


possible, for example, using modern versions of the Lacoste‐Romberg air‐sea and the Bell Aerospace BGM

gravimeter together with GPS modern navigation to obtain an accuracy of 1–2 mGal and resolution of

2–10 km over the deep ocean, depending on sea state (Bell & Watts, 1986; Hildebrand et al., 1990).

Moreover, the reporting of sub‐mGal accuracies and higher resolution from some sea gravimeters (Casten

& Haussmann, 1990) and gravity gradiometry (Bell et al., 1997), in which the full tensor field is measured,

provide an exciting prospect for future work.

Similarly, satellite‐derived bathymetry and gravity data have seen significant improvement since their early

development following NASA's pioneering Geos‐3 (Stanley, 1979) and SEASAT (Born et al., 1979) altimeter

missions in the late 70s. Altimeters measure the distance between an orbiting satellite and the instantaneous

sea surface, which in the absence of oceanographic “noise” can be used to calculate the gravimetric geoid

and hence, from its slope, mean gravity anomalies (Lerch et al., 1982). As Dixon et al. (1983), Smith and

Sandwell (1994), and Smith and Sandwell (1997) have shown, altimeter‐derived gravity data can be used,

together with a specially shaped reciprocal isostatic admittance function, to predict bathymetry in unsur-

veyed areas. It is now possible with altimeter data from satellites such as ERS‐1, GeoSAT, CryoSat‐2,

Jason‐1, Jason‐2, and SARAL/AltiKa to recover bathymetry with a root mean square (RMS) misfit of

±180 m (Tozer et al., 2019) and gravity with a RMS misfit of 1–2 mGal (Sandwell et al., 2019) with respect

to available shipboard measurements in the deep ocean. Significantly, larger errors, however, have been

reported near shorelines (Widiwijayanti et al., 2003) and from regions of short wavelength bathymetry

(Picard et al., 2017).

Curiously, there have been relatively few studies that have compared shipboard and satellite‐derived bathy-

metry and gravity data. Smith and Sandwell (1994) compared an 1800‐km‐long transect of shipboard bathy-

metry data (R/V Ewing cruise 92‐01) to satellite‐derived data and found a RMS difference of 257 m and a

coherence between the two fields down to wavelengths of ~30 km. More recently, Watts et al. (2006) com-

pared shipboard and satellite‐derived bathymetry data (V8.2) (Smith & Sandwell, 1997) at the Line islands

and the Hawaiian ridge and found RMS differences of 466.5 and 467.7 m, respectively. Marks (1996) com-

pared shipboard gravity data acquired along seven transits (up to 3,500 km long) onboard R/V Shackleton,

Discovery, Ewing (cruise 92‐01), Moana Wave and Conrad to the satellite‐derived data of V7.2 (Smith &

Sandwell, 1995) and found a RMS difference between the satellite‐derived and shipboard gravity of

3–9 mGal and a coherence between the two fields down to wavelengths of 23–30 km. More recently, Ligi

et al. (2012) compared shipboard and satellite derived gravity in the Red Sea and obtained differences up

to 10 mGal, and Marks et al. (2013) found coherence between the two fields down to ~20 km.

The relationship between bathymetry and gravity has the potential to constrain density, rock type, and pro-

cesses occurring on the seafloor. At long (>100 km) wavelengths bathymetric features are compensated and

the relationship provides information on the state of isostasy, but at short (<100 km) wavelengths bathy-

metric features are essentially uncompensated (Watts &Moore, 2017) and can be used to extract mean water

depth and density. Nettleton's method (Nettleton, 1939) in which the density is found that minimizes the

correlation between topography and Bouguer gravity anomaly has long been used, for example, in the con-

tinents to profile density and infer rock type. In oceanic regions, the attenuation effects of water depth need

to be considered. Kalnins andWatts (2009), for example, have used the relationship between bathymetry and

gravity as a function of wavelength (i.e., admittance) to recover density in the West Pacific Ocean, finding a

median of 2,598 kg m−3 and a peak in the range 2,700–2,800 kg m−3. In 80% of their analysis windows,

Kalnins and Watts (2009) found densities in the range 2,000–3,000 kg m−3, comparable to the density range

(2,300–2,900 kg m−3) measured by Carlson and Raskin (1984) from samples and downhole logs in igneous

basement at Deep Sea Drilling Project sites and partly attributed by them to spatial variations in porosity.

Bathymetry and gravity data therefore have the potential for remotely sensing the physical properties of

rocks on the seabed.

During April–May 2019, we had the opportunity onboard the Lamont‐Doherty Earth Observatory of

Columbia University operated R/V Marcus G. Langseth to compare bathymetry data acquired with a

Kongsberg EM 122 swath bathymetry system, a recently refurbished BGM‐3 gravimeter and GPS (modern)

with the most recent versions of global satellite‐derived bathymetry and gravity fields in the northwest

Pacific Ocean. The cruise focus was on the Musician Seamounts and Emperor Seamount Chain where pre-

vious shipboard swath bathymetry and gravity anomaly data are sparse. We found that while the recovery of
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satellite‐derived bathymetry and gravity has been impressive, discrepancies of up to several mGal and

hundreds of meters remain between surface ship measurements and the most recent satellite‐derived

fields. These discrepancies may seem small, but they have significant implications for interpretation of

geological processes and, for example, the structure and composition of oceanic crust, the internal

structure of seamounts, and deep‐water sedimentation. Shipboard gravity measurements will therefore

still be required in the future in order to determine the full form of the gravity and bathymetry field,

especially over features such as seamounts where the bathymetry and its associated gravity anomaly has a

significant short wavelength component that cannot be recovered by satellite data.

2. Bathymetry and Gravity Data

2.1. Shipboard Measurements

The shipboard bathymetry and gravity data used in this study were acquired during cruise MGL1902 of R/V

Marcus G. Langseth from Honolulu (Hawai'i) to Kodiak (Alaska) in the northwest Pacific Ocean (Figure 1).

The cruise included a 3,947‐km‐long transit between the Hawaiian Ridge and Emperor Seamounts, a sonar

test over Chopin in the Musician Seamounts and a deep seismic survey of Jimmu and Suiko in the Emperor

Seamounts.

The multibeam swath system, which has been operated on Langseth since the vessel underwent a major

refurbishment in 2006, comprises 432 beams athwartships per ping, transmitting at a frequency of

12.0 kHz with maximum possible angular coverage of 150°. During MGL1902, the system was set with an

Figure 1. Location of MGL1902 ship tracks in the Northwest Pacific Ocean. Solid black and red lines show ship tracks.

White outline boxes show the Chopin, and the Jimmu and Suiko seamount survey areas where coincident swath

bathymetry and gravity anomaly data were acquired. Free‐air gravity anomaly data within the two survey areas and

along the transit between them were used to construct the power spectra in Figure 2a. The bathymetry/topography map

is from SRTM15 + V2.0 (Tozer et al., 2019), and the magnetic lineations (light gray solid lines), which reflect the

tectonic fabric of the seafloor, are based on Cande et al. (1989). The map shows that the MGL1902 ship tracks are almost

entirely confined to the Cretaceous “quiet” zone (~118–83 Ma) when Earth's magnetic field did not reverse polarity.

10.1029/2020JB020396Journal of Geophysical Research: Solid Earth

WATTS ET AL. 3 of 18



angular swath width of 108° to 136° in an equal areamode (not equal angle), where the beam former projects

beams of varying angle across the swath to create equal size sonar footprints on the seafloor, resulting in a

footprint of roughly 20 m in 2,500 m of water. All swath bathymetry data acquired during MGL1902 were

manually edited with the MB‐System (Caress & Chayes, 2019) algorithms. The ping rate was ~1–2 s in

1,900 m of water, and survey lines were collected at ~4.5–5.0 knots during the Chopin sonar test, ~4–4.5

knots during seismic data acquisition, and ~8–10 knots during Ocean Bottom Seismometer (OBS) deploy-

ments and recoveries. Maximum beam angles were generally set to 54° for both port and starboard sides

since the outermost beams only recorded noise for larger apertures in deep water. At this beam angle, the

swath width is ~2.75 times the available water depth. In shallow water, the beam angle was occasionally

increased to 65° or even 75°. Sound velocity profiles were acquired throughout the main survey areas and

used to convert ping travel times to seafloor depth.

The BGM‐3 gravimeter (Bell & Watts, 1986), which was purchased by Lamont‐Doherty Geological

Observatory in 1984 and previously operated on R/V Robert D. Conrad and R/V Ewing and as a portable

instrument on smaller vessels and aircraft, was also installed on R/VMarcus G. Langseth in 2006. The origi-

nal BGM‐3 gravimeter system included a data handling system in which the digital pulse rate from the sen-

sor was electronically damped using a resistor‐capacitor circuit (RC filter), converted to mGal, and corrected

for Eotvos and Latitude (Bell & Watts, 1986). Subsequently, the data handling system was removed, and the

uncorrected sensor digital pulse rate count is now logged directly onboard Langseth at 1 s interval. In June

2018, the sensor was replaced and the instrument recalibrated with a new pulse rate count to mGal conver-

sion factor of 5.096606269 mGal/count and bias of 852,513.49 mGal using tie‐in data between the BGM‐3

gravimeter and the Honolulu Alpha absolute gravity station. Tie‐in data since June 2018 indicate that the

new sensor system has performed well with a small drift rate during MGL1902 of ~0.0744 mGal/day

(Appendix A).

The tightly constrained BGM‐3 sensor records only vertical accelerations, and so some form of filtering is

required in order to separate Earth's gravity from the much larger accelerations that act on it due to ship

motion. The latter can amount to hundreds of thousands of mGal, but the motion is periodic and so can,

in principal, be removed by time or distance filtering.

2.2. Satellite‐Derived Measurements

The satellite‐derived fields used in this study are based mainly on the SRTM15 + V2.0 15 × 15 arc sec

bathymetry grid of Tozer et al. (2019) and the V28.1 1 × 1 min free‐air gravity anomaly grid of Sandwell

et al. (2019). These fields are among the highest resolution global grids available to date. The bathymetry grid

combines legacy shipboard single beam and multibeam swath bathymetry with predicted bathymetry from

satellite‐derived gravity data. Predicted bathymetry is estimated to have a root mean square (RMS) error of

±150 m in deep oceans and ±180 m in shallow coastal regions (Tozer et al., 2019). The V28.1 gravity grid is

based on ERS‐1 and GEOSAT and, since 2010, data derived from the CryoSat‐2, Jason‐1, Jason‐2, and

SARAL/AltiKa satellite altimeter missions. Satellite gravity is estimated to be accurate to ~1–2 mGal

(Sandwell et al., 2019).

We have also considered other global grids such as GEBCO 2019 and 2020 (GEBCO Compilation

Group, 2020) 15 × 15 arc sec bathymetry and DTU10 and DTU15 (Andersen et al., 2010, 2017) 1 × 1 min

free‐air gravity anomaly grids. GEBCO 2019 uses the predicted bathymetry from SRTM15 PLUS (V1)

(Olson et al., 2014) as its base layer while GEBCO 2020 uses the predicted bathymetry from

SRTM15 + V2.0 (Tozer et al., 2019) as its base layer and so we have not used this grid here as we found it

identical to the final SRTM15 + V2.0 grid in the Chopin and Emperor seamount regions. DTU10 is a

satellite‐derived grid based on ERS‐1 and GEOSAT and GFO ERM satellite altimeter missions. DTU15 is

an updated grid that includes CryoSat‐2, Jason‐1, and SARAL/AltiKa mission data (Andersen et al., 2017).

3. Power Spectra

In order to process the shipboard MGL1902 gravity data, we first prepared a raw 1 s data file by converting

the BGM‐3 pulse rate count data to mGal, adding the bias and then applying corrections for Eötvös and

Latitude. The raw data acquired in the two main survey areas and along the connecting transit were then

used to calculate power spectra.
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Figure 2a shows the power spectra of the raw converted 1 s BGM‐3 data (solid black line). The data

range from a minimum of 90,981.40 mGal to a maximum of 1,137,301.8 mGal with an average of

980,472.0 mGal, the expected theoretical value at a latitude of 43.4°N. At low frequencies (long periods),

the raw 1 s data spectra decrease with increase in frequency. This is the expected behavior of the gravita-

tional field and reflects, in part, Earth's topography and bathymetry and its isostatic compensation

(Kaula, 1967; Rapp, 1989; Watts & Moore, 2017). Spectra flatten at intermediate frequencies, rise abruptly

to peak at high frequencies (short periods) of ~0.15 cps, and then fall rapidly. We attribute this peak to swell

“noise,” as is evidenced, for example, by virtual wave buoy data at latitude 47.8°N, longitude 163.5°E

(NOAA, 2019), which recorded average swell periods of 6–10 s, sea heights of 2–3 m, and wind speeds of

12–16 knots during a 7‐day‐long period of the Emperor Seamount survey.

The swath bathymetry center beam data are currently logged on Langseth as a 10 s straight average so we

first evaluated whether such an average might be suitable for filtering the gravity data. Figure 2a shows that

a 10 s straight average (light blue curve) applied before correcting for latitude and Eötvös fails to eliminate

swell “noise.” The figure shows that a 120 s Gaussian filter (magenta curve), as recommended by the man-

ufacturer, to be amuchmore satisfactory way of removing swell noise. A problemwith this filter, however, is

that there is still a significant level of noise at high frequencies (short periods), albeit with much less power

than swell “noise.” During the long transit between survey areas, the vessel made good an average speed of

8.9 knots and so in 120 s would have traveled an average of 0.5 km. We therefore considered applying an

additional distance filtering step. We found that a 0.3 km Gaussian filter or a 1.0 km median filter further

Figure 2. Power spectra plot of the shipboard gravity data acquired during MGL1902. (a) Observed BGM‐3 shipboard gravity data. Solid black line: raw 1 s pulse

rate data, which has been converted to mGal and had a bias added. Solid light blue line = raw 1 s free‐air gravity anomaly data with a 10 s straight average

applied before correcting for latitude and Eötvös. Solid magenta line: raw 1 s free‐air gravity anomaly data with a 120 s Gaussian filter applied before correcting for

latitude and Eötvös. Solid orange line: raw 1 s free‐air gravity anomaly data with a 120 s Gaussian filter and a 0.3 km Gaussian filter. Solid red line: raw

1 s free‐air gravity anomaly data with a 120 s Gaussian filter and a 1.0 km median filter. Gray shaded region shows frequency range of a 7‐day‐long record of

virtual wave buoy data from the Jimmu and Suiko seamount survey area (Figure 1). (b) Calculated gravity effect of uncompensated bathymetry assuming the

center beam swath bathymetry, the simple Bouguer “slab” formula and a density of seawater and oceanic crust of 1,030 and 2,650 kg m
−3

, respectively. Solid blue

line: raw 10 s swath data. Solid light blue line: raw 10 s swath data with a 2.0 km median filter.
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reduced the noise at high frequencies (short periods), with the latter being particularly successful in

extending the decrease in power with increasing frequency seen at low frequencies.

4. Repeat Swath Bathymetry and Gravity Measurements

We were fortunate during the deep seismic part of the survey to acquire two, 350‐ and 400‐km long, repeat

lines: once for multi‐channel seismic (MCS) data and once for OBS data acquisition. Although these were

not truly repeat lines (since the track of OBS shooting was offset slightly [~500 m] from the track of MCS

shooting), we have been able to use the repeat lines to assess the accuracy (i.e., repeatability) of the shipboard

bathymetry and gravity measurements on different track headings and in variable sea states.

Data acquired along the MCS and OBS repeat dip Line 1 and repeat strike Line 2 are shown in Figures 3 and

4. Swath bathymetry agrees well, with the main differences being confined to steep bathymetric gradients on

the flanks of seamounts. RMS differences are greater for Line 2 than Line 1, probably because of the greater

incidence on the strike line than the dip line of steep gradients. Gravity also agrees well. RMS differences are

also greater for Line 2 than Line 1. Steep gradients on this line probably contribute, but navigational errors

due, for example, to the sensitivity of heading changes to N‐S courses in the Eötvös correction probably also

contribute. Statistical data from the repeat lines are summarized in Table 1.

5. Comparison of Shipboard and Satellite‐Derived Bathymetry and Gravity Data

5.1. Chopin, Musician Seamounts

Chopin Seamount is one of a number of elongate‐shaped seamounts and east‐west trending linear ridges

that comprise the Musician Seamounts, north of the Hawaiian Ridge in the Central Pacific Ocean. Marine

Figure 3. Comparison of swath bathymetry center beam data along repeat Lines 1 and 2 of Jimmu and Suiko seamounts.

The raw 10 s data have been despiked with a 2.0 km median filter. Red filled triangle marks the intersection point of

Lines 1 and 2. The difference plot shows the swath data acquired during MCS acquisition minus the swath data acquired

during OBS acquisition. Only differences in the range −0.2 to 0.2 km are plotted.
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geological and geophysical data suggest the seamounts are volcanic in origin and formed on or near a

mid‐ocean ridge during the Late Cretaceous (Clague & Dalrymple, 1975; Watts et al., 2006), possibly from

the interaction of a hotspot (Euterpe, now extinct) with a spreading ridge that separated the Pacific and

Farallon plates (Kopp et al., 2003).

During MGL1902 we crossed the southwestern flank of Chopin Seamount along a track located approxi-

mately parallel to and mid‐way between two previous swath bathymetry tracks. Figure 5 shows the ship

track in comparison to the existing single beam PDR andmultibeam swath bathymetry data and a combined

bathymetry 100 × 100 m grid of the seamount based on the MGL1902 swath and SRTM15 + V2.0 (Tozer

et al., 2019) satellite‐derived bathymetry data.

Figure 6 compares the observed shipboard bathymetry and gravity

data to the GEBCO 2019 and SRTM15 + V2.0 satellite‐derived bathy-

metry and V28.1, DTU10, and DTU15 satellite‐derived gravity data.

The figure shows significant departures between the two data sets.

The largest bathymetry difference (Figure 6c) occurs over the summit

of the seamount where the shipboard bathymetry is deeper than the

satellite‐derived bathymetry by up to 250 m and shallower by up to

500 m. The largest gravity difference (Figure 6b) also occurs over

the summit where the shipboard gravity anomaly exceeds the

satellite‐derived gravity anomaly by up to 7–12 mGal. The RMS dif-

ferences in bathymetry are in the range 175.53–185.08 m, and the

Figure 4. Comparison of free‐air gravity anomaly data along repeat Lines 1 and 2 of Jimmu and Suiko seamounts. The

raw BGM‐3 1 s data have been filtered with a 120 s Gaussian filter before correction for latitude and Eötvös and a 1.0 km

median filter after correction (Figure 2a). Black filled triangle marks the intersection of Lines 1 and 2. The difference

plots show the gravity data acquired during MCS acquisition minus the gravity data acquired during OBS acquisition.

Table 1

Comparison of EM122 Swath Bathymetry and BGM‐3 Gravity Data Along

Repeat MCS and OBS Lines 1 and 2

N Mean
a

RMS

Swath bathymetry Line 1 1,460 −0.0036 km 0.036 km Figure 3

Swath bathymetry Line 2 1,860 0.190 km 0.580 km

BGM‐3 gravity Line 1 1,860 −0.21 mGal 1.35 mGal Figure 4

BGM‐3 gravity Line 2 1,460 −0.60 mGal 2.77 mGal

a
MCS acquisition minus OBS acquisition.
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RMS differences in gravity are in the range 5.09–6.29 mGal (Table 2). We note that the RMS difference

between the shipboard and V28.1 satellite‐derived gravity field (5.09 mGal) is significantly larger than the

RMS error in this field (0.33 mGal) along the profile (Sandwell et al., 2019). Therefore errors in the V28.1

field do not change the relationship observed between the bathymetry and gravity differences in

Figures 6b and 6c.

The comparisons in Figure 6 suggest that while the satellite‐derived data predict well the long wavelength

features of the seamount, it fails to resolve the short wavelength bathymetry of its summit and flanks and

their associated gravity anomalies. This is not entirely unexpected. The summits of Chopin are narrow

(~5–7 km in diameter), and the design of the downward continuation stabilization filter used when generat-

ing the SRTM15 + V2.0 predicted bathymetry (Tozer et al., 2019) has a cutoff wavelength of ~10.5 at 2 km

water depth, such that the summits are below the currently achievable resolution. Furthermore,

satellite‐derived gravity is limited by the wavelength band resolvable using satellite altimetry, which is

reported ~20 km (Sandwell et al., 2019), and so does not include shorter wavelength variations in gravity

such as those over the summits of Chopin that can only be recovered by shipboard data.

The correlation between the bathymetry and gravity differences in Figures 6b and 6c is close, suggesting a

causative relationship. To test this, we used the fast Fourier transform (FFT) method of Parker (1972) to

compute the three‐dimensional gravity effect of the combined swath and satellite‐derived bathymetry,

sampled it along the MGL1902 ship track and compared it to the observed free‐air gravity anomaly. We

assumed in the calculations a density of water of 1,030 kg m−3, uniform densities of bathymetry of 2,450,

2,650, and 2,850 kg m−3 and that the bathymetry is isostatically uncompensated. Figure 6a shows a good

general agreement between the observed and calculated gravity anomalies. However, a density of

2,850 kg m−3 overpredicts the amplitude of the observed free‐air gravity anomaly while a density of

2,450 kg m−3 underpredicts it. The best overall fit over the seamount summit is for a density of 2,650 kg m−3,

although none of the uniform densities tested is able to fully explain the gravity anomaly over both the sum-

mit and its flanks.

The differences between the observed and calculated gravity anomaly and the V28.1 and DTU15

satellite‐derived gravity fields are highlighted at an expanded vertical scale in Figure 6b. Thin black dashed

lines show the differences between the calculated gravity effect of the bathymetry assuming a uniform

Figure 5. Surface‐ship and satellite‐derived bathymetry data over Chopin, Musician seamounts. (a) Previous single beam

and multibeam data used to construct the SRTM15 + V2.0 model of Tozer et al. (2019). Solid red line: MGL1902 ship

track. Light brown: MGL1902 swath coverage. (b) Bathymetry map based on a combined auto and manually processed

swath bathymetry and SRTM15 + V2.0 100 × 100 m grid. Solid black line shows ship track with tick marks at 1 h

intervals.
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density of 2,650 kg m−3 and the satellite‐derived gravity fields. Thick

black dashed lines shows a 25 km Gaussian filter of the difference.

The filter removes the regional (down‐north/up‐south) tilt in the dif-

ference gravity anomaly, which we speculate, is due, at least in part,

to lateral changes in density beneath the flanks of the seamount with

the northern flank underlain by relatively low density crust and the

southern flank by relatively high density crust. Such density differ-

ences may be reflected in the morphology of the seamount where

the steeper northern flank of Chopin is more prone to submarine

landsliding and mass wasting products in the form of slides and large

blocks (visible in Figure 5b) than the southern flank.

5.2. Jimmu and Suiko Guyots, Emperor Seamounts

The Jimmu and Suiko guyots are two of a number seamounts that

comprise the hotspot generated Hawaiian‐Emperor seamount chain.

Many of the seamounts have flat tops and were identified by

Hess (1946), Dietz (1954), and Smoot (1982) as guyots: ancient islands

that were wave‐trimmed and then submerged. Jimmu and Suiko are

unusually large compared to other known Pacific guyots, having an

areal extent in excess of ~1,500 km2 and rising more than 4 km above

the regional depth of the surrounding seafloor. Rock dredge and

IODP drilling data indicate an age for the main phase of volcano

shield‐building on Suiko of 60–65 Ma (Dalrymple et al., 1980) and a

linear age‐distance relation of 57 ± 2 kmMyr−1 indicate a most prob-

able age for Jimmu of 64–69 Ma (O'Connor et al., 2013).

We crossed Suiko and Jimmu guyots duringMGL1902 on a ship track

that connected the two summits and intersected four tracks of pre-

vious swath bathymetry cruises, including SONNE cruise SO201.

Figure 7 shows the ship track in comparison to existing single beam

echo sounder andmultibeam swath bathymetry data and a combined

bathymetry 100 × 100 m grid of the seamounts based on MGL1902

swath and SRTM15 + V2.0 satellite‐derived bathymetry data.

Figure 8 compares the observed shipboard bathymetry and gravity

data to satellite‐derived bathymetry and gravity data. The largest

bathymetry differences occur over the steep flanks of the guyots

where the shipboard bathymetry is deeper than the satellite‐derived

bathymetry by up to 1.6 km (Figure 8c). The largest gravity differ-

ences occur over the summits of Jimmu and Suiko where the ship-

board gravity anomaly is greater than the satellite‐derived gravity

by up to 8 mGal and over the southern flank of Suiko and northern

flank of Jimmu where the shipboard gravity is smaller than the

satellite‐derived gravity by up to 8 mGal. The RMS difference for

the SRTM15 + V2.0 bathymetry is 303.39 m and for the V28.1,

DTU10, and DTU15 gravity are 2.58, 4.46, and 3.45 mGal respectively

(Table 2).

The observed free‐air gravity anomaly along the ship track in Figure 7

is compared to the calculated three‐dimensional gravity effect of the

bathymetry based on the FFT method of Parker (1972), a combined

swath and satellite‐derived 25 × 25 m grid and uniform densities of

bathymetry of 2,200, 2,600, and 3,000 kg m−3 in Figure 8. Figure 8b

shows that unlike at Chopin Seamount a significant discrepancy

(up to 100 mGal) now exists between the observed and calculated

gravity anomaly based on the bathymetry. The largest discrepancies

Figure 6. Comparison of shipboard bathymetry and gravity data and

satellite‐derived data over the west flank of Chopin, Musician Seamounts.

(a) Comparison of observed 1 s data with 120 s Gaussian filter (gray filled circles)

and 1 s data with 120 s Gaussian filter and a 1.0 km Gaussian filter (red

solid line) with the satellite‐derived V28.1 gravity field (Sandwell et al., 2019)

(blue dashed line). Dashed purple lines show the three‐dimensional calculated

gravity effect of uncompensated bathymetry assuming a combined swath and

satellite‐derived bathymetry grid and uniform densities of 2,450 and

2,850 kg m
−3

. The dashed black line shows the calculated gravity for a uniform

density of 2,650 kg m
−3

. (b) Observed BGM‐3 minus satellite‐derived gravity.

Gray filled circles show observed 1 s data with 120 s Gaussian filter minus the

V28.1 field. Red solid line shows observed with a 1.0 km median filter minus the

V28.1 field. Orange solid line shows observed with a 1.0 km median filter minus

the DTU15 field (Andersen et al., 2017). Thin dashed black line shows the

calculated gravity effect of the combined swath and satellite‐derived bathymetry

based on an assumed density of 2,650 kg m
−3

minus the V28.1 field. Thick

dashed line shows a 25.0 km Gaussian filtered calculated gravity effect minus the

V28.1 field. (c) Observed swath minus the satellite‐derived bathymetry. Solid

blue line shows SRTM15 + V2.0 (Tozer et al., 2019). Solid light blue line shows

GEBCO 2019. (d) Comparison of observed 10 s center beam swath bathymetry

with a 1.0 km Gaussian filter (solid blue line) to the satellite‐derived

SRTM15 + V2.0 bathymetry (dashed blue line).

10.1029/2020JB020396Journal of Geophysical Research: Solid Earth

WATTS ET AL. 9 of 18



are found over the guyot summits where none of the uniform densi-

ties of the bathymetry tested are able to account for the amplitude of

the observed gravity anomalies.

We assumed in the calculations in Figure 8a that the guyots are

uncompensated and so have ignored any contribution to the calcu-

lated gravity anomaly in Figure 8a of a crustal “root” due, for example,

to volcano load‐induced flexure. A crustal “root” beneath Jimmu and

Suiko would, however, reduce the amplitude of the calculated gravity

anomalies and further increase the discrepancy between observed

and calculated gravity anomaly. These considerations suggest that a

single density contrast at the seafloor interface is insufficient to

explain the observed gravity anomaly and hence other contributions

due, for example, to sub‐seafloor interfaces, must be involved.

In order to examine the relationship between the short wavelength

bathymetry and gravity along the ship track at Jimmu and Suiko

we followed the procedure used at Chopin, Musician Seamounts.

The V28.1 and DTU15 satellite‐derived fields were subtracted from

the calculated gravity anomaly for a particular uniform density (in

this case 2,600 kg m−3) and the difference calculated. The difference

was then filtered and another difference calculated by subtracting the filtered gravity from the unfiltered

gravity. In the case of Chopin, this procedure removed a regional tilt (down‐north/up‐south) which we ten-

tatively attributed to lateral changes in the density of the crust between the north and south flanks of the

seamount. At Suiko and Jimmu, the difference gravity anomaly is largest over the seamount summit, and

so we attribute it to lateral density changes within the respective volcano edifices. The difference implies a

mass excess, suggesting the seamounts are cored by mafic material that progressively increases its density

with depth. Irrespective of the actual cause, filtering removes this contribution and allows us to proceed with

examining the relationship between the short wavelength bathymetry and gravity anomaly.

Figure 8c shows the observed and calculated difference gravity. The observed gravity is based on the raw 1 s

shipboard data with a 120 s Gaussian filter and an additional 1.0 km de‐spiking median filter. The calculated

gravity is based on Gaussian filters of width 15, 25, and 35 km. The figure shows a close visual correlation

between the observed gravity along the profile and the calculated gravity based on the bathymetry. The best

overall fits to the amplitude and wavelength of the observed gravity are for a calculated difference gravity

with a 25 km Gaussian filter, but each filter tested confirms that short wavelength variations in the

BGM‐3 raw 1 s data are related to changes in bathymetry, rather than to other factors such as navigation,

sensor, or oceanographic “noise.”

We have considered in these comparisons for Chopin seamount and Jimmu and Suiko guyots the GEBCO

2019 and SRTM15+V2.0 satellite‐derived bathymetry and the V28.1 andDTU satellite‐derived gravity fields.

As Figures 6 and 8 demonstrate, each of these satellite‐derived fields definewell Earth's bathymetry and grav-

ity fields. However, Table 2 shows that SRTM15 + V2.0 bathymetry, which is essentially identical to GEBCO

2020, explains the shipboard bathymetry equally well as GEBCO 2019 while V28.1 gravity explains the ship-

board gravity better thanDTU10 andDTU15.We have therefore used the SRTM15+V2.0 andV28.1 satellite‐

derived fields as the “reference” in our subsequent studies.

6. Discussion

The comparison between observed and calculated gravity at Chopin Seamount and Jimmu and Suiko guyots

demonstrates not only the utility of shipboard gravity measurements in improving the resolution of the mar-

ine gravity field, but the possibility of using shipboard gravity data to constrain the density (and hence com-

position) of small‐scale features on the seafloor. We illustrate this here by a detailed comparison of the

difference between the observed and calculated gravity anomalies and the satellite‐derived field over three

segments of the MGL1902 ship track that crossed the summits of the Jimmu and Suiko guyots and the deep

water region between them.

Table 2

Comparison of EM122 Swath Bathymetry With SRTM15 + V2.0 and GEBCO

2019 Bathymetry and BGM‐3 Gravity With V28.1 and DTU10 and

DTU15 Gravity

N Mean
a

RMS

Chopin

GEBCO 2019 1,423 −3.16 m 185.08 m Figure 6

SRTM15 + V2.0 1,423 −0.52 m 175.53 m

V28.1 14,631 −1.11 mGal 5.09 mGal

DTU10 14,631 −0.49 mGal 6.29 mGal

DTU15 14,631 +0.45 mGal 5.89 mGal

Emperor Seamounts

GEBCO 2019 18,034 −50.01 m 244.37 m Figure 8

SRTM15 + V2.0 18,034 −100.13 m 303.39 m

V28.1 180,720 −1.52 mGal 2.58 mGal

DTU10 180,720 +0.33 mGal 4.46 mGal

DTU15 180,720 +0.14 mGal 3.45 mGal

a
Shipboard minus satellite‐derived.
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Figure 9 compares observed and calculated gravity anomalies over the north flank of Jimmu. The figure

shows three 6‐ to 10‐km wide, 500‐m‐high, bathymetric features at depths of 1.4–1.7 km on the

north‐dipping flank of the guyot. The bathymetric features, labeled A, B, and C in Figure 9c, correlate with

gravity anomaly highs of up to 4–6 mGal. Figures 9a and 9b compare the raw 1 s BGM‐3 gravity data with a

Gaussian filter of 120 s and a 1 km de‐spike median filter to calculated gravity anomalies based on the FFT

method of Parker (1972), a 25 × 25 m combined swath bathymetry and satellite‐derived bathymetry grid and

uniform densities of bathymetry of 2,200, 2,600, and 3,000 kg m−3. The figures show that while there is no

single uniform seabed density that can explain the observed gravity data, there are segments of the calcu-

lated gravity anomaly profiles that do appear to fit the observed data. For example, the “skewness” of the

gravity effect of feature A and the relatively low amplitude of feature B appear to be best explained by a

low density seafloor while the steep slope and high amplitude of feature C appear to be best explained by

a high density. Figure 9d shows that features A and B appear as circular‐shaped “mounds” on the seafloor,

possibly volcanic cones with, at least in the case of A, a summit pit crater. The low density, if they are vol-

canic in origin, implies they comprise ash and, because they are in‐tact, they might be significantly younger

in age than the main guyot edifice. Interestingly, evidence for post‐shield building volcanic activity has been

proposed at Detroit Seamount, ~600 km north of Jimmu, on the basis of ash horizons in ODP drill sites

which may be as much as 42 Myr younger than the volcano edifice (Kerr et al., 2005).

Figure 7. Surface‐ship and satellite‐derived bathymetry data over Jimmu and Suiko, Emperor Seamounts. (a) Previous single beam and multibeam data

distribution used to construct the SRTM15 + V2.0 model (Tozer et al., 2019). Solid red line: MGL1902 ship track. Light brown: MGL1902 swath coverage.

(b) Bathymetry map based on a combined MGL1902 swath bathymetry and SRTM15 + V2.0 100 × 100 m grid. Solid black line shows tick marks at 6 hr intervals

along the ship track.
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Feature C, in contrast, appears to be part of an incised wave‐cut platform, the shoreline to which is well

defined on swath bathymetry as the 1,500 m depth contour. The high density associated with this feature

suggests that the platform has been incised in mafic or possibly ultramafic rocks.

Figure 10 compares observed and calculated gravity over the deep water between Jimmu and Suiko. The fig-

ure shows three similar size bathymetric features to those on Jimmu (5–15 km wide, 500 m high), but at the

significantly greater depth compared to the flanks of Jimmu and Suiko of 2.6–3.5 km. The features, labeled

D, E, and F in Figure 10c, correlate with gravity anomaly highs of up to 5–10 mGal. Figures 10a and 10b

Figure 8. Comparison of observed and calculated gravity anomaly for different assumed average densities of bathymetry.

(a) Observed and calculated gravity. Gray filled circles show BGM‐3 raw 1 s data with 120 s Gaussian filter. Solid red line

shows raw 1 s data with 120 s Gaussian filter and a 0.1 km despike median filter. Blue dashed line shows the

satellite‐derived V28.1 field. Dashed orange lines show the calculated three‐dimensional gravity effect of the topography

based on the FFT method of Parker (1972) assuming a uniform density of water of 1,030 and crust of 2,200, 2,600,

and 3,000 kg m
−3

. (b) Calculated gravity effect of the topography based on uniform density of crust of 2,650 kg m
−3

minus the V28.1 satellite‐derived gravity field. Dashed line shows the difference with a 25 km Gaussian filter.

(c) Observed BGM‐3 minus satellite‐derived gravity. Gray filled circles show observed 1 s data with 120 s Gaussian filter

minus the V28.1 field. Red solid line shows observed with a 1.0 km median filter minus the V28.1 field. Orange solid line

shows observed with a 1.0 km median filter minus the DTU15 field. Thick dashed black line shows the calculated

gravity for an assumed density of bathymetry of 2,650 kg m
−3

and a 25 km Gaussian filter. Thin dashed lines, which have

been shifted vertically for clarity of display, are for a 15 and 35 km Gaussian filter. Boxes locate the expanded plots

in Figures 9–11. (d) Observed 10 s center beam swath bathymetry data with a 0.1 km despike median filter (solid blue

line) and satellite‐derived bathymetry SRTM15 + V2.0 (dashed blue line) and GEBCO 2019 (dashed magenta line).

Thick black lines at zero bathymetry show the region of intersection along Line 2 of legacy swath bathymetry

cruises (Figure 7a).
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compare the raw 1 s BGM‐3 gravity data with a Gaussian filter of 120 s and a 1 km de‐spike median filter to

calculated gravity anomalies based on the FFT method of Parker (1972), a 25 × 25 m combined swath and

satellite‐derived bathymetry grid and assumed uniform densities of bathymetry of 2,200, 2,600, and

3,000 kg m−3. The figure shows that as in the case of the Jimmu profile in Figure 9 there is no single

uniform density of bathymetry that can fully explain the observed gravity data. There are, however,

segments of the calculated gravity anomaly profiles that do fit the observed data. For example, features D

and E appear to require an intermediate and high density in order to explain the amplitude of the

observed anomaly over D and the “skewness” of the anomaly over E, while a low density appears to be

required to explain the “skewness” of the anomaly over feature F. Figure 10d shows that features D and E

occur in a region of what appear to be lava flow fronts on the west flank of a narrow ridge that extends

NNE of Suiko guyot, consistent with mafic and maybe ultramafic rocks and an intermediate and high

density.

Feature F, in contrast, appears to be associated with a region of incised channels. The channels may act as

conduits that transport sediments from a region of scour upslope to a region of deposition downslope.

Evidence for scour is the “scalloping” of bathymetric contours upslope of the channels and for deposition

Figure 9. Comparison of the difference between observed and satellite‐derived gravity and the difference between

calculated and satellite‐derived gravity over the north flank of Jimmu guyot. (a) Calculated gravity effect of the

topography assuming three‐dimensionality and uniform densities of the bathymetry of 2,200, 2,600, and 3,000 kg m
−3

minus the V28.1 satellite‐derived gravity field. The thin dashed line and asterisks indicate segments of the

calculated gravity anomaly that most closely resemble the observed gravity. (b) Observed BGM‐3 minus satellite‐derived

gravity. Gray filled circles show 1 s data with a 120 s Gaussian filter. Red lines show a 1 km (lower curve) and a 2 km

(upper curve) de‐spike median filter. (c) Observed 10 s center beam swath bathymetry data with a 0.1 km despike

median filter (solid blue line) and satellite‐derived bathymetry SRTM15 + V2.0 (dashed blue line). A, B, and C identify

prominent bathymetric features discussed in the text. d) 25 × 25 m swath bathymetry grid used along with the

satellite‐derived bathymetry to calculate the gravity effect of the bathymetry. A, B, and C locate the bathymetric features

in (c) and summarize their geological interpretation. Yellow open triangle indicates the intersection with Line 1.
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is the bulging of the contours downslope. The presence of mass wasting products is consistent with a low

density of the bathymetry.

Figure 11 compares observed and calculated gravity anomalies over the south flank of Suiko. The figure

shows three 10‐ to 15‐km‐wide, up to 750‐m high, bathymetric features at depths 1.5–3.4 km on the

south‐dipping flank of the guyot. The bathymetric features, labeled G, H, and I in Figure 11c, correlate with

gravity anomaly highs of up to 2–10 mGal. Figures 11a and 11b compare the raw 1 s BGM‐3 gravity data with

a Gaussian filter of 120 s and a 1 and 2 km de‐spikemedian filter to calculated gravity anomalies based on the

FFTmethod of Parker (1972), a 25 × 25m combined swath bathymetry and satellite‐derived bathymetry grid

and uniform densities of bathymetry of 2,200, 2,600, and 3,000 kg m−3. The figure again shows that while

there is no single uniform density of bathymetry that can explain the observed gravity data, there are seg-

ments of the calculated gravity anomaly profiles that do appear to fit the observed data. For example, feature

G is a gentle upwarp of the seafloor and appears to require an intermediate density to explain the amplitude

and “skewness” of the associated gravity anomaly high while feature I is amid‐slope bathymetric high which

Figure 10. Comparison of the difference between observed and satellite‐derived gravity and the difference between

calculated gravity and satellite‐derived gravity over the deep water between Jimmu and Suiko guyots. (a) Difference

calculated gravity assuming three‐dimensionality and uniform densities of the bathymetry of 2,200, 2,600, and

3,000 kg m
−3

. The thin dashed line and asterisks indicate segments of the calculated gravity that most closely resemble

the observed gravity. (b) Difference observed gravity. Red lines show a 1 km (lower curve) and a 2 km (upper curve)

de‐spike median filter. (c) Observed 10 s center beam swath bathymetry data with a 0.1 km despike median filter (solid

blue line) and satellite‐derived bathymetry SRTM15 + V2.0 (dashed blue line). D, E, and F identify prominent

bathymetric features discussed in the text. (d) 25 × 25 m swath bathymetry grid used along with the satellite‐derived

bathymetry to calculate the gravity effect of the bathymetry. D, E, and F locate the bathymetric features in (c) and

summarize their geological interpretation.
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appears to require a low density to explain the associated gravity high. Figure 11d shows that feature G is

downslope of what appears to be a wave‐cut platform on smooth seafloor, consistent with mafic rocks

while feature I is located just to the south of incised channels and north of a region of what appear to be

blocks scattered over a broad region of deep seafloor, consistent with erosional scour, sediment transport,

and deposition.

Feature H, however, is enigmatic. The swath bathymetry map (Figure 11d) reveals a broad domal uplift of

the seafloor, yet the calculated gravity anomaly predicts a significantly smaller gravity anomaly high over

this feature than is observed. Nevertheless, there is a suggestion from the steep gravity anomaly gradient

associated with the south flank of feature H that high density rocks may be present. We speculate therefore

that feature H is an igneous complex comprising mafic and/or ultramafic rocks that have intruded the host

rocks in such a way to elevate the uppermost crustal layers and the seafloor. Similar intrusive complexes

have been deduced by Flinders et al. (2013) using difference gravity anomalies in the Hawaiian

Islands region.

Figure 11. Comparison of the difference between observed and satellite‐derived gravity and the difference between

calculated gravity and satellite‐derived gravity over the south flank of Suiko guyot. (a) Difference calculated gravity

assuming three‐dimensionality and uniform densities of the bathymetry of 2,200, 2,600, and 3,000 kg m
−3

. The thin

dashed line and asterisks indicate segments of the calculated gravity that most closely resemble the observed gravity.

(b) Difference observed gravity. Red lines show a 1 km (lower curve) and a 2 km (upper curve) de‐spike median filter.

(c) Observed 10 s center beam swath bathymetry data with a 0.1‐km despike median filter (solid blue line) and

satellite‐derived bathymetry SRTM15 + V2.0 (dashed blue line). G, H, and I identify prominent bathymetric features

discussed in the text. (d) 25 × 25 m swath bathymetry grid used along with the satellite‐derived bathymetry to calculate

the gravity effect of the bathymetry. G, H, and I locate the bathymetric features in (c) and summarize their geological

interpretation.
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To further test this possibility, we compared the bathymetry and

gravity data in the region of feature H on the south flank of

Suiko to other available marine geophysical data (Figure 12). The

figure shows that the bathymetry and gravity feature H closely cor-

relates with high P wave velocities (>6 km s−1) (Grevemeyer

et al., 2019) and a broad magnetic anomaly “high” (~400–600 nT),

consistent with the occurrence of a mafic or ultramafic crustal body

at shallow depth below the seafloor. There is an excellent agree-

ment between the difference observed gravity based on the median

filtered 1 s BGM‐3 data and the difference calculated gravity based

on the two‐dimensional gravity effect of the crustal layers defined

seismically (RMS = 1.2 mGal). While the gravity effect of the bathy-

metry is still a significant contributor to the gravity anomaly,

Figure 12b clearly shows the shallowing of the 6.0 km s−1

iso‐velocity contour to be equally significant. We believe this result

is robust, despite the fact that the gravity effects of the crustal layers

have been computed assuming the line‐integral method of Talwani

et al. (1959) rather than the FFT method of Parker (1972) and two‐

rather than three‐dimensionality. The figure shows, for example,

that in the case of the gravity effect of the bathymetry, the differ-

ence between assuming two‐ and three‐dimensionality (blue dashed

lines in Figure 12b) is small and does not exceed a RMS of

0.8 mGal.

7. Conclusions

1. A recent survey of Chopin seamount and Jimmu and Suiko guyots

in the northwest Pacific Ocean reveals RMS differences between

shipboard measurements and satellite‐derived bathymetry and

gravity data in the range 175.5–303.4 m and 2.6–6.3 mGal,

respectively.

2. The differences reflect the high‐resolution of current shipboard

swath bathymetry and gravity measurement systems, such as

those installed on R/V Marcus G. Langseth, and the lower resolu-

tion of global satellite‐derived bathymetry and gravity due to

limits in the technique of bathymetric prediction and the wave-

lengths resolvable using satellite altimetry.

3. The bathymetry and gravity differences are, in many cases, highly

correlated and can be explained to a significant degree by the

gravity effect of uncompensated bathymetry with densities that

are in the range 2,200–3,000 kg m−3, suggesting significant varia-

tion in rock type on the seafloor.

4. Shipboard systems such as the Koninsberg EM 120 swath bathy-

metry and BGM‐3 gravimeter are capable of resolving seafloor

features as small as 5–15 km wide and 250–500 m high, even in

water depths of 2–4 km.

5. These features in the shipboard bathymetry and free‐air gravity

anomaly field are unresolvable in current global satellite‐derived

solutions such as GEBCO 2019 and SRTM15 + V2.0 and

DTU10, DTU15 and V28.1.

6. Surface ship swath bathymetry and gravity measurements will continue to be required in the future, not

only for global Earth model improvement, but also for marine geological studies, especially those

involved with the structure and composition of seamounts, the processes contributing to their growth

and decay, and their significance for intraplate volcanism.

Figure 12. Comparison of the bathymetry and gravity anomaly features on the

south flank of Suiko to seismic P wave velocity structure and magnetic

anomaly data. The P wave velocity structure is based on Grevemeyer

et al. (2019), and magnetic anomaly data were acquired during MGL1902.

(a) Magnetic anomaly. (b) Difference calculated gravity obtained by subtracting

the V28.1 satellite‐derived gravity field from the calculated gravity effect of the

bathymetry and the seismically constrained crustal model. Blue dashed lines

show the two‐dimensional gravity effect of the bathymetry based on the 10 s

swath center beam data (light blue) and the three‐dimensional gravity effect of

the bathymetry based on a 25 × 25 m swath grid (dark blue). Red dashed

lines show the gravity effect of the crustal layers as defined by the depth to the

4.0, 5.0, and 6.0 km s
−1

isovelocity contours and the velocity‐density

relationships of Brocher (2005). Numbers indicate the density in kg m
−3

above,

the density below in kg m
−3

, and the isovelocity contour in km s
−1

across

which the density contrast between the two layers is assumed to apply. Green

solid line shows the sum gravity effect of all the crustal layers. (c) Difference

observed gravity anomaly. Gray filled circles show 1 s data with a 120 s Gaussian

filter. Red lines show a 1 km de‐spike median filter. (d) 25 × 25 m swath

bathymetry grid used along with the satellite‐derived bathymetry. G, H, and I

locate the bathymetric features in Figure 11. (e) Crustal P wave velocity model

derived by Grevemeyer et al. (2019) based on OBS data acquired along Line 2

during MGL1902. Thick black lines show the 4.0, 5.0, and 6.0 km s
−1

isovelocity

contours, the two‐dimensional gravity effect of which are shown in (b).
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Appendix A: BGM‐3 Gravimeter tie‐in Data
Following the installation of a new sensor during 11–15 June 2018 in Honolulu the BGM‐3 gravimeter

onboard R/V Marcus G. Langseth was set to a digital pulse rate conversion factor and bias of

5.096606269 mGal/count and 852,513.49 mGal, respectively. Since its installation the sensor has drifted

(Figure A1) resulting in a mistie at the start of MGL1902 of +9.82 mGal in Honolulu, which had

decreased to +6.25 mGal by the end of the cruise in Kodiak on 2 June 2019 (Figure A1). The resulting

drift was −0.0744 mGal/day. The Chopin seamount gravity survey was carried out 9 days after the

Honolulu tie and the Emperor Seamount gravity surveys 31–38 days after the Honolulu tie. We therefore

applied a mistie correction to the Chopin and Emperor Seamount gravity data of +9.15 and +7.25 mGal,

respectively.

Data Availability Statement

The figures in this paper were constructed using GMT (Wessel & Smith, 1991). The swath bathymetry, grav-

ity, and magnetic data acquired during the MGL1902 cruise (https://doi.org/10.7284/908198) will be made

available through the Marine Geoscience Data System (MGDS).
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