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Abstract

Bathymetry underpins all marine and ocean research. It is common knowledge that
there is a global deficit of high-resolution bathymetry based on modern acoustic
techniques. Satellite altimetry enabled modeling of the global seafloor topography and
revealed new morphological features in the unmapped areas of the oceans and seas.
This chapter gives an overview of the physical problem and different approaches to
estimating the bathymetry from satellite altimeter-derived gravity data. Characteris-
tics of recent versions of frequently used global bathymetry models are presented.
Moreover, this chapter demonstrates the possibility of regional bathymetry modeling
by the gravity-geologic method in the Adriatic Sea.

Keywords: bathymetry mapping, global bathymetry grids, gravity anomalies,
gravity-geologic method, regional bathymetry modeling

1. Introduction

Bathymetry is an important input parameter or a frame that supports all marine
research. Although there are global and regional initiatives to improve our under-
standing of seafloor topography [1–3], less than 25% of the world’s seas have been
mapped with high resolution that is able to identify features of a few tens of meters in
size [1]. Current global seafloor topography is estimated from altimeter data and
augmented with available grids from a variety of techniques, mainly shipborne depth
soundings [1, 2, 4–7]. As compared to modern acoustic techniques, bathymetry
derived from altimetry has a coarse spatial resolution [8]. However, the data from
altimeter missions enabled revelling of buried and unmapped features of global sea-
floor topography [4, 9]. Altimeter data supplemented the sparse shipborne soundings
and improved our knowledge of the seafloor topography by bathymetry inversion
from altimeter-derived gravity anomalies. Global marine gravity grids formed from
high-density altimeter data (e.g. [10, 11]) and digital data bases of shipborne sound-
ings (e.g. [10]) enabled estimation of global seafloor topography [11].

This chapter gives an overview of the relationship between the topography of the
seafloor and gravity. Diverse approaches to estimate the bathymetry from altimeter-
derived gravity data, in space and frequency domain, are briefly presented.
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Characteristics of frequently used global bathymetry models are depicted. Moreover,
the chapter demonstrated the possibility of regional bathymetry modeling by the
gravity-geologic method (GGM) in the Adriatic Sea. The estimated bathymetry grid
was compared to global grids in the study area, and their quality was assessed as
compared to chart soundings.

2. The relationship between depth and gravity

The depth variations of the seafloor can be observed as height variations of
mass elements of the density Δρ which is the contrast between the density of the
seafloor ρc and seawater ρw [12]. The result of the seafloor topography variation is the
disturbance in the local gravity field.

The disturbing potential T(r) due to mass element of the volume V and density
Δρ is [12]:

T rð Þ ¼ GΔρ

ð:

V

dV

jr� r0j
(1)

where G is the gravitational constant, r is the coordinate vector of location, and r0 is
the coordinate vector of the center of the mass element.

The geoid undulation N is related to the disturbing potential T by Brun’s
formula [11, 12]:

N ffi
1

g0
T (2)

where g0 is the average acceleration of gravity regarding the geodetic latitude.
The gravity anomaly Δg is the vertical derivate of the disturbing potential [11, 12]:

Δg ¼ �
∂T

∂z
(3)

The east and the north component of vertical deflection represent the slope of the
geoid in x and y direction:

η ¼ �
1

g0

∂T

∂x
,ξ ¼ �

1

g0

∂T

∂y
(4)

Laplace’s equation links these quantities together [11, 12]:

∂η

∂x
þ
∂ξ

∂y
¼ �

∂Δg

∂z
(5)

Disaggregating of the computation area in Eq. (1) into discretized elements of
surface ΔΩ(r0) and regarding the Eq. (2), topography undulation N(r) is given by [12]:

N rð Þ ¼
G

g0
Δρ

X
r0
ΔΩ r0ð Þ

ðzt
zb

dz

jr� r0j
(6)
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where zb i zt are depth on the bottom and top of the mass element.
In spectral domain, relationship between topography of the seafloor and gravity

anomalies is [13]:

F Δg½ � ¼ 2πG ρc � ρwð Þe�2πkd
X∞
n¼1

2πkð Þn�1

n!
F hn½ � (7)

where F[ ] is the two-dimensional Fourier transform operator, k is the wave

number; k ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
k2x þ k2y

q
where kx=1/λx, a ky=1/λy, λx i λy are wavelengths at x and y

direction, and h is depth of the seafloor located at the mean sea depth d.
There are several inverse approaches to model topography of the seafloor from

altimeter-derived gravity anomalies [12]
In this study, two commonly used approaches are reviewed, Smith and Sandwell

(S&S) in frequency domain and gravity-geologic method (GGM) in space domain.

2.1 Smith and Sandwell approach (S&S)

Smith and Sandwell [4, 9, 11] suggested that a correlation between variations in
altimeter-derived gravity anomalies and topography of the seafloor can be found in
the wavelength band of 15–200 km. If variations in seafloor undulations are much
smaller than mean sea depth, Eq. (7) can be limited to the first term [11]:

G kð Þ ¼ 2πG Δρð Þe�2πkdH kð Þ ¼ Z kð ÞH kð Þ (8)

H kð Þ ¼ Z�1 kð ÞG kð Þ (9)

where G(k) is a Fourier transform of the gravity anomalies, H(k) is a Fourier
transform of the seafloor topography, and Z(k) is the isotropic transfer or the admit-
tance function.

The main steps in the S&S approach are as follows [4, 9, 11]:
The base bathymetry grid in frequency domain HB(k) is separated into low-pass

(long-wavelength) bathymetry HL(k) and high-pass (short-wavelength) bathymetry
HS(k) components using a Gaussian filter.

Gravity anomalies in the frequency domain G(k) are band-pass filtered and
downward continued using the Wiener filter W(k) to stabilize the procedure:

GBP kð Þ ¼ G kð Þ W kð Þ e2πkd (10)

The Wiener filter is composed of high-pass filter W1(k) and low-pass filter W2(k)
whose original forms are defined by Smith and Sandwell [4].

The band-passed filtered bathymetry HBP(k)is obtained by applying the filter to
base bathymetry grid in the frequency domain.

According to the admittance theory [14], the relationship between gravity and
topography is linear, so topography can be inverted from gravity by simply multiply-
ing with theoretical topography/ratio scaling factor ST = (2πGΔρ)�1 [12]. Instead of
using the theoretical value, in overlapping area, a robust regression analyse is
performed between band-passed bathymetry HBP(k) and band-passed gravity anom-
alies GBP(k) to estimate the topography/ratio scaling S.

The total predicted bathymetry by S&S approach in the space domain dp(x) is
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dP xð Þ ¼ dL xð Þ þ S g xð Þ þ dS xð Þ (11)

where dL(x) and dS(x) are the spatial domain of the low-passed bathymetry HL(k)
and high-passed bathymetry HS(k), respectively, and g(x) is a spatial domain of band-
passed gravity GBP(k).

2.2 Gravity-geologic method (GGM)

Although the gravity-geologic method (GGM) was originally used to determine
the depth of a glacial sediment above the bedrock [15], it has been adopted and
utilized in recent studies to estimate the regional bathymetry from altimetry [16–20].

The observed free-air gravity anomalies at the sea surface Δg can be separated to
the referent, long-wavelength gravity Δglong caused by the distribution of masses deep
inside the Earth’s body and the residual, short-wavelength gravity field Δgshort caused
by the distribution of masses above the datum D. Datum D is usually determined as
the deepest depth.

The GGM calculates the residual field from a Bouguer slab formula using the
control soundings dj:

Δgshort jð Þ ¼ 2πGΔρ dj �D
� �

(12)

where G is the gravitational constant and Δρ is the density contrast between
seafloor and seawater.

The long-wavelength gravity field in the known points Δglong(j) is determined by
the simple subtraction:

Δglong jð Þ ¼ Δg jð Þ � Δgshort jð Þ (13)

The long-wavelength gravity is then interpolated to the unknown i-th points from
the known Δglong(j) at known j-th points. The short-wavelength gravity Δgshort(i) at
unknown i-th points is calculated by subtracting the long-wavelength gravity
Δglong(i) from the observed gravity Δg(i):

Δgshort ið Þ ¼ Δg ið Þ � Δglong ið Þ (14)

Depth at the unknown points di is determined by simple inversion of the Eq. (12):

di ¼
Δgshort ið Þ

2πGΔρ
þD (15)

3. Global bathymetry models

Global bathymetry models have been constructed based on satellite altimetry,
employing different data and techniques. Table 1 presents a summary of attributes of
recognized and frequently used global bathymetry models (recent version): (1)
DTU10BAT (Bathymetry model from Space Institute of the Technical University of
Denmark) [26], (2) ETOPO 1 (National Oceanic and Atmospheric Administration
ETOPO 1 Arc-Minute Global Relief Model) [7], (3) GEBCO 2021 (The General
Bathymetric Chart of the Ocean) [6], (4) SRTM 15+ v2.3 (Shuttle Radar Topography
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Mission: Global Bathymetry and Topography at 15 arc seconds) [5], and (5) SS v20.1
(Global topography from Scripps Institution of Oceanography) [4].

Global seafloor topography (Figure 1) relies on bathymetry estimated from
altimeter-derived gravity anomalies, employing the S&S approach in the frequency
domain adjusted for digital data processing. The base bathymetry layer is afterwards
augmented by bathymetric data from other in situ or remote sensing techniques and
existing composite bathymetry grids.

Several studies evaluated and compared available bathymetry grids on a global and
regional scale [27–30]. Differences between grids resulted from different density,
distribution and accuracy of the input bathymetry, grid misregistration, data smooth-
ing, and integration of different datasets to form the global grid [27, 30]. Quality of

DBM DTU10BAT ETOPO

1

GEBCO

2021

SRTM15+

v2.3

SS v20.1

Grid

Spacing

10–20 (Equator) 10 15″ 15″ 10

Release

Year

2010 2009 2021 2021 2020

Based

on

Altimeter-derived

gravity DTU10 and

ship depth soundings

�80°

latitude

2 arc min

SS grid

(2008)

SRTM15+ v2.2

augmented with

additional

bathymetry

Altimeter-derived

gravity and ship

depth soundings

Altimeter-derived

gravity and ship

depth soundings

Website [21] [22] [23] [24] [25]

Table 1.
Global bathymetry models relying on satellite altimetry.

Figure 1.
Global bathymetry and topography at 15 arc seconds [5].
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depth estimated from the altimeter derived gravity is related to limitations of the
altimeter technology, causing robust bathymetry due to the noise in the solution
[27, 29] and large discrepancies in coastal areas [30]. SS global bathymetry model
provided a base bathymetry layer for most of global and regional bathymetry solu-
tions. SS model reflects state of the art in marine gravity modeling [31]. Combined
with a large database of shipborne surveys at Scripps Institution of Oceanography, the
SS model is continuously upgraded and generally considered to be a reliable and up-
to-date bathymetry source [27]. However, an uneven distribution of sparse in situ
bathymetric data can result in large depth anomalies in the inversion of the seafloor
topography. On a global scale, depth uncertainty can be expected to be less than 100
meters in deep ocean areas and greater than 100 meters between the shoreline and the
continental rise [5, 28].

4. Regional bathymetry modeling: A case study of Adriatic Sea

There is an ongoing effort by the scientific community to improve bathymetry
solutions on global and regional scale [1, 2]. Base bathymetry estimated from
altimeter-derived gravity is augmented with high-quality survey grids or composite
bathymetry products. The GGM method has been successfully utilized for regional
bathymetry modeling in different marine regions [16–20, 32, 33]. The difference
between the quality of models derived from the GGM and the S&S approach is
negligible, as it is more dependent on the availability of the shipborne soundings [33].
The GGM method has an algorithm in the spatial domain, so there is no need for
transformation to a frequency domain, but the accuracy of the method depends on the
density and distribution of shipborne soundings, and the estimation of a density
contrast between the seafloor and seawater [33].

In this study, a 1/160 by 1/160 bathymetry model of the Adriatic was constructed by
the GGM method. The base model was augmented by the in situ soundings from
EMODnet network and nautical charts. The model was compared to the global solu-
tions listed in Par. 3, and the quality of the models was estimated regarding chart
soundings.

4.1 Study area and datasets

4.1.1 Study area

The Adriatic Sea (12° 30 – 20° 10 E, 39° 440 - 45° 480 N) is the most northern part of
the Mediterranean Sea connected to the Ionian Sea via the Strait of Otranto. Limits of
the Adriatic Sea and land mask were adopted from IHO and the Flanders Institute
[34, 35]. The Adriatic Sea is a shallow sea with a median depth of 100 meters [36]. By
bathymetry, the Adriatic is divided into three sub-basins: the shallowest North sub-
basin, the transitional zone of the Middle sub-basin, and the South sub-basin that
comprises the South Adriatic Pitt, the deepest part of the Adriatic with depths
extending under 1200 meters (Figure 2) [36].

4.1.2 Altimeter-derived gravity anomalies

This study explores the possibility of inverting bathymetry from altimeter-derived
gravity anomalies by the GGM method in the Adriatic Sea. Models of free-air gravity
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anomalies from the Technical University of Denmark, DTU10 model [26], and from
Scripps Institution of Oceanography, SS v. 29.1 [31] were used. General statistics of
models in the study area is presented in Table 2.

The current accuracy of gravity anomalies derived from altimeter data is around
2 � 10�5 ms�2 [31]. As presented in Figure 3c, the largest differences between models
(>40 � 10�5 ms�2) were along well-indented eastern Adriatic coast.

4.1.3 Control and check soundings

Control bathymetry was composed from EMODnet 2020 bathymetry [2] in the
western Adriatic, GEBCO One Minute Grid [37] in the south-eastern Adriatic and
soundings from nautical charts in the eastern Adriatic (Figure 4a). Control bathymetry,

Figure 2.
Adriatic Sea. (Bathymetry source [6]).

Δg DTU10

[10�5 ms�2]

SS v.29.1

[10�5 ms�2]

MIN �116.22 �135.40

MAX 115.14 129.80

MEAN �15.20 �15.65

σ 35.52 36.90

Table 2.
Statistic of gravity anomalies in the Adriatic from DTU 10 and SS v 29.1 models: minimum (MIN), maximum
(MAX), mean and standard deviation (σ).
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needed for accurate modeling of the referent gravity field, consisted of 45 666 depths.
Over 3500 soundings from nautical charts were used as check soundings needed for the
estimation of a density contrast and quality control (Figure 4b). The quality of control
and check soundings was estimated to be better than 2 + 0.05% depth meter [2].

4.2 Methodology

4.2.1 Bathymetric recipe

Bathymetry was calculated in three steps:

1.The first step was constructing the base bathymetric layer. The 1 arc-minute base
bathymetric grid was estimated from gravity anomalies using the gravity-
geologic method (GGM) (Par. 2. 2).

Figure 3.
Free-air gravity anomalies over Adriatic Sea: (a) DTU10 gravity anomaly, (b) SS v29.1 gravity anomaly, and
(c) absolute difference between models [26, 31].

Figure 4.
(a) Control soundings and (b) check soundings.
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2.Differences between the control soundings and base bathymetry were derived.
Gaps between points, at a distance larger than 1 arc minute from a point, were
filled with zero values to prevent the generation of artificial morphology [5].
Differences were gridded to a model with a 1/16 arc-minute grid spacing.

3.The base bathymetry layer was re-interpolated to 1/16 arc-minute grid spacing
using a bilinear interpolation. The final bathymetry model resulted in adding the
differences to the re-interpolated base bathymetry.

4.2.2 Comparison and quality assessment of bathymetric grid

For pixel-to-pixel comparison between the calculated model of the Adriatic Sea
and available global grids in the study area, global grids were resampled to a grid
spacing of 1/16 arc-minute by bilinear interpolation. Absolute differences between the
calculated digital bathymetry model (DBM) and global models in identical points
were calculated and analyzed.

Residuals between check soundings and model were taken as a measure of model
accuracy. With the most widely used measure for quality assessment root mean
square error (RMSE), a normalized root mean square error (NRMSE) was calculated
in different depth ranges.

4.3 Result

4.3.1 Digital bathymetry model of the Adriatic Sea GGM+ DBM

Bathymetry of the Adriatic Sea was estimated from altimeter-derived gravity
anomalies by the GGM method, using a theoretical density contrast between the
seafloor topography and the seawater of 1670 kgm�3. The bathymetric model inverted
from DTU 10 gravity anomalies has the RMSE of 25.41 m, while bathymetry estimated
from SS v 29.1 gravity anomalies has the RMSE of 30.05 m. The tuning density
contrast, which minimized the RMSE of the predicted bathymetry, was estimated by a
trade-off diagram. As shown in Figure 5, a density contrast higher than 104 kgm�3

stabilized the trade-off diagram around RMSE of 14 m and a correlation (rP) of
99.60%.

Tuning density contrast of 15 000 kgm�3 was chosen to predict bathymetry by the
GGM method in the Adriatic Sea. The digital bathymetry model (DBM) derived from
DTU10 gravity anomalies (DTU10 DBM15) had the RMSE of 13.80 m. The RMSE of a

Figure 5.
Trade-off diagram for selecting a tuning density contrast in the study area for bathymetry modeling by GGM
method (a) from DTU 10 gravity anomalies and (b) from SS v.29.1 gravity anomalies.
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DBM derived from SS v 29.1 gravity anomalies (SS DBM15) was 14.0 m. Figure 6
represents 1 arc-minute DBMs of the Adriatic referring to the Mean Sea Level (MSL).
DBMs were derived from DTU10 and SS v 29.1 gravity anomalies by the GGMmethod
using the tuning density contrast of 15 000 kgm�3.

Summary statistics of DTU10 DBM15 and SS DBM15 models over study area is
presented in Table 3.

DTU10 DBM15 and SS DBM15 had a high degree of correspondence due to the equal
tuning density contrast for bathymetry inversion by the GGM method. The largest
discrepancies were in the coastal area along the eastern coast (Figure 6c). That
resulted from the differences between input gravity models.

DTU10 DBM15 bathymetric model has a slightly lower RMSE compared to SS
DBM15. Therefore, it was chosen as a base bathymetric layer to compute an enhanced
bathymetry model of the Adriatic Sea (GGM+ DBM). If possible, pixel values were
reset to the value of directly observed bathymetry. A modified Remove-Restore pro-
cedure was applied [5]. GGM+ DBM with 1/16 arc-minute grid spacing was enhanced
by the EMODnet 2020 grid in the Western Adriatic, and in the Eastern Adriatic it was
augmented with chart soundings (Figure 7).

In terms of residuals between the check soundings and predicted depth, there is a
slight improvement of the RMSE of 5% (RMSE = 13 m).

4.3.2 Comparison with global bathymetric models in the Adriatic Sea

In this section, the GGM+ DBM was compared with data from global bathymetric
grids in the Adriatic Sea: DTU10BAT [26], ETOPO 1 [7], GEBCO 2021 [6], SRTM 15+
v2.3 [5], and SS v20.1 [4]. Absolute differences between the GGM+ DBM and global
grids at mutual 15 arc seconds resolution are presented in Figure 8.

Figure 6.
Digital bathymetry models estimated from altimeter-derived gravity anomalies: (a) DTU10 DBM15, (b) SS
DBM15, and (c) absolute differences between models.

Depth[m]

DBM Max Mean Median σ

DTU 10 DBM15 1225 250 100 342

SS DBM15 1224 250 100 342

Table 3.
Summary statistics of DTU10 DBM15 and SS DBM15 digital bathymetric models (DBM): maximum depth
(Max), mean depth (Mean), median depth (Median), and standard deviation od depth (σ).
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Statistics of absolute differences between GGM+ DBM and analyzed bathymetry
models over study area are given in Table 4.

As compared to the GGM+ DBM, the DTU10BAT, and the ETOPO 1,
bathymetric models were the models with the greatest discrepancies throughout the
study area, especially along the eastern coast. SS v20.1 and SRTM15+ v2.3 showed
similar spatial distribution of absolute differences. GEBCO 2021 DBM had the best
alignment with the GGM+ DBM over the study area with the median absolute
difference of 2 meters. This is less than 1% of the average depth of the Adriatic Sea.
Generally, absolute differences along the eastern well-indented coast are larger than
along the western coast for all the models. The level of similarity and homogeneity
between models is highly influenced by the input data and methodology upon which
the grids were constructed, especially the distribution and quality of the input
bathymetry.

4.3.3 Quality assessment of bathymetric models in Adriatic Sea

Depth of the analyzed DBMs were compared to the check soundings. The RMSE of
the DBMs in the Adriatic Sea is presented in Table 5.

More recent digital bathymetric models (GEBCO 2021, GGM+ DBM, SS v20.1, and
SRTM 15+ v2.3) showed better accuracy than the older versions (DTU10BAT and
ETOPO1). Recent versions were derived from up-to-date altimetry data and/or more
dense bathymetry data.

Quality of the DBMs was compared in different depth ranges: 0–20 m, 20–50 m,
50–100 m, 100–200 m, and deeper than 200 m (Figure 9). The NRMSE was chosen as
a quality measure.

Figure 7.
Bathymetric model of the Adriatic Sea GGM+ DBM.
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Figure 8.
Absolute difference between GGM+ DBM and (a) DTU10BAT, (b) ETOPO1, (c) GEBCO 2021, (d)SRTM 15
+, and (e) SS in the Adriatic.

12

Altimetry - Theory, Applications and Recent Advances



Generally, the lowest accuracy of the predicted depth was in the shallowest depth
range, up to 20 meters deep. The error was larger than 100% of the depth for the SS
v20.1 DBM. Lower accuracy is the result of the coarse resolution of the models and the
limitation of altimeter technology in coastal areas. As presented in Figure 9, bathym-
etry estimated from altimeter-derived gravity anomalies had better agreement with
seafloor topography in deeper seas. In marine areas in the Adriatic Sea that are over
200 meters deep, the accuracy of bathymetric estimation was up to 10% of the depth.

jΔDj MAX

[m]

MEAN

[m]

σ

[m]

MEDIAN

[m]

GGM+ DBM - DTU10BAT 686 26 39 8

GGM+ DBM – ETOPO 1 482 26 47 7

GGM+ DBM - GEBCO 2021 214 7 12 2

GGM+ DBM - SRTM15+ v2.3 562 9 18 4

GGM+ DBM - SS v20.1 585 10 19 3

Table 4.
Statistics of absolute differences between GGM+ DBM and global grids in the Adriatic.

DBM RMSE [m]

DTU10BAT 36

ETOPO1 36

GEBCO 2021 17

SRTM15+ v2.3 11

SS v20.1 16

GGM+ DBM 13

Table 5.
Quality of bathymetric models in the Adriatic Sea.

Figure 9.
Quality of bathymetric models in the Adriatic Sea in different depth ranges.

13

Bathymetry Estimation from Satellite Altimeter-Derived Gravity Data
DOI: http://dx.doi.org/10.5772/intechopen.108511



5. Conclusion

Altimeter technology enhanced our knowledge of the seafloor topography and
revealed morphological features of the unmapped ocean areas. Widely used global
bathymetry models are calculated by the Smith and Sandwell approach (S&S) in the
frequency domain. This chapter presented the possibility of regional bathymetry
modeling by the gravity-geologic method (GGM) in the space domain with a simpler
algorithm, higher resolution, and satisfactory quality as compared to global solutions.

The digital bathymetry model of the Adriatic Sea with 1/16 arc-minute grid spacing
(GGM+ DBM) was estimated from the DTU10 model of marine gravity anomalies by
the GGM method. Density contrast between seafloor and seawater of 15 000 kgm�3,
selected from the trade-off diagram, had minimized the root mean square error
(RMSE). The model was augmented by depth soundings from the EMODnet grid in
theWest Adriatic and nautical charts in the East Adriatic. GGM+ DBM is well adjusted
to the topography of the Adriatic Sea, with the RMSE of 13 m.

As compared to modern shipborne bathymetric surveys, bathymetry estimated
from altimetry has a coarse spatial resolution and lower accuracy, especially in coastal
areas. The greatest discrepancies between the global grids and the GGM+ DBM are
along the eastern Adriatic coast due to altimetry limitation and diverse input bathym-
etry. As compared to chart soundings, all models had the lowest accuracy in the
coastal area shallower than 20 m. The quality increased up to 10% of the depth in the
deepest parts of the Adriatic. Limitations of the bathymetry estimated from altimetry
can be overcome by more available high-quality bathymetry in important coastal
areas.
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