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Abstract—Seamounts are ubiquitous manifestations of
underwater volcanism that rise above the surrounding ocean
floor by more than a few hundred or thousand meters. Any
temporal and spatial variations of the underwater volcanic and
tectonic processes that formed seamounts can primarily be
understood through their geometric characterization and spatial
distribution. For this study, we utilize the vertical gravity
gradient (VGG) version 23.1 derived from satellite altimetry,
which includes new data from the CryoSat-2, Envisat, and Jason-
1 missions. A repeated statistical comparison for an area with no
significant geologic features shows that the standard deviation of
VGG 23.1 is decreased about 48% from the previous release,
indicating the signal-to-noise ratio has been improved
significantly from the previous version. In order to examine
whether the new data give us better opportunities to find
seamounts, we choose near-ridge environments constrained by
good bathymetry coverage. For a given area, the nonlinear
inversion method to search for seamounts is applied. We
approximate VGG anomalies over seamounts as sums of
individual, partially overlapping, elliptical polynomial functions,
which allows us to form a non-linear inverse problem by fitting
the polynomial model to the observations. Model parameters for
a potential seamount include geographical location, peak VGG
amplitude, major and minor axes of the elliptical base, and the
azimuth of the major axis. The non-linear inversion is very
sensitive to the initial values for the location and amplitude;
hence, they are constrained by the center and amplitude of the
uppermost contours obtained with a 1-Eotvos contour interval.
With these initial conditions from contouring, we execute a step-
wise and fully automated inversion and obtain optimal model
estimates for potential seamounts; these are statistically
evaluated for significance using the Akaike Information
Criterion and F tests. Here we present a preliminary result of
seamount detection using the new global data and discuss
possibilities for constructing a new synthesized global dataset of
seamounts.

Keywords—seamount; altimetry; data analysis; underwater
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I. INTRODUCTION

Seamounts are ubiquitous manifestations of underwater
volcanism that rise above the surrounding ocean floor by more
than a few hundred or thousand meters [1, 2]. Any temporal
and spatial variations of the underwater volcanic and tectonic
processes that formed seamounts can primarily be understood
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through their geometric characterization and spatial
distribution [3]. The most uniform global bathymetry data for
the ocean basins are derived from satellite altimetry that
measures sea surface heights [4]. As the sea surface
approximates the geoid, reflecting the mass distribution of sea
floor relief, processing of satellite altimetry measurements
recovers the anomalous gravity signals over seamounts [5].

Recently the resolution and accuracy of altimetry-derived
gravity data are significantly improved by including new non-
repeat data of CryoSat-2, Envisat, and Jason-1 missions [4].
Thus, in this study, we first compare the newly released data
with the previous version, 16.1, using auto-covariance
estimates. Then, to examine whether the new data gives us
better opportunity to find small seamounts, we choose near-
ridge environments constrained by good bathymetry coverage
and apply the non-linear inversion-based seamount searching
method. Here we present a preliminary result of seamount
detection using the new global data and discuss possibilities to
construct new synthesized global dataset of seamounts.

II. METHOD

A. Vertical Gravity Gradient

The vertical gravity gradient (VGG) grid is the geo-
potential data derived from satellite altimetry using a simple
algebraic computation that requires neither spherical harmonics
nor Fourier transforms [6]. Inherently VGG data amplify short-
wavelength signals (e.g., observed over seamounts and fracture
zones) and suppress long-wavelength trends (e.g., associated
with flexure and hotspot swells). Thus, the VGG grid is more
suitable than the free-air gravity (FAA) data for characterizing
small underwater features such as seamounts [3]. Fig. 1 shows
that gravity anomalies over two small seamounts (4 km apart
and 1 km tall) decay when the regional depth increases, while
the VGG signals are separable for these two closely located
seamounts. In addition, the recently released VGG grid has
improved significantly both accuracy and resolution of the data
by including new non-repeat altimeter data sets from CryoSat-
2, Envisat and Jason-1 missions [4]. This new data should
significantly improve our chances of finding unmapped small
seamounts, especially those taller than 1 km. Therefore, we
have utilized the 1-min Mercator VGG grid to examine if such
outcomes are achievable.
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Fig. 1. Limitation of topographic separation from gravity over closely spaced
small seamounts. Two 1-km tall seamounts that are 4 km apart are considered
for variable depths. While the gravity anomalies over the seamounts become
indistinct when the regional depth exceeds the size of seamounts, the vertical
gravity gradient anomalies stay separable. Modified from [16].

To compare the newly VGG data with the previous version,
16.1, we applied the indirect method of computing auto-
covariance estimates based on the Wiener—Khinchin theorem
[7] to an area, where no significant geologic features were
observed (Fig. 2). The 2-D auto-covariance estimates were
averaged over one radial pixel distance (i.e. the distance
between two neighboring grid points of the VGG data in the
Mercator domain) to define the correlation length of the VGG
data using the first zero-crossing of the radial covariance
estimates. The radial auto-covariance estimates indicate that a
VGG value at one grid node is strongly correlated with
neighboring VGG values located within a radius of 5 pixels for
VGG 16.1. However, for VGG 23.1, the first zero-crossing
could not be evaluated because of the flat trend of the tail.
Instead, the correlation length of VGG 23.1 was estimated at
10% of the normalized covariance, which is above the noise
floor. Although the correlation length of the new data appears
to be similar to that of the old, the standard deviation of VGG
23.1 is decreased about 48% from the previous release,
indicating the signal-to-noise ratio has been significantly
improved from the previous. This analysis illustrates that
independent multi altimetry data sets are essential to enhance
resolving power of the retrieved gravity data and hence can
provide better opportunities to reveal unmapped underwater
features. Thus, the AltiKa project developed by the Centre
National d’Etudes Spatiales (CNES), France, is expected to

play another pivotal role to bring up a new opportunity for
improving marine gravity.

B. Characterization of VGG Seamounts

Morphology of seamounts is diversified, ranging from
simple circular, truncated cones to complicated stellate shapes
[8]. While large seamounts (h = 3 km) are often reshaped by
the development of rift zones and flank collapses that result in
complex volcanic edifices (e.g. Ojin and Nintoku seamounts of
the Emperor Seamount Chain [9]), small (h < 1 km) and
intermediate (I < h < 3 km) seamounts tend to have single
volcanic centers and display sub-circular structures (e.g.
Lamont Seamount Chain south of the Clipperton Transform
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Fig. 2. Radial covariance estimate of the VGG grid at ~45°N (inset). a) The
VGG 16.1 grid has a mean of 0.1 Eo6tvos and a standard deviation of 8.19
Eo6tvos. b) The VGG 23.1 grid has a mean of -0.2 E6tvos and a standard
deviation of 4.25 Eo6tvos. Correlation pixel length, Cp, is the distance to the
first zero crossing of the covariance estimates.



Previous global seamount studies consistently show that the
majority of the detected potential seamounts are smaller than 3
km height [3]. Thus, we can assume an “ideal” volcanic edifice
as a simple body, whose VGG responses then can be
approximated by an elliptical polynomial model, R, which is
similar to the Gaussian model but explicitly goes to zero at the
seamount base:
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Here, x = (x, y) is the position vector, X, = (x,, ¥,) is the
summit location, and p is the peak amplitude. Then, the
normalized radial distance from the summit, 7, is defined as

r=qA(x—x,) =2B(x—x )y -y)+Co-y,)} @

with

A =%(f2 cos’ B+sin’ 6)

Bzé(l—fz)cosesine )

Czé(f2 sin” @+ cos’ 6)

XA Xg

Fig. 3. Schematic diagram of contouring when two VGG potential
seamounts with different amplitudes are considered. The model parameters
are denoted for the potential seamounts, A and B.

Here, f'= b/a, where a and b are the major and minor semi-
axes of the basal ellipse, respectively, and & is the angle

between the major and east-west (x) axes (Fig. 3). A circular
polynomial seamount can be simplified further with
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o

where r, is the radius of the seamount base.

If a given domain has S elliptical polynomial seamounts,
we can construct a nonlinear least-squares problem for
estimating the six parameters, m = (p, x, , ¥, , a, b, 6), for each
polynomial seamount by minimizing

N 2 s
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where N is the number of data points used for the fit, V; is the
observed VGG at the ith data point, and o; its standard
deviation of data noise. Here, R; is the predicted VGG at the
ith data point using Mg = (m;, my, ... , mg). Thus, the first
term in (Error! Reference source not found.) is a standard
chi-squared measure of misfit between the observed and
predicted data. The second term is a positivity constraint on
the amplitude parameters, p;, with a logarithm barrier, v [11,
12]. The logarithm term increases the gradient of the misfit if
the amplitude keeps decreasing toward zero and hence ensures
that solutions with negative amplitudes are avoided. A
standard Levenberg-Marquardt approach is used to linearize
and solve (Error! Reference source not found.) [7].

We also develop model selection criteria (MSC) that test if
a model with S+ 1 seamounts significantly improves the misfit
relative to a model with only S seamounts. One of the applied
MSC is the Unbiased Akaike Information Criterion (4/C,) [13]
defined as
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Here, we estimated the effective number of uncorrelated
data, N = N/CRZ, using the correlation pixel length, Cz = 5, as
shown in Fig. 2. In addition, M = 68 is the total number of the
model parameters in Mg. The first term in (6) is a measure of
the misfit with § seamounts. However, if S is overestimated
for a given dataset then A/C, will be penalized by the second
term (a measure of model complexity). Thus, AIC,(Ms.)
becomes less than AIC,(Ms) if the improvement in misfit made
by a model with one more seamount, Mg, is statistically
significant. The other criterion considers the F-ratio test [14],
i.e.
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where My is the number of model parameters for S seamounts
and the chi-squared function is the same as the first term of
(Error! Reference source not found.). This F-statistic is
tested against Py s (11, 12) with ny = (Ms.; — M) and ny = (Ng —
Mg,), for a 90% confidence level for this study. Although
both methods tend to result in the same statistical outcome, we
conservatively only accept a model that passes both tests.
Using the above MSC, therefore, we arrive at the number of
potential seamounts that are statistically significant for the
given VGG data with correlated noise.

Among the six elliptical model parameters, the misfit is
most sensitive to the location and VGG amplitude of a
polynomial seamount, i.e. (x, , y, , p). Thus, we contoured the
VGG data using a 1-E6tvds interval and kept track of each
contour, because seamounts produce positive gravity signals
and consequently their locations and amplitudes determine the
geometry of those contours. As an example (see Fig. 3), if a
given area has two seamounts (the VGG peak of seamount A is
larger than that of seamount B), the contouring returns the first
closed polygon at the summit of seamount A. Whenever a new
polygon is generated, the process estimates its area and
determines a best-fit ellipse to that polygon, which usually has
an irregular shape. This step parameterizes all polygons (i.e.
contours) generated and enables us to recover these
geometrical parameters at any contour level. As contouring
proceeds, it tests if a new polygon encompasses the previous
polygons. When the contouring reaches the summit of
seamount B, the process results in two distinct polygons: one is
from seamount A and the other is the first polygon due to
seamount B. Because the latter does not include any of the
previous polygons from seamount A, the contouring can
recognize this event from the above test and maintain the
polygon set of seamount A separately from that of seamount B,
assigning unique identification numbers to each set. At each
interval, we progressively construct a database of the area of a
closed contour, its center location, major and minor axes, and
the azimuth of the best-fit ellipse to that contour. More
importantly, the contouring gives us a maximum number of
potential seamounts in a given area because the first-contour of
each unique polygon set is associated with a positive VGG
bump that may result from an actual seamount. Thus, an initial
parameter set can be constructed by using the centers (x, , y,)
of best-fit ellipses for the first contour level, p, for each feature.

ITII. RESULTS

To examine whether the new data gives us better
opportunity to find seamounts, we chose near-ridge
environments constrained by good bathymetry coverage (Fig.
4). The difference between VGG 16.1 (Fig. 4a) and VGG 23.1
(Fig. 4b) is noticeable in naked eyes. The VGG features due to
potential seamounts are isolated more distinctly from the noisy
background in VGG 23.1 than in VGG 16.1. Bathymetry data
[15] also exhibit these short-wavelength underwater constructs
causing vertical gravity gradient anomalies (Fig. 4c). For the
given area, the nonlinear inversion method to search for small
seamounts [16] is applied.

We first removed long-wavelength signals from the VGG
data by applying a spatial median filter with a 300 km filter
width because such regional variation is not directly associated

with the seamounts themselves [17, 18]. The residual VGG
grid obtained by subtracting the regional (i.e. filtered) VGG
data from the original data was used for the subsequent
processes.

17°S

18°S

19°S

17°S

18°S

19°S

17°S

18°S

-
ic) Bathymetry

- Com— R

19°S

-4000 -3000 -2000 -1000

Fig. 4. Testing area located near the East-Pacific Rise, where small
seamounts are present.

The initial parameters, (x, , ¥, , p), given by the slicing
process are good initial choices for the location and VGG



amplitude of potential seamounts (Fig. Error! Reference
source not found.a), while the other parameters, (a, b, 6), need
to be determined directly by minimizing (Error! Reference
source not found.). However, this nonlinear system quickly
becomes unstable if initial guesses for the parameters (a, b, 6)
are too distant from the actual values.
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Fig. 5. Automated step-wise inversion for seamount searching. a) The initial
dataset consists of the VGG data inside the base polygons and the initial
model parameters, (x, , ¥, , p), prepared by contouring. The potential
seamount locations are indicated by the red squares. b) Circular polynomial
model. The model selection criteria (MSC) are applied to identify statistically
significant potential seamounts (red squares) using the circular polynomial

model. c) Elliptical polynomial model. The elliptical polynomial model is
applied to approximate the given VGG data. d) The identified potential
seamounts are compared with the original VGG 23.1 grid.

Thus, we constructed a step-wise inversion that solves (5)
using the circular polynomial model (Fig. Error! Reference
source not found.b) and then refines the circular parameters to
yield an elliptical polynomial model (Fig. Error! Reference
source not found.c). The detailed discussion on the automated
searching processes can be seen in [16].

By comparing with the original VGG 23.1 data (Fig. 5d),
the automated searching method missed about 8 potential
peaks, which were removed from the list of potential peaks by
the model selection criteria (Figs. Sb and 5c). Also, one
elliptical seamount near 112W has the overestimated major
axis as being longer than the observed. These results imply that
the previously developed model selection criteria are optimized
for the noisy nature of VGG 16.1 and require to be updated
based on the characteristic errors of VGG 23.1. The suppressed
tail of auto-covariance energy of VGG 23.1 (Fig. 2) needs
more inspection to quantify its data noise. Understanding the
data noise is essential to improve the non-linear inversion
process and it associated statistical tests. The previously
developed method appears to reject the given null hypothesis
(i.e., the peaks are statistically significant) when it is true.

IV. SUMMARY AND FUTURE WORK

We utilized the vertical gravity gradient (VGG) version
23.1 derived from satellite altimetry, which includes new data
from the CryoSat-2, Envisat, and Jason-1 missions, to
characterize small seamounts automatically. A repeated
statistical comparison for an area with no significant geologic
features showed that the standard deviation of VGG 23.1 is
decreased about 48% from the previous release, version 16.1,
indicating the signal-to-noise ratio has been improved
significantly from the previous data. In order to examine
whether the new data give us better opportunities to find
seamounts, we chose a near-ridge environment constrained by
good bathymetry coverage. For the given area, the nonlinear
inversion method to search for seamounts was applied.
However, the automated searching method fail to reserve a
portion of the potential seamounts during the statistical tests.
These results imply that the previously developed model
selection criteria were optimized for the noisy nature of VGG
16.1 and needs a major update based on the characteristic
errors of VGG 23.1. Nevertheless, the new VGG data has
better detectability of potential seamounts because of the
improved signal-to-noise ratio. This preliminary result indicate
that the VGG grid with more altimetry data sets can provide
better opportunities to reveal unmapped underwater features.
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