ice-covered regions, the standard deviations of the differences between the
shipborne and satellite altimetric gravity data were 3.5 mGal for DTU21 and 3.3 mGal
for SV31, whose accuracies were reduced by 13 and 6%, respectively, compared with the
ice-free regions. The satellite altimetric gravity data lost significant information in the
9-12 km wavelength range due to the influence of sea ice.

The coherence curve of the shipborne gravity with bathymetry was nearly the same
as that of the satellite altimetric gravity. The satellite altimetric gravity data contained
nearly all of the significant information contained in the shipborne data, and the differences
between the shipborne and satellite altimetric gravity data created few erroneous variations
in crustal thickness; therefore, a new satellite-altimetry-derived gravity field can be an
essential tool for studying the crustal structure of the Arctic Ocean.
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