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a b s t r a c t
Current bathymetric models for the South China Sea (SCS) are largely based on predicted depths from gravity and
sparse single-beam echo-sounder measurements. Such models lack high-resolution coastlines and shallowwater bottom features around atolls and islands. This study reﬁnes the gravity ﬁeld of the SCS using sea surface
heights from measurements of satellite altimeter Geosat/GM, ERS-1/GM, Jason-1/GM and the original Cryosat-2.
A new one-minute gravity anomaly grid is determined. The modeled gravity anomalies show a 6-mgal RMS discrepancy with shipborne measurements in shallow waters. An altimeter-only bathymetric model is derived from
the new gravity grid by the gravity-geological method that uses the latest global and regional models of the ocean
depth and marine gravity as a priori knowledge. The new model outperforms current SCS bathymetric models
and is accurate to 100 m, based on comparison with multi-beam depth measurements. Optical images from
IKONOS-2, QuickBird-2, GeoEye-1, WorldView-1-2 and -3, are rectiﬁed and digitized to derive the zero (coastline) and 20-m depth contours (reef lines) around 44 atolls, which are integrated with the altimeter-only depths,
giving signiﬁcantly improved accuracies and spatial resolutions in modeled depths. The improvement percentages of coastlines by the satellite imagery range from 50% to 97% at 41 of the 44 atolls. We establish a webpage
for free access to the optical and depth images, and the depth and gravity grids. We will continue to update satellite images, altimeter-derived gravity grids and bathymetric models over major atolls of the SCS.
© 2016 Elsevier Inc. All rights reserved.

1. Introduction
The South China Sea (SCS) is a semi-open sea surrounded by the
mainland China, Taiwan, Vietnam, Malaysia, Indonesia and the
Philippines. Its complex seaﬂoor topography is the result of several
stages of rifting, volcanic activities and seaﬂoor spreading (Taylor &
Hayes, 1980, 1983). The bottom of the SCS has continental shelves
around the margin with a deep-sea basin in the center. There are
scattered seamounts, atolls and islands over both the deep and shallow
waters. Recent progress in satellite altimetry and gravity ﬁeld has led to
improved global bathymetric models that also give reﬁned depth resolutions in the SCS (Andersen, 2010; Sandwell, Müller, Smith, Garcia, &
Francis, 2014). In addition, the latest altimeter-derived marine gravity
and bathymetric models show hidden undersea tectonic features in
the SCS (Sandwell et al., 2014; Hwang & Chang, 2014).
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In general, altimeter-derived depths are limited by spatial resolutions at 16–60 km (Smith & Sandwell, 1997; Sandwell et al., 2014),
and contain large uncertainties over shallow waters. In areas close to
the coast, seamount and atoll, the data density and data quality of altimeter measurements become quickly degraded. Here estimating gravity
and depth from altimetry becomes challenging compared to open
oceans. To compromise between depth quality and spatial resolution,
ﬁltering of initial depths must be employed to remove outliers and obtain reasonable depth estimates in such areas. For example, Marks and
Smith (2007) used ﬁlters with various widths to best recover seamounts from altimeter-derived gravity in the western Paciﬁc Ocean.
They concluded that seamounts with smaller characteristic radius
(b14 km) may be well resolved by linear ﬁltering. Despite altimeter
data reﬁning and gravity ﬁltering, it remains unlikely to recover zero
depths (coastlines) from altimeter and ship data alone.
The deﬁciency in the estimation of shallow-water depths from altimetry and ship gravimetry may be removed by merging them with
shoreline data from other sources. For example, Hwang (1999) used
GMT-deﬁned zero depths to constrain the altimeter-derived ocean
depths in the SCS on a 2′ × 2′ grid. Amante and Eakins (2009) reﬁned

70

Y.-S. Hsiao et al. / Remote Sensing of Environment 176 (2016) 69–83

Fig. 1. A ﬂowchart showing the data processing and modeling in this paper.

depths of the initial ETOPO1 model between 0 to 500 m using world
vector shorelines from the Global Self-consistent Hierarchical Highresolution Geography Database (GSHHS). Because the GSHHS shorelines have a nominal spatial resolution of 50–500 m (Wessel & Smith,
1996), they cannot be used to identify atolls with sizes less than
100 m. The depths of General Bathymetric Chart of the Oceans
(GEBCO) (http://www.gebco.net/) are given on a 30″ × 30″ grid, and
GEBCO's zero depths are also derived from the GSHHS shorelines.
GEBCO is unable to identify the borders of atolls with a radius less
than 500 m. On the other hand, because the coordinate frames used in
historical shoreline databases may be different from the frames for
modern satellite mapping technologies such as GPS, the resulting shorelines are subject to errors (Hwang, 1999).
An important technique to render accurate shorelines around atolls
is satellite imagery. Recent technological progress has signiﬁcantly increased the accuracy and spatial resolution of shorelines deﬁned by satellite images. Lyzenga (1978) was the ﬁrst to use satellite imagery to
estimate depths. Subsequent investigations were made by Lyzenga
(1981), Benny and Dawson (1983), Philpot (1989), Ibrahim and
Cracknell (1990), Baban (1993), Melsheimer and Chin (2002), and
Kao et al. (2009). With a spatial resolution ﬁner than 1 m, optical images
from missions such as IKONOS and Quickbird have been used to reﬁne
depths and shorelines around atolls (Stumpf, Holderied, & Sinclair,
2003; Su, Liu, & Heyman, 2008; Conger, Hochberg, Fletcher, &
Atkinson, 2006; Mishra, Narumalani, Rundqulst, & Lawson, 2006;
Lyons, Phinnemail, & Roelfsemaemail, 2011). Predicting depths from
optical image is largely based on attenuation of sunlight in water, reﬂectance of water bottom, and property of water. The results form open
publications show that a maximum depth of about 20 m can be obtained using optical images.
This paper explores the potential of satellite altimetry and satellite
imagery in recovering high-resolution depths over shallow waters of
the SCS (range: 0°–22°N and 100°–126°E). Speciﬁcally, our objective is
to (1) derive a best gravity model and a best altimeter-only bathymetric
model in the SCS using all possible and reﬁned satellite altimeter data,

and then (2) increase the accuracy and spatial resolution of depths at
major atolls of the SCS by integrating altimeter-derived depths and
coastlines from satellite optical images. An atoll is typically over an extinct volcano and may contain a dry part (island) and submerged
reefs. Accurate depths around an atoll are highly important for precise
hydrodynamic interpolation of ocean tide, prevention of maritime hazards and study of its marine ecosystem. Fig. 1 shows a ﬂowchart of data
processing and modeling in this paper. First, ranges from all altimeters
other than Cryosat-2 are corrected by waveform retracking. The improved ranges are then used to compute sea surface heights (SSHs) to
construct gravity grids in the SCS by least-squares collocation (LSC)

Table 1
Statistics of differences between altimeter-derived gravity and shipborne gravity at two
depth ranges (unit: mgal).
Model

Data

Retrack Method Depth

Mean Std. Max. Min.

Case 1

ERS-1
Geosat
ERS-1
Geosat
ERS-1
Geosat
Jason-1
Cryosat-2
ERS-1
Geosat
Jason-1
Cryosat-2
ERS-1
Geosat
ERS-1
Geosat
Envisat
Jason-1
Cryosat-2

No

IVM

Yes

IVM

Yes

LSC

−0.2
−0.1
−0.1
−0.3
−0.1

9.2
9.9
6.3
7
5.9

71.9
62.4
81.9
58.6
80.1

−97.4
−64.8
−91.9
−57.6
−87.9

b500 m −0.5

6.7

61.9

−56.8

All

6

80.6

−90.4

b500 m −0.2

6.8

61.3

−57.3

All
0
b500 m −0.4
All
−0.5

6.1
7.1
6

79.9
54.3
82.7

−84.6
−58.6
−83

b500 m

7.7

57.7

−61.1

Case 2
Case 3

Case 4

DTU10
Sandwell
V23.1

Yes

IVM

–

–

–

–

All
b500 m
All
b500 m
All

0

0.6
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Fig. 2. Differences between altimeter-derived and shipborne gravity anomalies (from NGDC) using non-retracked (left) and retracked altimeter data. The left ﬁgure shows much more blue
and yellow stripes, which correspond to large differences in gravity. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this
article.)

and the inverse Vening-Meinesz (IVM) formula. The gravity grids are
assessed by shipborne gravity anomalies from National Geophysical
Data Center (NGDC), National Oceanic and Atmospheric Administration
(NOAA). The best gravity grid is then used to construct various bathymetric models, which are then evaluated by multi-beam ocean depths.
The best bathymetric model is ﬁnally integrated with depths from satellite optical images to obtain an integrated bathymetric model that
shows high-resolution bottom features around major atolls in the SCS.
2. Satellite data
2.1. Satellite altimeter data
The altimeter data used in this paper are from the satellite missions/
phases Geosat/GM, ERS-1/GM, Jason-1/GM data and Cryosat-2. The
Geosat data are from National Oceanic and Atmospheric Administration
(NOAA) and the data have different formats, including Geophysical Data
Record (GDR), Sensor Data Record (SDR) and Waveform Data Record
(WDR). The Geosat records span from 1985 to 1986 (549 days), and
the sampling frequency of Geosat/GM SSHs is 2 Hertz (Hz). The ERS1/GM data used in this paper are from European Space Agency (ESA),
and were collected during the two 168-day geodetic phases in 1994–
1995. The ERS-1/GM SSHs were prepared at 2 Hz. The Sensor Geophysical Data Records (SGDRs) of Jason-1/GM span 2012–2013 (427 days)
and are from the Jet Propulsion Laboratory (JPL) of National Aeronautics
and Space Administration (NASA). The Jason-1/GM SSHs were also prepared at 2 Hz. The Cryosat-2 data are also from ESA and were collected
over 2010–2013. For all altimeter data, we used the NAO99b ocean tide
model (Matsumoto, Takanezawa, & Ooe, 2000) to remove the tidal
effects.
The Jason-1/GM and Cryosat-2 altimeters measure satellite to sea
surface ranges at a frequency of 2000 Hz (2 KH), which doubles the frequency of 1 KH used by the older generations of altimeters such as
pﬃﬃﬃ
Geosat and ERS-1, leading to a factor of 2 improvement in the range

accuracies (Sandwell et al., 2014). The Cryosat-2 altimeter uses the latest technique of delay Doppler (Raney, 1998) that enables improved determination of altimeter range near coastal areas. Note that our
retracking not only improves the altimeter ranges over shallow waters,
but also over the deep oceans (see Section 3.3).
2.2. Satellite optical images
The optical images used in this paper are from the satellite missions
GeoEye-1, QuickBird-2, WorldView-1, WorldView-2, and WorldView-3.
The optical images are used to derive high-resolution reef lines and
coastlines to compensate for the deﬁciency of altimeter-only depths
around atolls (Section 5.1). The funds to obtain the images are from
Ministry of the Interior (MOI), Taiwan. The best Ground Sampling Distance (GSDs) of GeoEye-1, QuickBird-2, WorldView-1, WorldView-2,
and WorldView-3 missions are 0.46 m, 0.61 m, 0.46 m, 0.46 m,
0.31 m, respectively (http://www.satimagingcorp.com/satellitesensors). By the method given in Section 5.1, these optical images can
render high-resolution shorelines and reef lines, which are then integrated with depths from altimeters (Section 5.2).
3. Marine gravity in the South China Sea from satellite altimeters
3.1. Improving altimeter ranging accuracy by subwaveform retracking
The SCS regions in this paper cover atolls and islands, which interfere with altimeter radar waveforms and result in deteriorated range
measurements. To improve the range accuracy, we experimented with
several methods of waveform retracking to estimate the range correction by determining the location of epoch on the leading edge. Speciﬁcally, we tested the methods of center of mass (COM) (Wingham,
Rapley, & Grifﬁths, 1986), Beta-5 (Martin, Zwally, Brenner, &
Bindschadler, 1983), threshold (Davis, 1997), improved threshold
(Hwang, Guo, Deng, Hsu, & Liu, 2006) and subwaveform retracking
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Fig. 3. The altimeter-derived gravity anomalies in the SCS (Case 3 model in Table 1).

(Yang, Hwang, Hsu, Er, & Wang, 2012). The advantages and disadvantages of these methods for altimeter range improvement are discussed
by Hwang et al. (2006) and Yang et al. (2012). Based on the assessments
of retracked sea surface heights (SSHs) and altimeter-derived gravity
values (Section 3.2), we decide to use the subwaveform retracker. The
subwaveform retracker ﬁrst identiﬁes the portion of waveforms (a
subwaveform) that best matches the standard Brown waveform and
gives the maximum correlation between the two waveforms. The
epoch location of the leading edge of the subwaveform is then determined by the improved threshold method (Hwang et al., 2006) with a
0.2 threshold value. More details of the subwaveform retracker can be
found in Yang et al. (2012). The subwaveform retracking was applied
to waveforms from Geosat/GM, ERS-1/GM, and Jason-1/GM data. We
used the SSHs of Cryosat-2 directly from ESA without retracking.

spacings of these missions are about 1–2 km, we use an 1′ × 1′ interval
for all gravity grids from the altimeter data.
3.2.1. Least-squares collocation (LSC)
The ﬁrst method is the LSC. First, a residual geoid gradient eres was
computed by
eres ¼ e−eref

ð1Þ

where e and eref are the along-track geoid gradients from the two successive SSHs and from the EGM2008 model (Pavlis, Holmes, Kenyon,
& Factor, 2008) expanded to spherical harmonic degree 2160. Here
EGM2008 is our reference gravity ﬁeld. The residual geoid gradients
were then used to compute residual gravity anomalies by LSC as
(Hwang & Parsons, 1995)

3.2. Determination of altimeter-only gravity ﬁeld

Δgres ¼ CΔge ðCee þ Cnn Þ−1 eres

To ensure the best gravity quality from altimetry, we experimented
with two independent methods of gravity computation using SSHs from
the missions Geosat/GM, ERS-1/GM, Jason-1/GM (retracked) and the
original (not retracked) SSHs of Cryosat-2. Because the cross-track

where Δgres and eres are vectors of residual gravity anomalies and
geoid gradients, CΔge, Cee and Cnn are covariance matrices for gravity
anomaly-residual geoid gradient, residual geoid gradient-residual

ð2Þ
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Fig. 4. A proﬁle of depths along a 2-D grid for depth estimation using the gravity-geological method. D is the deepest depth and the sum of the long and short wavelength depths, d(i) and
dres(i) at location i.

Fig. 5. The depths of the SCS from Cryosat-2 and retracked Geosat, ERS-1, Jason-1 altimeter data.
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Fig. 6. Depths from multi-beam measurements for assessing the altimeter-only bathymetric model. Solid circles in green and red represent 44 islands where optical images are used to
improve the bathymetric model. Red circles show the locations of atolls Dongsha, Ganquan, Jinyin, Shanhu, Shenhang and Hsuande, where optical images (Fig. 8) and integrated
depths (Fig. 10) are shown. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)

geoid gradient and noise of residual geoid gradient. The ﬁnal gravity
anomaly is obtained by summing the residual gravity anomalies and
those computed from EGM2008 to degree 2160. The matrix elements of CΔge, C ee and C nn are computed as follows. Any of the
three covariance functions for these three matrices was computed
as a series expansion in Legendre polynomials. The needed

coefﬁcients for the series expansion were derived using the covariance propagation of the earth's disturbing potential (Tscherning &
Rapp, 1974) and were determined based on the error anomaly degree variances of EGM2008 from degree 2 to degree 2160, and the
signal degree variances of Model 4 of Tscherning and Rapp (1974)
for degrees beyond 2160.

Y.-S. Hsiao et al. / Remote Sensing of Environment 176 (2016) 69–83
Table 2
Statistics of differences between multi-beam depths and modeled depths from altimeter
and from other model (unit: m).
Model

Mean

Std.

Max.

Min.

Altimeter
ETOPO1
DTU10
Sandwell V17.1

17.3
2.2
49.0
16.6

105.9
158.9
195.5
109.1

1241.1
1685.9
1907.7
1755.4

−1505.1
−2295.1
−1886.3
−1722.7

3.2.2. Inverse Vening-Meinesz (IVM) formula
The second method we used is the IVM formula, which computes gravity anomaly from deﬂections of the vertical (DOV) by
(Hwang, 1998)
φn
λn
X
  γ ΔφΔλ X



H 0 Δλqp ξ cos cosα qp þ η cos sinα qp
Δg φp λp ¼ 0
4π
φq ¼φ1 λq ¼λ1
( φ
n
 


γ 0 ΔφΔλ −1 X
¼
½ F 1 H 0 Δλqp cosα qp  F 1 ðξ cos Þ
F1
4π
φq ¼φ1
)
  0

 

þ F 1 H Δλqp sinα qp F 1 η cos

ð3Þ
where γ 0 is the normal gravity, ξ cos = ξ cos φ and η cos = η cos φ, ξ
and η are north–south, and east–west components of DOV, respectively, αqp is the azimuth between the computation point and the
moving point, Δλ qp = λ q − λ p , Δφ and Δλ are grid intervals in the
directions of latitude (φ) and longitude (λ), and F 1 is the 1D Fast
Fourier Transform. In contrast to the planar FFT, Eq. (3) performs
integrations over a sphere, thus reducing the error caused by the
assumption used in the former. The two DOV components in
Eq. (3), prepared on a grid, were also constructed using the method
of LSC from the along-track DOVs from the four satellite missions

75

(Section 2.1). The inclination angles of the four missions range
from 66.0° (Jason-1) to 81.5° (ERS-1), allowing for a strong decorrelation of the north and east DOV components (Hwang &
Parsons, 1996). We assigned empirical standard errors (σ h ) of
SSHs 5.0, 5.0, 3.5 and 2.5 cm to Geosat/GM, ERS-1/GM, Jason-1/
GM and Cryosat-2, respectively. The standard error of DOV is compﬃﬃﬃ
puted as 2σ h =d, where d is the along-track distance between two
neighboring SSHs.

3.3. The SCS gravity ﬁeld from altimeters and its quality assessment
To see the contributions of subwaveform retracking and the new
satellite missions Jason-1/GM and Cryosat-2 to the accuracy improvement of the SCS gravity ﬁeld, we computed gravity grids in four cases,
which are summarized in Table 1. The discrepancies between cases 1
and 2, cases 2 and 4, and cases 3 and 4 are on the retracking use, the satellite missions, and the gravity modeling methods The gravity ﬁeld in
case 2 is modeled with subwaveform retracking, but not in case 1; the
gravity ﬁeld in case 2 is from ERS-1 and Geosat, and that in case 4 is
from ERS-1, Geosat, Jason-1 and Cryosat-2; the gravity ﬁeld in case 3
is determined by LSC, and that in case 4 is determined by the IVM
formula.
The results from the four cases were assessed by shipborne gravity
anomalies from NGDC. The NGDC shipborne gravity observations are
distributed evenly over a large part of the SCS (see Fig. 2), so the comparison result is representative of the overall accuracy of the
altimeter-derived gravity in the SCS. We also assessed the gravity ﬁelds
of DTU10 (Andersen, 2010) and Sandwell V23.1 (Sandwell et al., 2014).
The result from Table 1 shows that the subwaveform retracking improves gravity not only over the shallow waters, but also the deep waters. The retracking reduces the discrepancies between the altimeterderived gravity and shipborne gravity by approximately 3 mgal over
shallow waters and the entire SCS (Case 1 vs. Case 2). On average, the
subwaveform retracking improves the gravity accuracy by 30% over

Fig. 7. Perspective views of altimeter-only depths around the atolls (solid circles) in areas A, B and C (Fig. 6). For example, in area B, the arrows point to the two spots where altimeter-only
depths cannot adequately show the atolls.
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Fig. 8. The optical image from WorldView-2 (right, in an extended coverage), and the GMT-deﬁned coastlines (blue), image-deﬁne coastlines (red), and image-deﬁned submerged reef
lines (yellow) around (a) Dongsha, (b) Ganquan, (c) Jinyin atoll, (d) Shanhu, (e) Shenhang and (f) Hsuande. (For interpretation of the references to color in this ﬁgure legend, the reader is
referred to the web version of this article.)

the entire SCS. In addition, use of Jason-1/GM and Cryosat-2 reduces the
discrepancy between altimeter-derived and shipborne gravity anomalies by 0.3 mgal over both shallow and deep waters, equivalent to
about 3% improvement in gravity accuracy (Case 2 vs. Case 4). Furthermore, compared to IVM, LSC improves the gravity accuracy by 0.1 mgal
(Case 4 vs. Case 3). Most importantly, over shallow waters
(depth b 500 m), our gravity models (from Cases 3 and 4) outperform
the latest models DTU10 and Sandwell V23.1 by 1.0 and 0.4 mgal,
respectively.
Fig. 2 shows the differences between the altimeter-derived and
NGDC shipborne gravity anomalies using altimeter data without and
with subwaveform retracking (Case 1 vs. Case 2). Fig. 2 suggests that
retracking cannot remove all outliers in altimeter measurements.
There might also be errors in the NGDC shipborne gravity measurements that cause the large differences in Fig. 2. Because the accuracy
from Case 3 is the best, the Case 3 gravity grid will be used to estimate
the altimeter-only depths in Section 3. Fig. 3 shows the SCS gravity
anomalies from Case 3. Fig. 3 reveals major tectonic features consistent
with those described in Hwang and Chang (2014).
4. Altimeter-only ocean depths: determination and assessment
We used a modiﬁed version of the gravity-geological method (GGM)
to derive depths in the SCS from the gravity grid (Case 3, Section 3). The
GGM was ﬁrst used by Imbrahim and Hinze (1972) and later by Kim,

von Frese, Roman, and Doh (2011) and Hsiao, Kim, Kim, Lee, and
Hwang (2011) for depth predictions. This method takes into account
the Bouguer term, a reference depth, a reference gravity ﬁeld, and density contrast. First, both gravity anomaly g and depth d can be split into a
long wavelength (regional) and short wavelength (residual) component as follows:
g ¼ glong þ g short
d ¼ dlong þ dshort

ð4Þ

where glong and gshort are the long and short wavelength gravity values,
respectively, dlong and dshort are the counterparts in depth. Here glong represents the gravity effect due to a deep mass and gshort is the gravity effect due to the bedrock topography. In this paper, we used the deepest
depth in the study area as the boundary value between the deep mass
and the bedrock topography. As such, dlong is the deepest depth and
dshort is the bedrock topographic variation above dlong. The accuracy
and spatial resolution of gshort directly affect dshort and in turn depth d.
Fig. 4 illustrates the principle of the GGM using depths along a proﬁle
of a depth grid. In the ﬁrst step, at any point i on the grid, the long wavelength gravity glong(i) is obtained by subtracting the short wavelength
gravity gshort(i) from reference gravity gref(i) as
g long ðiÞ ¼ g ref ðiÞ−g short ðiÞ

ð5Þ
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Fig. 9. The procedure for integrating depths from altimeters and an optical image around atoll Shanhu (see the three steps in Section 5.2). (a) Altimeter-only depths. (b) Area covering the
corrected surface for coastline reﬁnement (white shaded). (c) Integrated depths. (d) A 3-D view of the depths in the dashed gray rectangle in (a). (e) A 3-D view of the depths in the dashed
gray rectangle in (c). The depths in (e) show clear coastlines and a smooth transition of depth from shallow to deep waters.

where gref(i) is the gravity from EGM2008 to degree 2160 (Section 3.2),
gshort(i) is computed as 2πGΔρ(dref(i) − D), with G being the gravitational constant (6.672 × 10−8 cm3 g−1·s2), Δρ the density contrast between seawater and bedrock (1.64 cm3 g−1 was used in this paper), D
the deepest depth (6000 m, this paper), and dref(i) the reference
depth. The term 2πGΔρ(dref(i) − D) is also called the Bouguer term
and dref(i) is derived from a smoothed version of the Sandwell V17.1
global bathymetric model (http://topex.ucsd.edu/marine_topo). The
smoothing for dref(i) was made using a Gaussian ﬁltering with a window
width of 10 km.
In the second step, we removed glong(i) from the altimeter-derived
gravity g(i) to obtain ﬁner and more accurate short wavelength gravity,
denoted as gshort2(i).
g short2 ðiÞ ¼ g ðiÞ−glong ðiÞ

ð6Þ

In the third step, gshort2(i) is divided by a Bouguer term 2πGΔρ to obtain an improved short wavelength depth dres(i), which represents the
detailed bedrock topographic variation above the deepest depth D.
The ﬁnal depth d(i) is the sum of dres(i) and D. In contrast to the
sparsely-distributed shipborne data used by Kim et al. (2011) and
Hsiao et al. (2011) for the reference gravity and depth, this study uses
the EGM2008 gravity to degree 2160 and a smoothed Sandwell V17.1
bathymetric model, which greatly improves the accuracy of depth predicted by the GGM.
With the GGM and the improved altimeter-derived gravity (Case 3,
Table 1), we constructed an altimeter-only bathymetric model over
the SCS on a 1′ × 1′ grid (Fig. 5). The quality of the depth grid was
assessed using the multi-beam depth measurements from the Ministry
of the Interior (MOI), Taiwan. Fig. 6 shows the depths from the multibeam measurements. The DTU10, ETOPO1 and Sandwell V17.1 bathymetric models were also assessed by such measurements. Table 2

summarizes the assessment results. Compared to ETOPO1, DTU10 and
Sandwell V17.1 bathymetric models, our new altimeter-only bathymetric model reduces the discrepancies with the multi-beam measurements by 53, 80 and 4 m (in terms of standard deviation),
respectively. Also shown in Fig. 6 are the locations of the major atolls
in the SCS, where no multi-beam depth measurements from MOI are
available and high-resolution depths will be derived from satellite altimetry and imagery (Section 5.2).
5. Ocean depths from altimetry and optical images over major atolls:
depth integration
5.1. Deﬁciency of altimeter-only ocean depths and improvement by satellite
imagery
Despite the accuracy improvement achieved by our new SCS
altimeter-only bathymetric model, there are still large uncertainties in
the modeled depths over shallow waters, where in situ depth measurements are not available for assessing the model. In addition, altimeteronly depths generally show only bottom features at medium wavelengths. For example, Fig. 7 shows the altimeter-only depths in three
areas where atolls are abundant (see Fig. 6). Because of the limited spatial resolution of altimeter-derived gravity, the altimeter-only depths
cannot adequately show the coastlines and the reef lines of the atolls.
In this paper, we compensate for the deﬁciency of the altimeter-only
depths in the resolutions of reef lines and coastline using depths derived
from optical images of GeoEye-1, QuickBird-2, WorldView-1,
WorldView-2, and WorldView-3.
In general, over a given atoll, these ﬁve satellite missions provide
many candidate satellite images, so we can choose an optimal one to
minimize the effects of tide, wave and weather to best determine its feature lines. Here feature lines are coastlines and the 20-m reef lines
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Fig. 10. Depths and coastlines around atolls Dongsha, Ganquan, Jinyin atoll, Shanhu atoll, Shenhang, and Hsuande based on ETOPO1 (left column) and the integrated depths (right column).
The red and yellow lines are the zero and 20-m depth contours from satellite images (regarded as ground truth). (For interpretation of the references to color in this ﬁgure legend, the
reader is referred to the web version of this article.)

deﬁned below. The original satellite images were distorted, so they cannot be directly used for determining feature lines. The image distortions
were corrected (rectiﬁed) by the rational function model (RFM; Tao, Hu,
Mercer, Shenick, & Zhang, 2000). For each satellite image, the RFM derives corrected satellite image coordinates of ground objects using 80
rational polynomial coefﬁcients (RPCs). The RFM corrects for the distortions due to optical projection and lens, the earth's curvature, atmospheric refraction and other errors (Tao et al., 2000; Toutin, 2004;
Chen, Teo, & Liu, 2006). The corrected images were then digitized to obtain high-resolution feature lines over major atolls in the SCS (see Appendix A for the 44 atolls accomplished in this paper; more atolls will
be mapped by altimetry and optical images). On average, the relative
and absolute coordinates of ground objects can be determined to better
than 1 m and 5 m from a corrected image (Chen, 2011).
For each of our targeted atolls, we used a combination of normalized
difference vegetation index (NDVI), greenness index, and the principal

component analysis (Chen, 2011) to identify coastlines (0-m depth)
and submerged reef lines from one to multiple optical images around
the atoll/island. We then digitized both the coastlines and submerged
reef lines up to 20-m depths. The 20-m submerged reef line in this
study is deﬁned as the boundary between submerged reefs (light-colored waters on an image) and deeper seas (dark-colored waters). The
20-m depth limitation of optical images has been suggested by Kao
et al. (2009) and by other groups (Section 1). In particular, Kao et al.
(2009) used optical energy reﬂections in optical images to estimate
depths up to 20 m around Penghu Archipelago in the Taiwan Strait. Satellite imagery represents a major improvement over satellite altimetry
in determining coastlines and 20-m reef lines over atolls in the SCS.
Fig. 8 shows the satellite images (right panel) and the satellite
image-deﬁned coastlines and 20-m reef lines (left panel) around atolls
Dongsha, Ganquan, Jinyin, Shanhu, Shenhang and Hsuande (see Appendix A for their locations). Also shown in Fig. 8 (left panel) are coastlines
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Fig. 10 (continued).

deﬁned by GMT (Wessel et al., 2013). The GMT-deﬁned coastlines have
evident, atoll-dependent offsets relative to the coastlines from satellite
images. At the 44 atolls studied in this paper, the offsets of the GMTdeﬁned coastlines range from 500 to 2000 m.

5.2. Integrating depths and result of coastline reﬁnement
The previous section shows the value of satellite images in obtaining
feature lines around atolls. Here we combine the depths from satellite
altimetry (Section 4) and satellite imagery (Section 5.1) to construct integrated depths around the 44 atolls listed in Appendix A. For each of
the atoll, the steps for depth integration are:
(1) Determine the differences at zero and 20-m depth contours between the depths from altimeter and from satellite images
(2) Construct a correction surface from the differences

(3) Correct the altimeter-only depths by depths interpolated from
the correction surface

The results in Steps 2 and 3 were both stored on a 1″ × 1″ grid to avoid
losing high-resolution coastline and submerged reef line information.
The correction surface used in Step 3 was constructed by the harmonic
interpolation using the GMT tool “surface.” The radii of the interpolation
for the correction surface (Step 2) range from 1 to 10 km, depending on
the surrounding depths of a given atoll. As an example, Fig. 9 shows the
three steps of depth integration and the resulting model around atoll
Shanhu. The shape and the location of Shanhu from the altimeter-only
depths (Fig. 9(a) and (d)) are not adequately depicted due to the insufﬁcient resolution of the altimeter-derived ocean depth. The whiteshaded area in Fig. 9(b) represents the spot where the correction for
coastline reﬁnement is made. Compared to the altimeter-only depths,
the integrated depths (Fig. 9(c) and (e)) conform to the zero and 20-
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Fig. 11. Mean depth differences between satellite image-deﬁned coastlines and (a) altimeter-only depths, (b) integrated depths by altimetry and GMT coastlines, and (c) integrated depths
by altimetry and optical images at 44 atolls.

m depths from satellite imagery, and the shape of Shanhu after coastline
reﬁnement is consistent with that from optical images (Fig. 8(d)).
Since ETOPO1 is widely used in marine studies, here we also examine its capability in showing correct coastlines. Fig. 10 shows the depths
from ETOPO1 (left) and the integrated depths (right) around the six
atolls in Fig. 8. It is evident that integrated depths (right panel in Fig.
10) result in much better deﬁnitions of atoll coastlines and reef lines
than ETOPO1. Our atoll bathymetric models have a nominal resolution
of 1″ × 1″, compared to 1′ × 1′ of ETOPO1, so naturally the latter cannot
adequately show the geometries and locations of the atolls.
We also used the coastlines from GMT to produce integrated bathymetric models at the 44 atolls; that is, in Step 2, we simply replace the

image-deﬁned coastlines by those from GMT. Fig. 11 shows the mean
depth differences at 44 atolls between image-deﬁned coastlines and
those deﬁned by altimeter-only depths, integrated depths from altimetry and GMT coastlines, and integrated depths from altimetry and optical images. The mean depth difference of each atoll denotes the average
of the depth differences at images-deﬁned zero contours. In Fig. 11(a),
the mean differences range from 50 to 200 m. The differences in Fig.
11(b) and (c) are signiﬁcantly different from those in (a). The integrated
depths with GMT (Fig. 11(b)) result in differences of 20–100 m, while
the integrated depths with satellite imagery (Fig. 11(c)) lead to differences of 3–40 m. Fig. 12 shows the improvement percentages in coastline deﬁnition in the bathymetric models when the GMT-deﬁned and
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Fig. 12. Improvement percentage (%) of coastline locations at 44 atolls due to use of coastline information from (a) GMT and (b) optical images.

image-deﬁned coastlines are used. An improvement percentage is computed as (d1 − d2)/d1, where d1 and d2 are the mean differences between the coastlines before and after reﬁnement. When using GMT
package for coastline reﬁnement (Fig. 12(a)), the improvement percentages ﬂuctuate and range from 15% to 80%. In contrast, the improvement percentages due to satellite imagery are quite stable and range
from 50% to 97%. In summary, both the coastlines from GMT and from
optical images improve the coastline deﬁnitions in the integrated
bathymetric models, but the latter results in a much better accuracy.
The assessments in Figs. 11 and 12 show the need and the remarkable
result of optical images to reﬁne coastlines at atolls in the SCS.

5.3. Satellite images and integrated depths at major atolls on the Google
Earth
We constructed a webpage (http://space.cv.nctu.edu.tw/south_
china_sea) to show the satellite images and integrated depths developed in this paper. Appendix A lists the names of 44 major atolls,
along with their geodetic coordinates and areas, on the webpage (see
also Fig. 6). When opening the web page, the locations of these atolls
are automatically displayed on the Google Earth. Users can freely download the satellite images, depth images, and depth grids for the atolls
listed in Appendix A, with more atolls to come in the future. The web
page contains the following ﬁles:

(1) Marine gravity anomalies on a 1′ × 1′ grid in the entire SCS (Fig.
3)
(2) Altimeter-only depths on a 1′ × 1′ grid in the entire SCS (Fig. 5)
(3) Integrated depths on a 1′ × 1′ grid in the entire SCS
(4) Integrated depths on a 10″ × 10″ grid over 5 subareas covering the
44 atolls
(5) Integrated depths on a 1″ × 1″ grid around the 44 atolls

6. Conclusions
Arguably we have derived a best gravity model and a best altimeteronly bathymetric model for the SCS, on the basis of our assessments of
the models with in situ measurements. Satellite altimetry cannot deliver
high-resolution depths over atolls, but this deﬁciency was removed
using depths derived from optical images. By a harmonic surface correction, we merged the depths from data generated by two different kinds
of satellite missions (radar altimetry and optical imagery). The integrated bathymetric models show clear coastlines and submerged reef
lines (up to 20-m depths) over major atolls in the SCS not seen in previous models or GMT shoreline data. Also, one should never be compromised by current altimeter data qualities: we improved the SCS
gravity accuracy by 30% by retracking altimeter waveforms and the
resulting gravity model outperforms some latest models by up to

82

Y.-S. Hsiao et al. / Remote Sensing of Environment 176 (2016) 69–83

1.0 mgal at depths b 500 m. The accuracy of our altimeter-only bathymetric model also achieves up to 80-m improvement over some latest
models. Our webpage (http://space.cv.nctu.edu.tw/south_china_sea)
allows free access to the gravity and depth images and high-resolution
gravity and depth grids over the entire SCS and its major atolls.
Currently, Appendix A lists only 44 atolls. More optical images of
atolls in the SCS have been collected and images-deﬁned zero and 20m contours of these new atolls are being merged with the altimeterderived depths, which will also undergo constant updating. We expect
that the result from this paper will improve the understanding of the
depths, geometries and locations of major SCS atolls. Such an understanding will improve the regional cooperation for countries around
the SCS.

(continued)
No

Atoll

Mean longitude and latitude

Area above the sea (m2)

32
33
34
35
36
37
38
39
40
41
42
43
44

Lingyang Reef
Chenhang Island
Xian'e Reef
Andu Bank
Haima Bank
Yakong Island
Nan'an Reef
Mengyi Shoal
Nanping Reef
Haining Reef
Hai'an Reef
Yin Islet
Jianzhang Shoal

(111.5886, 16.4638)
(111.7067, 16.4522)
(115.4448, 9.3787)
(114.0282, 7.6622)
(117.7823, 10.7831)
(111.6865, 16.5662)
(112.5648, 5.5086)
(112.4833, 5.8322)
(112.6262, 5.3689)
(112.6158, 5.0389)
(112.4799, 5.0221)
(111.7090, 16.5823)
(116.6643, 9.0456)

9642
524,226
0
19,953,771
0
16,041
6,590,417
0
0
594
0
41,258
0
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Appendix A. The 44 atolls in the South China Sea with satellite images and integrated depth grids
Table A1 lists the names, mean coordinates and areas of the 44 atolls
over 0°–22°N and 100°–126°E, where we create integrated bathymetric
models from altimeters and satellite images. The names given in
Table A1 are from Ministry of the Interior, Taiwan. If the area of an
atoll is zero, then the atoll contains only submerged reefs. Although
the names in Table A1 contain terms such as island, reef, islet, sand,
shoal and bank, in fact they are all atolls that are formed over extinct
volcanoes in the SCS.
Table A1: The names, mean locations and areas of the 44 atolls in the
South China Sea studies with satellite images and integrated depths.
No

Atoll

Mean longitude and latitude

Area above the sea (m2)

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31

Huangyan Island
Guangjin Island
Panshi Islet
Huaguang Reef
Zhongjian Island
West Sand
North Island
Middle Island
South Island
North Sand
Middle Sand
South Sand
Yinli Bank
Anda Reef
Fulusi Reef
Shidao Island
XiaoXian Reef
Pengbobao
Pengbo Shoal
Xianbin Shoal
Ren'ai Shoal
Ganqyuan Island
Jinyin Island
Shanhu Island
Jinqing Island
Quanfu Island
Dongsha Island
Banyue Shoal
Hewu Island
Yongxing Island
Zhaoshu Island

(117.7689, 15.1614)
(111.7067, 16.4522)
(111.7909, 16.0543)
(111.6942, 16.2248)
(111.2089, 15.7875)
(112.2117, 16.9777)
(112.3096, 16.9636)
(112.3243, 16.9551)
(112.3340, 16.9470)
(112.3416, 16.9378)
(112.3436, 16.9341)
(112.3458, 16.9295)
(112.2381, 16.7662)
(114.6998, 10.3665)
(113.6386, 10.2329)
(112.3568, 16.8136)
(114.0046, 9.9982)
(111.7188, 7.9528)
(116.9267, 9.4577)
(116.5495, 9.7360)
(115.8630, 9.7486)
(111.5852, 16.5064)
(111.5215, 16.4492)
(111.6110, 16.5392)
(111.7598, 16.5092)
(111.6650, 16.5693)
(116.7217, 20.7034)
(116.2759, 8.9046)
(112.2089, 15.7875)
(112.3568, 16.8136)
(112.2712, 16.9797)

15,045
524,226
29,632
0
1,162,378
251,600
319,561
123,367
129,310
20,491
41,779
65,733
0
1581
0
2,458,237
0
0
0
0
0
324,813
387,442
309,947
204,711
32,263
1,845,980
0
1,796,125
2,458,237
193,724
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