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Abstract Shipboard gravity anomaly data provide high-resolution information for a wide range of Earth
and ocean science research as well as ground-truthing US national geodetic modeling. Motivated by the end of
life-cycle for legacy Bell aerospace marine Gravity Meter system (BGM-3) gravimeters onboard vessels in the
U.S. Academic Research Fleet, a new generation of marine gravimeters from Dynamic Gravity Systems (DGS)
was introduced as replacements. We describe the technical functions of this new generation of marine
gravimeter and describe an open-source post-processing software package with a simple workflow that users
can adapt for processing and assessing data quality along with recommendations on the basis of ~5 years of
operational experience with the DGS meter. We demonstrate the capability of the DGS marine gravimeter using
data from expeditions conducted on the R/V Atlantis and RVIB N. B. Palmer that experienced various sea state
and operation modes, including open-water, dynamic positioning, and ice-breaking conditions. DGS data
collected during both cruises are internally consistent using crossover error analysis. Comparisons between the
DGS meter and satellite-derived gravity anomalies imply a constant offset. While shorter-wavelength anomalies
imply finer scale seabed features were well resolved, high frequency ship motions show that swell in the open
ocean remains the main artifact contributor to marine gravity data that requires filtering. Quality assessments
during different operational modes suggest that data recorded by DGS gravimeters are comparable to BGM-3
data, with superior operational characteristics that facilitate a wide range of vessel and research requirements,
and better logistical capabilities for global operations.

Plain Language Summary Gravity anomaly data from the world's ocean basins provide
fundamental information on mass distributions within the oceanic crust, including seafloor features comprising
magmatic, volcanic, and tectonic structures, sedimentary formations, and seabed mineral deposits. Marine
gravity data are essential to estimate Earth's geoid, a mathematical description of sea level surface of the Earth.
This report introduces a new generation of marine gravimeters recently installed in several U.S. Academic
Research Fleet vessels as a part of their permanent shipboard systems for underway geophysical data collection.
We analyze gravity data and assess data quality from two expeditions, each of which conducted surveys under
different sea state and ocean environments (equatorial open ocean vs. polar region with sea ice). This report
concludes with recommendations for the use of these marine gravimeters for academic research when operated
in various sea conditions and operational modes.

1. Overview: New Marine Gravimeters on U.S. Academic Research Fleet

Marine gravity anomaly data have applications in Earth, ocean, and planetary science topics and provide insight
into Earth's planetary morphology, isostatic compensation, subsurface architecture, and the processes that drive
plate geometry and tectonics (e.g., Sandwell & McAdoo, 1988; Sosnica et al., 2015; Watts et al., 2020; Wessel &
Watts, 1988; Zhu et al., 2023). Global gravity anomaly estimates from satellite altimetry data have been derived
from several missions, including NASA's Gravity Recovery and Climate Experiment (GRACE) and the European
Space Agency's Gravity Field and Steady-State Ocean Circulation Explorer (GOCE) (e.g., W. H. F. Smith &
Sandwell, 1997). These estimates are further augmented with the higher track density data acquired by the
CryoSat-2, Jason-1, and Surface Water and Ocean Topography (SWOT) missions (e.g., Sandwell et al., 2014; Yu
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Figure 1. Transition chronology from BGM-3 to DGS gravimeters in the U.S. Academic Research Fleet during the period
2020 to 2025. Blue indicates the duration of BGM-3 gravimeter operations; pink indicates the duration of DGS gravimeter
operations; and gray indicates when BGM-3 and DGS gravimeters were operating simultaneously on research cruises. * and
+ denote gravimeters funded by the National Science Foundation and National Geospatial-Intelligence Agency,
respectively.

et al., 2024). Derived gravity data from these satellite measurements include uncertainties which have tradi-
tionally been calibrated by comparing them to high-quality data collected by shipboard instruments. Shipboard
gravity data collected by the U.S. Academic Research Fleet (ARF) over the past ~60 years have played an
important role in “ground-truthing” satellite gravity measurements.

Data collected in the oceans by shipboard gravity sensors on vessels in the University National Oceanographic
Laboratory System (UNOLS) ARF continue to be the foundation of the highest precision gravity data at shorter
wavelengths compared to satellite. These data are routinely archived by the Rolling Deck to Repository facility
(R2R, https://www.rvdata.us/; Carbotte et al., 2022) (Figure 1). Properly acquired and reduced marine gravity
data, including land and gravity ties to correct sensor drift over time, are an asset for research and national
strategic needs. Underway gravity data also contribute to the missions undertaken by the National Geospatial-
Intelligence Agency (NGA), including modeling to derive a more accurate terrestrial geoid, an equipotential
surface of Earth's gravity field approximating mean sea level, which serves as a reference for physical heights
(Pekeris, 1935; Richards & Hager, 1984; Small & Sandwell, 1992). The geoid is used for strategic calculations by
multiple U.S. defense agencies to fulfill their missions.

The concept of a National Science Foundation (NSF)-funded marine gravimeter equipment pool was introduced
circa 2004, and the Potential Field Pool Equipment (PFPE) facility at Woods Hole Oceanographic Institution
(WHOI) was established in 2009 to serve UNOLS ARF technical support groups in that capacity. PFPE has
assisted in operating a pool of BGM-3 marine gravimeters (Bell aerospace marine Gravity Meter system) on many
AREF vessels. Until 2020, 7 BGM-3s operated on the R/Vs Marcus Langseth, Kilo Moana, Sikuliag, Thomas G.
Thompson, Sally Ride, Roger Revelle, and Atlantis as “permanent” installations (i.e., as part of the ship's routine
geophysical data acquisition systems). One other BGM-3 meter operated on an as-needed basis on R/V Arm-
strong, and two BGM-3s were dedicated to operations and data collection on the RVIB N.B. Palmer and USCGC
Healy for polar studies. Sikuliag and Healy BGM-3 operations were conducted in collaboration with gravimetry
experts at the Geophysical Institute at Univ. Alaska, Fairbanks (e.g., Coakley et al., 2019).

Inrecent years, the BGM-3 gravimeter systems used in the US ARF have become increasingly difficult to maintain
and operate. While these gravimeters produce excellent data, the meters are 30—40 years old, and their bespoke
electronics present major challenges for vessel operators' shipboard technical support groups as well as the PFPE
supporting gravimeter operations. These challenges include, but not limited to: (a) the meter components are
unique, and most of the parts needed to repair and maintain the meters are out of stock/production; (b) the sensor and
sensor electronics require continuous power to maintain the calibrated reference mass, hence the meters can never
be off power including during shipping and transport; and (c) several components of the BGM-3 are ITAR (In-
ternational Traffic in Arms Regulations) classified, which limits the ability of users and operators to ship a
BGM-3 meter to foreign ports and operate it, or have a vessel containing a BGM-3 to transit through foreign

WU ET AL.

20of 12

85U017 SUOLIWOD aATER1D) 8ealjdde ay) Ag peusenob afe sepie YO ‘8sn Jo san 10} AriqiT Ul U A3|IAM UO (SUONIPUOD-PUR-SWLIALI0D A8 |IM"Afelq 1 jBul UO//SANy) SUOIIPUOD pue swie 1 8yl 88S *[9202/80/#2] Uo AriqiaulluO A8|IM ‘TZ92T009DSZ02/620T OT/I0p/woo: As|im AseidijpuljuosgndnBe//sdny wou) pepeojumod ‘S ‘9202 ‘/20252ST


https://www.rvdata.us/

V od |
AGU

ADVANCING EARTH
AND SPACE SCIENCES

Geochemistry, Geophysics, Geosystems 10.1029/2025GC012621

IO DCE —124°36.0" —124°24.0' -124°12.0'
10 - . 4
N —— TN400 BGM d 2 30°48.0
T 0 — satellite ¥
é 03-14
= -10 00:00
g 20
e 03-14 30°42.0'
5
£-30 04:00 ¢
G)
0 40
&
-0 = I
-4500 -4000 -3500
03-1300 03-1306 03-1312 03-1318 03-1400 03-1406 03-1412 03-1418 03-1500 Bathymet
Timestamp athymetry (m)
€ W Misfit of DGS vs satellite
W Misfit of BGM vs satellite
= 0.4 Misfit of DGS vs BGM |
o
E
<
ps 0.3¢ 4
z
B 1
©
8
_—38001C £0-2r ]
E
2 -4000
g 0.1f .
>
£ -4200
o -
o
0. g , . .
14 00:00 14 00:30 14 01:00 14 01:30 14 02:00 14 02:30 14 03:00 14 03:30 14 04:00 00 75 -50 -25 0.0 2.5 5.0 7.5 10.0

Time Free-air anomalies misfit (mGal)

Figure 2. Free-air anomalies estimated from DGS (blue), BGM-3 (orange), and satellite (green) measurements during cruise TN400. The overall long-wavelength trends
agree one to the other among these three and short-wavelength trends agree between the DGS and BGM3 measurements. (a) Overall free-air anomalies time series.
Black box indicates panels (b and c) for zoom-in plot. (b) Zoom-in free-air anomalies time series across a topographic high. (c) Corresponding bathymetry along the
track from GEBCO (2025). (d) Bathymetric map overlayed with tracks in panels (b and c). (e) Histogram of misfit between DGS, BGM, and satellite, showing that the
data quality between DGS and BGM is compatible (equivalent RMS level).

territorial waters. The effort of sourcing and/or salvaging parts for BGM-3s has been a resource consuming process,
and the limited availability of parts poses increasing challenges to maintaining stable daily operations. Especially
taxing vessel operators and shipboard technicians' resources is the nature of the BGM-3's electrical components.
BGM-3 meter contain electromechanical sensors that require extensive maintenance and care in handling/shipping.
This has become a major challenge when ships enter a yard period during which power may be intermittently
interrupted on short notice. These situations have required complex logistics and arrangements to ensure that the
BGM-3 sensor was on stable power and monitored routinely. The ITAR status and regulations surrounding BGM-3
use and shipping have also been difficult to manage.

To overcome the technical and operational challenges associated with vintage BGM-3 gravimeters, PFPE began
replacing BGM-3 gravimeters in the ARF with Dynamic Gravity Systems (DGS) gravimeters in 2020 (Figure 1).
Initial performance verification was completed during two expeditions in 2020-2021, where PFPE collected data
from BGM-3 and DGS meters simultaneously and demonstrated that DGS gravimeter results agreed well with
BGM-3 data, as well as longer-wavelength satellite-derived free-air gravity anomalies (Tominaga et al., 2021;
Figure 2). DGS AT1M systems have now been installed on R/Vs Sikuliaq, Thompson, Sally Ride, Roger Revelle,
Atlantis, RVIB Palmer, and R/V Marcus G. Langseth (Figure 1). In the sections that follow, we describe DGS
gravimeter operation principles in comparison with its predecessor BGM-3 and assess examples of DGS
gravimeter data from both open-ocean and polar-ocean cases. We also present recommendations for the marine
geophysical user community based on the mechanical principles and data quality of the DGS gravimeter.

2. Data and Methods
2.1. DGS Gravimeter Principle

The operational principle of the DGS gravimeter is the suspension of a “gravitational sensing mass” by a very
stable metal spring with low temperature-sensitivity (Torge, 1989). Small variations in local gravity are measured
based on the current in an electromagnetic (Lorentz force) actuator, combined with a position detector to keep the
sensing spring at a constant length and the mass in the “null” position (e.g., Gupta, 2012; Tinto et al., 2019;
Yamakawa & Yamazaki, 2014). The DGS sensor is a scalar gravity force sensor mounted in a 2-axis gyroscope,
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which keeps the sensitive axis of the gravimeter aligned with local gravity, with the meter recording the
magnitude of the vector.

The DGS gravimeter consists of three important components:

1. A spring balance sensor, which has a small test mass mounted at one end of a horizontal beam and a frictionless
hinge at the other end, is balanced by a specially designed metal spring which has a zero unstressed length (the
zero-length spring) and effectively has infinite displacement sensitivity so it can detect changes in gravity of
better than 1 part in 10 or 0.1 milli-gals.

2. The spring is kept at its unstressed length by a force feedback system and a beam position detector. Changes in
gravity are measured by the amount of force required to keep the beam at its zero-displacement position and
the spring at a constant unstressed length.

3. The sensor maintains alignment with the local vertical gravity in a two-axis (pitch and roll) gimbal controlled
by accelerometers, to determine the local vertical gravity over a period of 4 min, with gyroscopes controlling
torque motors to counteract the motion of the ship. The results of this study indicate that the system can
continuously collect gravity data in sea conditions up to the WMO (World Meteorological Organization) sea
state 5 (2.5-4 m wave height). The appropriate threshold for clamping the system still needs to be evaluated in
future tests.

The gravimeter has a worldwide range to measure gravity anomalies without range scale adjustment. In addition
to minimizing the effect of dynamic accelerations on the ship from wave motion, the sensor is designed to be
insensitive to ambient temperature changes between 5°C and 40°C. The sensor is also insensitive to pressure
changes due to weather conditions and magnetic field variations. The metal spring is heat treated so that it has a
very low drift-rate (~3 mGal/month in the initially, decreasing to 0.5 mGal/month after a few years of operation)
and the gimbal is designed to minimize the transmission of vibrations into the sensor, which would increase the
noise level inherent in the gravity data (DGS; https://www.dynamicgravitysystems.com).

2.2. DGS Data Format and Metadata

DGS gravimeters typically acquire data at 1 Hz and are time-synced with the ship's Global Positioning Satellite
(GPS) feed (latitude, longitude, time). Four monitors record cross-coupling factors used to correct gravity re-
sponses from horizontal accelerations (Jacoby & Schulze, 1967). The DGS system outputs data strings from a
serial feed to the ship's system in two ways: raw and processed (file extensions can depend on how each vessel's
data pipeline to R2R is handled; for example, there are files with .raw and .proc extension). The raw files contain
“counts” values recorded by the meter, which can be used to calculate the gravity signal with a set of calibration
constants. Exact format descriptions for the raw data string can be found at the manufacturer's site in the AT1M
manual (https://www.dynamicgravitysystems.com/tools). The processed files contain the gravity values calcu-
lated from those raw measurements but are not processed further to remove bias or calculate gravity anomalies.

Users will almost always want to work with the processed data files for further analysis, and those files are the
primary data archived at R2R. Gravimeter data and related vessel attitude, position and speed data can typically be
downloaded from R2R after an embargo period following a given research cruise (Carbotte et al., 2022). The
processed data files are also saved locally during a cruise on the DGS QA laptop in files with names that start with
“ATIM.” The exact data format in the processed files varies between UNOLS vessels, and the PFPE-developed
python package shipgrav can ingest vessel-specific data strings (Mark, Zhu, Tominaga, Tivey, & Aliod, 2024).
The current code is tuned for each vessel's data format as of Q1 2025, and will be updated in the future if vessel-
specific data formats change.

Importantly, while the DGS gravimeter is configured to ingest navigation data from the ship's feed and includes
these coordinates in the gravity output files, the synchronization can be lost and the navigation data in the gravity
files is not always reliable. The best way to ensure accurate navigation data is to match timestamps between the
gravimeter files and separate navigation feeds from the ship's GPS.

2.3. Example DGS Data From AT50-31 and NBP2501 Expeditions

To assess the instrument response to various operational conditions, we used DGS gravimeter data acquired
during AT50-31 on R/V Atlantis and NBP25-01 on RVIB N. B. Palmer. During the AT50-31 expedition (11
November—17 December 2024), DGS AT1M-21 marine gravimeter data were integrated with GNSS (Global
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meter (“G”-meter) at known absolute gravity stations located within the

AT50-31 LY ) Scripps Institution of Oceanography's Marine Facility in San Diego, Pt.
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Loma, CA. Bias between the DGS gravimeter and absolute gravity mea-
surements was determined by comparing values between the dock site and the
known site (e.g., Ince et al., 2020; Watts et al., 2020; Wessel & Watts, 1988).
The biases measured at the beginning and end of the cruise increased ~0.5
mGal, showing that the DGS gravimeter drifted slightly during the cruise. It
should be noted that the sensor was kept on during the transit through the
Exclusive Economic Zone (EEZ) of Mexico and Chile (Easter Island) but data
collection was prohibited, hence the data gaps (Figure 4). This cruise had two
main modes of operation: a transit in the open ocean, and holding-station to
support deep submergence vehicle operations. We present gravity data ana-
lytics for each of these modes (Figures 5a and Sb, respectively).

During the NBP2501 on RVIB Palmer (14 February—7 April 2025), DGS
AT1M-27 marine gravimeter data were integrated with Seapath 330 and 380
GNSS navigation positions with a resolution ~0.02 m. The NBP2501 expe-
dition started from Lyttelton, New Zealand, traveled to the Ross Sea,
Antarctica and then returned to Lyttelton (Figure 3). Land ties were carried
out before and after the cruise with the same protocol as the AT50-31 cruise
noted above, and the biases were determined by comparing values between
the dock site and the absolute gravity station located within the Magnetic
Observatory of the Botanic Garden in Christchurch, New Zealand. The

Figure 3. Locations of the AT50-31 and NBP2501 cruises' track lines (red
lines) along which DGS marine gravimeter data were obtained and used in

measured biases increased ~1 mGal from beginning to end (i.e., ~0.5 mGal/
month drift rate). Data collection began once the ship left the EEZ of New
Zealand and ended when the ship re-entered the EEZ (Figure 6). Operational

this study. The underlying map is GEBCO 2024 (GEBCO Compilation modes for this cruise included transits in open water, ice breaking, and

Group, 2024).

transiting in sea ice-dampened, no-wave conditions. Gravity data analytics for
these modes are shown in Figures 6-8 and Figures S1-S3 in Supporting
Information S1.

2.4. Data Quality Assessment With Free Air Gravity Anomalies

Free Air Anomalies (FAA) were calculated via a typical post-processing workflow using gravimeter data from
cruises AT50-31 and NBP2501 (Mark, Zhu, Tominaga, Tivey, & Aliod, 2024). We first calibrated the DGS
gravity measurements with gravity tie measurements to absolute level. We further reduced the gravity by sub-
tracting the theoretical gravity on the GRS80 ellipsoid (Hinze et al., 2005). We applied a solid earth tide correction
to remove the time-varying gravitational effects (Longman, 1959). Lastly, we applied an E6tvos correction for the
vertical component of the Coriolis and centrifugal accelerations resulting from ship's motion (Harlan, 1968).

We first demonstrate the data quality comparison between the DGS and BGM systems using data from R/V
Thompson, which carried both systems onboard during a transit cruise TN400 (Figure 2). The overall trend of
FAA estimates from DGS and BGM both agree with the satellite FAA, while the DGS FAA shows more high-
frequency signal than the BGM (Figure 2b). Histograms of misfit between the DGS, BGM, and satellite data
demonstrate that both systems provide equivalent data quality (Figure 2e).

We evaluated the internal consistency of the FAA by assessing the crossover error (COE; e.g., Wessel &
Watts, 1988). Crossover points are defined as points occurring spatially within a 5-m radius (equal to the distance
traveled in 1 s at a maximum travel speed of 10 knots, i.e., ~5 m/s), which ensures we detect at least one point with
1 Hz sampling rate. COE during the AT50-31 cruise is 0.09 + 5.5 mGal (Figure 5e), which is similar to previous
studies (e.g., Wessel, 1989, 2010). Further, we calculated the misfit between free-air anomalies from the DGS
gravimeter and independently derived FAA from satellites (Yu et al., 2024). The misfit is 9.7 £ 6.5 mGal, which
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is similar to previous comparisons (e.g., 6.5-8.2 mGal; Neumann & Forsyth, 1993; Small & Sandwell, 1992) with
overall trends in agreement with each other. For NBP2501, the COE is 0.01 & 1.5 mGal and the misfit between the
DGS and satellite-derived FAA is —2.6 £ 2.8 mGal. The misfits may imply constant offsets between the DGS
meter and satellite data, which may be due to imperfect bias estimation or short-wavelength signals that are
missing in satellite-derived data downward continuation.

3. Expedition-Based Marine Gravity Data Assessment
3.1. Effects of Modes of At-Sea Operation on the Quality of Data

DGS marine gravimeters mechanically and electrically compensate for the motion of a moving platform to
optimize its measurements of the gravity field. However, this compensation may not be perfect when platform
motion exceeds certain thresholds. At sea, vessel motions are caused by a combination of the weather and sea-
state conditions and the mode of operation, such as in-transit, holding-station, or ice-breaking. The ability of
gravimeters to compensate for platform acceleration has been widely discussed for different types of instruments
(Dehlinger, 1978; Jacoby & Schulze, 1967; LaCoste, 1967). Here, we assess DGS instrument performance under
different modes of operation and weather conditions. We calculate the signal-to-noise ratio (SNR) (Text S1) and
spectrograms of ship roll and pitch to evaluate the relationships between ship motion and gravity measurements
(Figures 4c and 6c; Figures S4 and S5 in Supporting Information S1). We estimate the standard deviation of raw
gravity with a moving window of 200 s to help assess the data quality (Figure S6 in Supporting Information S1).
Note that ship's heading information is taken into account by the E6tvds correction.

The open water transit mode of gravimeter operation during the AT50-31 cruise provides an opportunity to
assess how the DGS gravimeter behaves in typical underway conditions (e.g., 10 kts along a consistent heading).
The holding-station mode of gravimeter operation during the AT50-31 cruise provides gravity field mea-
surements when the platform is exposed to higher-frequency three-dimensional motions while the Dynamic
Positioning system operates within a mixed swell (Figure 4). The AT50-31 cruise transited from ~20°N to 17°S
and arrived at the southern East Pacific Rise on 2024-11-21 where the FAA started increasing due to mid-ocean
ridge topography (Figure 4). Once on-site, the ship stayed mostly around the mid-ocean ridge axis of the southern
East Pacific Rise and the FAA remained higher than what was recorded during the transit mode (Figure 4).
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Figure 5. (a) Free-air anomalies calculated from DGS gravimeter (black line) and satellite (gray line) and (b) corresponding shipboard bathymetry (100 m resolution) and
(c) extended profile across fast-spreading mid-ocean ridge crest during on-site (panel A) and transit period (panel B). Maps showing ship track during on-site (panel C)
and during transit (panel D). Histograms of crossover error and misfit between filtered free-air anomalies calculated from DGS and from satellite during AT50-31
(panel E).

We applied a 200 s low-pass filtering over free-air gravity anomalies during on-site and transit modes. The
resulting SNR are —29 and —32 dB for the transit and on-site periods, respectively (Figure 5). SNR was only
slightly lower during the on-site period compared to the transit. The comparison of DGS and satellite derived free-
air anomalies shows that the DGS data contain higher frequency signals that are compatible with shipboard
multibeam bathymetry collected during AT50-31 (Figure 5).

The ice-breaking and icy-sea transit modes of gravimeter operation during the NBP25-01 cruise provide an
opportunity to assess how the instrument responds in both breaking sea ice and transit within channels created
within the packed ice by the ice breaking. We categorize the mode of operation into transit (Figure S1 in Sup-
porting Information S1), on-site with open water (Figure S2 in Supporting Information S1), and in ice with
constant ice breaking (Figure S3 in Supporting Information S1). It should be noted that the mode of icebreaking
was mainly by ship's hull pushing and breaking through the packed sea ice, but not the ride-up-and-crush mode.
The NBP2501 cruise had relatively little on-site time, and the mean traveling speeds were 10, 3, and 2 knots for
transit, on-site, and in ice, respectively. We applied a low-pass filter of 200 s and estimated SNRs of —26, —21,
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and —10 dB for transit, on-site, and in ice. SNR is highest during the ice phase, and is similar during transit and on-
site periods. One example from a mapping survey of repeated lines of breaking ice and mapping back along the
broken route shows a slightly better SNR in the repeated path and both paths show overall agreement to shipboard
bathymetry (Figure 7; Tominaga et al., 2025).

In open water, for both AT50-31 and NBP2501, the unfiltered FAA has the most power at frequencies of
0.1-0.15 Hz, which corresponds to 6—10 s period. This frequency band agrees with swell frequency (e.g., Lucas &
Guedes Soares, 2015). The strongest signal is from ship roll, which has a generally higher amplitude in the
frequency domain than ship pitch (Figure S4 in Supporting Information S1). The unfiltered FAA spectrogram
during the transit phase of AT50-31 has a wider-band of high amplitude, whereas two clearer high-power bands at
0.1 and 0.15 Hz occurred during the on-site phase (Figure S4 in Supporting Information S1). The two clear high-
power bands may be consistent with the model of a mature swell (Lucas & Guedes Soares, 2015) that consists of
older (lower frequency) and fresh waves (higher frequency), and both appear to impact the gravity measurements.
We therefore suggest that the ship motions are mostly dominated by swell (reflected in roll and pitch; Figure S4 in
Supporting Information S1), and the gravimeter is strongly affected by this motion during on-site periods by a
mature swell signal.

During the NBP2501 cruise, the spectrogram amplitudes of free-air anomalies, ship roll, and pitch all decrease
around 2025-03-14 (Figure S4 in Supporting Information S1). The spectral power density of raw gravity, free-air
anomalies, ship roll, pitch, and heave shows that the energy in the band of 0.08-0.12 Hz decreases by at least an
order of magnitude during in-ice periods (Figure S5 in Supporting Information S1). The energy of raw gravity
drops four orders of magnitude during the in-ice period (Figure S6 in Supporting Information S1). The SNR
increases from —23 to —13 dB after 2025-03-14. We speculate that the main contribution of noise is from swell,
which dies down after the sea ice is compacted (Figure 8). Sea ice status evolves from “open drift” to “close
packs” to “compact” (O. Smith, 2007). During the open drift phase, sea ice drifts freely in pancake shapes
(Figure 8a). These pancakes further evolve into a close pack (Figure 8b), and eventually the sea will be completely
covered by compact ice (Figure 8c). When sea ice completely covers the sea surface, it may dampen the swell
propagation from the far field. Meanwhile, the ice breaking motion mostly involves ship's hull pushing and
breaking through the packed sea ice, which makes the ship vibration less intense. Furthermore, due to ice breaking
motion, the ship travels at a lower speed, which is optimal for gravity surveying. Although intuitively the ice-
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the right shows the trackline of ship and shipboard bathymetry (Tominaga et al., 2025).

breaking motions may degenerate the gravity data quality, the performance of the DGS meter is better during the
ice-breaking phase than during transit or on-site phases.

3.2. Cross-Coupling Corrections for the DGS AT1IM Meters

In principle, ship accelerations and the observed gravity corrected for the Eotvos effect should be uncorrelated,
but in practice, the signal measured by a shipboard gravimeter is affected by the motion of the ship
(LaCoste, 1967). We therefore correct for some of the kinematic effects of ship motion using a cross-coupling
correction. The DGS AT1M uses a design that is theoretically susceptible to cross-coupling effects, unlike the
legacy BGM-3 meters. Cross-coupling corrections are made by describing the ship's acceleration in terms of
several independent monitors, measuring the correlation between monitors and the observed gravity, and adding a
weighted linear combination of the monitors to the gravity signal to reduce the correlation (Schwarz & Li, 1997,
Sun et al., 2007; Valliant, 1991). The four monitors output by the DGS system are (a) ve, square of the beam
velocity; (b) vee, longitudinal accelerometer output multiplied by beam position, calibrated by circular motion in
a vertical plane; (c) al, longitudinal accelerometer output multiplied by beam position, calibrated by diagonal
motion up and down a ramp; and (d) ac, cross accelerometer output multiplied by beam velocity.

Tests using data from DGS instruments on ARF vessels have shown that the magnitude of the cross-coupling
correction is typically small compared to the gravity signal. For the two operational modes (on-site and
transit) discussed in this report during AT50-31, the cross-coupling coefficients were negligible (Figures S7 and
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S8 in Supporting Information S1). However, the correction may sometimes be important for data collected in
rough seas.

Since the cross-coupling correction is calculated by linear regression between the free air anomaly and monitor
outputs, the regression coefficients will be most stable and robust if several days of continuous data are used to
compute them. Including data collected at different headings with respect to the prevailing wind and waves helps
to ensure that the monitors are fully independent in the regression. Cross coupling coefficients for a particular
meter installation are not expected to vary significantly over time; hence, values calculated for an installation may
be applied to future data sets as long as the meter is not moved.

4. Recommendations

Based on the two examples presented in this report, we recommend that DGS gravimeter users consider the
following for operations and data processing: (a) for open sea operations, use data collected while underway
instead of during station-holding; (b) in polar regions, data acquired in ice-packed ocean after breaking a channel
may be of high quality due to the effects of surrounding ice dampening the swell, and therefore users might
consider gravity as an alternative survey when ice-breaking prevents other operations from taking place; (c)
gravity bias generally increases ~0.5 mGal per month, so users and shipboard technical groups should be aware of
the importance of getting up-to-date gravity tie data (pre- and post-cruise) when processing gravity and compare
in-port data to satellite data to get a proper correction; (d) users should pay close attention to filter settings while
processing data, which could be potentially affected by swell; (e) users should always calculate cross-coupling
coefficients and decide whether to apply them to their processed data by comparing filtered FAA with satellite
derived FAA especially for surveys collected in rough seas; and (f) users should take care to properly parse GPS
and ship attitude data from their original source instead of from the raw DGS data stream.

The data quality examination demonstrated in this report can serve as a simple workflow example for users to
evaluate their own data sets. Users should always seek to conduct a more comprehensive analysis to apply proper
corrections for crossover errors and/or ship motions.
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