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Abstract: Gravity data inversion or interpretation requires the removal of the gravitational effects of the a priori known geologic and/or
morphologic features within the Earth’s system to model and reveal the remaining signals of the unknown anomalous subsurface density
distributions. The Bouguer gravity anomalies reduced by the normal gravitational field of the Earth and the gravitational attraction
of the topographic masses above the sea level are frequently used in geophysics for this purpose. However, density contrast effects of
the other major known elements, such as offshore seawater, inland water bodies, glaciers, and/or sediments can be removed from the
Bouguer gravity anomalies, which is denoted as stripping in gravimetry, to unmask the remaining gravitational signal of the sought
anomalous masses. Stripping the Bouguer anomaly off seawater density contrast has become possible with the releases of freely available
high-resolution global ocean bathymetry data. Moreover, the bathymetry data from recent hydrographic surveys over the inland water
bodies with high-precision echo sounders has given rise to the opportunity to determine the stripping effects of the lake water density
contrast. In this study, we quantify the global seawater bathymetry stripping effects along with lake water stripping of some greatest
Turkish lakes on a regular 1’ x 1" grid at the Earth’s surface over Turkey including offshore. The seawater bathymetric corrections vary
from 132 to 418 mGal over the seas and show a long-wavelength pattern over the inland with a mean value of 133 mGal. It produces
significant variations onshore close to the coasts and on some islands up to 163 mGal. Although the bathymetric gravity stripping due
to the lake water density contrast has negligible effects on their surrounding land areas, the water masses can produce notable effects
on the lake surfaces reaching up to few tens of mGals at their deepest area, which should be considered in the microgravimetry studies
over the lakes.
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1. Introduction

The Earth’s gravity field described by Newton’s universal
law of gravitation mirrors the density structure, mass
distribution, and dynamics of the Earth’s interior (Hinze et
al., 2013). Inversion of gravity field data lets geoscientists
map out the subsurface geology, identify potentially
favorable regions for resource exploration, and contribute
substantially to the development of crust-mantle models,
detection of tectonic structures, continental grabens,
deep-sea trenches, oceanic ridges, and swells (Hinderer et
al., 1991; Groten and Becker, 1995; Mazzotti et al., 2011;
Tenzer et al.,, 2012a; Hwang et al., 2014; Sandwell et al.,
2014; Reguzzoni and Sampietro, 2015; van der Meijde et
al., 2015).

The gravity field measurements on or above the Earth’s
surface contain the combined effects of instrumental plus
temporally and spatially varying gravitational attractions
of extraterrestrial bodies, surface, terrain, atmospheric and
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subsurface masses. Depending on the application, some
of these sources may be regarded as extraneous effects
which mask or distort the anomalies under consideration.
The unwanted extraneous effects are removed from the
gravity data before the inversion or interpretation process
to isolate the target sources. Time-variable instrumental
and gravitational effects due to the solid Earth and ocean
tides, atmospheric mass movements, polar motion,
groundwater, and soil moisture variations are removed
from the raw gravity data to obtain the actual static gravity
field (Torge, 1989; Timmen, 2010; Simav and Yildiz, 2019).
Then the actual static field can be transformed into the
anomalous or disturbing field by introducing a reference
normal gravity field generated by a suitable ellipsoid of
revolution which captures the general features of the
actual field (Heiskanen and Moritz, 1967; Bomford, 1971).
There are several types of gravity anomalies defined in the
anomalous gravity field (actual minus normal fields) based
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on the additional corrections applied for the extraneous
sources. All anomalies have specific uses, but the complete
Bouguer anomaly, which takes into account the correction
for the gravitational attraction of the topographic masses
above the sea level, is the most useful one in exploration
geophysics and geodesy (Vanicek et al, 2001; Hinze et
al., 2005; Vajda et al., 2006; Kuhn et al., 2009; Vajda et al.,
2020). However, the Bouguer anomaly may still contain
unwanted effects in practice. Density contrast effects of the
other major known elements, such as atmosphere, offshore
seawater, inland water bodies, glaciers, and/or sediments
can be removed from the Bouguer gravity anomalies to
unmask the remaining gravitational signal of the sought
anomalous masses and isolate the targets of interest. In
geophysics, this step is denoted as gravity stripping (Vajda
et al., 2008), and this procedure is known to be more
accurate than any other mathematical methods (e.g.,
convolution, filtering) for the separation of the gravity field
signals (Simeoni and Brueckl, 2009; Bielik et al., 2013).
Ocean  bathymetry-generated gravitational field
quantities are computed by Tenzer et al. (2008a, 2008b),
Tenzer et al. (2009), Tenzer et al. (2010), Novak (2010),
Tenzer and Novak (2012b) globally based on spherical
harmonic analysis and synthesis of the gravity field.
Tenzer et al. (2009) computed the bathymetric stripping
effects by utilizing 5’ x 5 arc-min resolution Earth global
topography and bathymetry data (ETOPOS5) to generate
the global bathymetric spherical harmonic model first,
and subsequently compute the bathymetric stripping effect
globally at the 1° x 1° arc-degree equiangular grid on the
Earth’s surface using the harmonic coefficients. Their results
revealed that a significant amount of the gravitational signal
is caused by the mean ocean density contrast (1640 kg/m?)
relative to the adopted mean crust density of Earth (2670 kg/
m?®). They showed that seawater stripping corrections vary
from 129 to 753 mGal with the mean of 327 mGal globally,
where the maxima are located above the oceanic trenches
and the minima in the central parts of the continental
regions. Mikuska et al. (2006) studied the far-zone ocean
bathymetry effect on gravity and concluded that ignoring
the gravitational effects of distant bathymetry beyond the
outer limit of the Hayford-Bowie zone O (approximately
1.5° and greater) would result in errors ranging from 128
to 225 mGal. Tenzer et al. (2012¢) reevaluated the ocean
bathymetric stripping effects globally again, but this time
using depth-dependent seawater density model instead of
mean density in the forward modeling. They found that the
approximation of the actual seawater density by its mean
value yields a relative error up to about 2% which reaches
its maximum value of about 16 mGal, particularly over
the deepest oceans. Moreover, Novak (2010) computed
the gravitational potential of the ocean masses and Tenzer
and Novak (2012b) evaluated the bathymetric stripping

corrections to gravity gradient components. Although
these studies provided interesting insights into the impact
of seawater stripping effects on gravity, they are all derived
from low-resolution ocean bathymetry data and evaluated
globally on a very coarse grid resolution. To the best of our
knowledge, there exists no rigorous publication for regional
evaluation surrounding Turkey with higher computational
grid resolution. Besides, the ocean bathymetry models have
evolved during the last few years with the recent data from
shipboard soundings and satellite altimetry observations.
With these issues in mind, the first goal of this study is
to compute the bathymetric stripping gravity corrections
of global seawater on a regular 1’ x 1’ arc-min grid at
the Earth’s surface over the territory of Turkey including
offshore bounded by 25°E-45°E and 35°N-43°N using
the state-of-the-art SRTM15+ Shuttle Radar Topography
Mission global bathymetry and topography model (Tozer
et al.,, 2019).

The second goal of this study is to evaluate the lake
bathymetry stripping effects over the same region and at
the same computation points which have not been studied
in Turkey so far. There are many natural and man-made
inland water bodies covering a surface area of about
11,000 km? in Turkey. The Turkish General Directorate
of Water Management has been surveying the depth of
inland waters with Global Navigation Satellite System
(GNSS)-aided high-precision echo sounders steadily. The
bathymetry data of the largest and deepest five lakes are
used to quantify the stripping effects of the lake water
density contrast for the first time.

Section 2 describes the methodology and presents the
expressions for computing the global seawater and lake
bathymetry gravity stripping corrections. The third part
explains the data used in the study. Section 4 presents and
evaluates the results. The summary and conclusions are
given in Section 5.

2. Methodology

Newton’s volume integral for the gravitational attraction
of bathymetric density contrast along the radial or vertical
direction (A®PC) can be written in spherical coordinates as
follows (Vajda et al., 2004):

ABPE (@p, Ap, rP?
¢Q:+90
Ag=+180"
ro=r2
-t
= —G Ap((pQ,AQ,rQ)WrQ cos(pg)drydiyde,
. TQ=n
/’LQ:—lSO
@@=-90"

(1)
where subscripts P and Q denote the computation pointand
running or integration points, respectively. The coordinate
triplet (¢, A, r) represents the spherical latitude, longitude,
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and radius where r is the sum of Earth’s mean radius (R =
6371 km) and the point height above sea level. G = 6.674 x
10" m*kg s is the Newton’s gravitational constant, and L
is the Euclidean spatial distance between computation and
integration points where , is a spherical distance which
can easily be computed using the law of cosines as follows:

L= L((pp,/lp,rp,<pQ,AQ,rQ)

= \/rpz + 14 — 21p1g cos(pg)

()

cos(Ppg) = cos(gp) cos(¢,)
+ sin(¢pp) sin(goQ) cos(/lp - AQ) (3)

The variable Ap(¢, A, 1) is the bathymetric density
contrast at the integration point. Assuming a constant
crustal density of 2670 kgm, seawater density of 1025
kgm™, and fresh/alkaline water density of 1000 kgm™,
the bathymetric density contrast is the difference between
crustal and water density which yields Ap = 1645 kgm ™ for
seawater and Ap = 1670 kgm™ for fresh/alkaline waters.
Eq. (1) can be rewritten for the constant density as follows
where the innermost integration limits are equal to r =
R - H%*P#®™"and r, = R for ocean bathymetry, and r = R
+ HiekeFloorand 1 = R + H'"* e for Jake bathymetry. H
corresponds to the depth and height below and above sea
level.

ABPC(@p, Ap, Tp)
©o=+90"

Ag=+180"
rQ=r2

-1
= —GAp f aaLTQrg cos(pg)drydiyde, (4)
Ag=-180° e
©Q=-90"

The volume integral in Eq. (4) can be evaluated in
space or frequency domains either by direct integration or
spherical harmonic methods (Kuhn and Seitz, 2005; Wild-
Pfeiffer and Heck, 2007; Wild-Pfeiffer, 2008). Numerical
evaluation in the space domain relies upon a mass
discretization because the geometry of mass bodies is only
available in the discrete form represented by a grid with a
specific resolution in practice. The integration domain can
be decomposed into elementary geometrical bodies such
as polyhedra, prisms, tesseroids, point masses, mass lines,
and/or mass layers (Nagy et al., 2000; Wild-Pfeiffer, 2008;
Tsoulis, 2012; Grombein et al., 2013; D’Urso, 2013; Uieda et
al,, 2016), then the superposition principle can be applied
to sum up the effects of all individual mass bodies.

The triple integral can also be evaluated numerically
using the quadrature methods e.g., the 3D Gauss-Legendre
cubature (Asgharzadeh et al., 2007). Another possibility
is the decomposition of the elliptic integral into a one-
dimensional integral over the radial parameter r, for which
an analytical solution exists, then 2D spherical integral can
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be solved by quadrature methods. The radial integration
of the radial derivative of the reciprocal spatial distance
oL"'/or, multiplied by r’, can be expressed analytically as
follows (Novék, 2000):

rQ=r2
L™t )
K = _GTQ o drg

_ |(378 +75) cos(1pq) + 170 (1 — 6 cos*(1pg)) 5)
L

+1p(3 cos?(Ppq) -
Q=T

- 1) ln|rQ —7p cos(lpPQ) + L|
To=1
In general, the bathymetry or topography data are
stored on a regular grid resolution A\ in longitude and A¢
in latitude. The single quadrature formula for such uniform
grid yields attraction of constant bathymetric density
contrast as follows:

ABPC (@, Ap,1p) = —GApZ K; cos ((ij) Ade  (6)
j

The summation in Eq. (6) is evaluated over discrete
values of the kernel function K that corresponds to the
computation point (¢,, A, r,) and the center of the j"
geographical cell defined in terms of its center (¢, A,) and
its average depth and/or height. We use the scheme given
in Eq. (6) and implemented it in MATLAB to compute
the bathymetric stripping gravity effects. Investigations
on the other numerical evaluation methods of Eq. (4) by
elementary geometrical bodies or 3D integration are out of
the scope of this study.

3. Data

3.1. ASTER global digital elevation model

ASTER stands for Advanced Spaceborne Thermal Emission
and Reflection Radiometer onboard the NASAs Terra
spacecraft which collects high-resolution images of the
Earth in different bands of the electromagnetic spectrum.
Using the stereo pairs provided by the ASTER instrument,
the Ministry of Economy, Trade and Industry of Japan
(METI) and NASA produce high-resolution and nearly
global coverage of digital elevation model named ASTER
GDEM. The model covers all the land surfaces between
83°N and 83°S with a spatial resolution of 1” x 1” arcsec.
More information can be found at https://asterweb.jpl.
nasa.gov/, https://earthdata.nasa.gov/learn/articles/new-
aster-gdem, and https://ssl.jspacesystems.or.jp/ersdac/
GDEM/E/1.html. The data is publicly available at https://
gdemdl.aster.jspacesystems.or.jp/index_en.html and
https://search.earthdata.nasa.gov/search/.
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The study area extends from 25°E to 45°E in eastern
longitudes and 35°N to 43°N in northern latitudes and
shown in Figure 1 with a black rectangle comprises 577681
computation points separated on a regular 1’ x 1’ arc-min
grid, 410756 of which are located on land and 166925 are
offshore. Since the computations are done on the Earth
surface, we use the latest version of ASTER GDEM data
(V3) to extract the heights of 410756 land points within the
study area. The heights of the offshore computation points
are set to zero (e.g., on the sea surface). The statistics of the
computation point heights are presented in Table 1.
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3.2. SRTM15+ global bathymetry and topography

The SRTMI15+ is global bathymetry and topography
dataset which is an updated version of the SRTM+ series
(Becker et al., 2009; Olson et al., 2016). It is distributed with
a spatial resolution of 15” x 15” arcsec. We use the recently
released version (V2.0) published by Tozer et al. (2019).
The bathymetry data presented in the SRTM15+V2.0
dataset is produced using a combination of shipboard
soundings and depths predicted from satellite altimetry.
The data is publicly available and can be accessed from
https://topex.ucsd.edu/WWW_html/srtm15_plus.html.
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Figure 1. Topography and the bathymetry of the study region depicted with 15” arcsec resolution original SRTM15+ data. The black
rectangle shows the study area. The red rectangle shows the extent of the near zone boundary. The five lakes considered in the study are
also displayed with letters. (A) Lake Van, (B) Lake Beysehir, (C) Lake Egirdir, (D) Lake Burdur, and (E) Lake Salda.

Table 1. The statistics of the computation point heights and ocean bathymetry data for near and far zones. Units are in meters.

Min Max Mean Std
Computation point heights 0.0 5009.1 |[721.1 744.9
Near zone ocean bathymetry from 15” x 15” arcsec original SRTM15+ V2.0 data -4560.0 |0.0 -1431.9 |979.1
Far zone ocean bathymetry from 15’ x 15’ arc-min block averaged SRTM15+ V2.0 data | -9874.4 |0.0 -3454.8 |1692.2
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The integration domain for the ocean bathymetry
stripping effect is split into two zones (near and far zones)
in order to reduce computational costs. The 15” arcsec
original SRTM15+ V2.0 data are used up to a spherical
distance of 2° arc-degree from any computation point, and
block average values of 15’ arc-min data are used for the
far zone (the remainder to the full globe) effects. Figure
1 shows extent of the near zone boundary with a red
rectangle along with its topography and the bathymetry.
Figure 2 displays the far zone ocean bathymetry. The
statistics of the ocean bathymetry data for near and far
zones are presented in Table 1.

3.3. Lake bathymetry

There are about 320 natural lakes and 861 man-made dams
in Turkey varying greatly in size and depth (https://www.
dsi.gov.tr/Sayfa/Detay/754#). Among them, we choose the
four largest and one deepest lake with readily available
bathymetry data. The first largest is the Lake Van located
in eastern Turkey which covers more than 3700 km?
surface area and has more than 600 km’ water volume. It
is also the largest alkaline lake on Earth with a maximum
depth of about 450 m (Figure 3a). Although the Lake Tuz
in central Turkey is the second largest lake in Turkey;, it is
not included in this study due to its very shallow depth of
about 1 meter. The third and the fourth largest freshwater
lakes namely the Lakes Beysehir and Egirdir are involved
in the study. They are both located in a region called Lake
District in south-western Turkey and cover more than

1100 km? surface area with mean depths of about 6-7 m
(Figure 3b). The seventh-largest and third deepest Lake
Burdur situated in the same region which has a surface
area of about 200 km?is also considered in the study. Itis a
large saline and highly alkaline lake of tectonic origin with
a maximum depth of about 70 m (Figure 3c). The last lake
involved in the study is Lake Salda, a midsize crater lake
positioned in the Lake District region. Although small in
size (approximately 45 km? surface area), it is one of the
deeper lakes (> 110 m) in Turkey (Figure 3c). National
Aeronautics and Space Administration (NASA) reported
in March 2021 that the minerals and rock deposits at the
Lake Salda resemble to those around the Jezero Crater of
Mars where the surface-exploring rover Perseverance was
landed (https://en.wikipedia.org/wiki/Lake_Salda).

The bathymetry data of the lakes used in the study
are provided by the Turkish General Directorate of Water
Management. After screening and removing any outlying
data, we regenerated 3” x 3” arcsec regular grids for each
lake shown in Figure 3. Some more information about the
lake bathymetry data is presented in Table 2.

4. Results

The bathymetric stripping corrections of constant global
seawater density contrast (Ap = 1645 kgm™) down to the
ocean bottom are computed on a regular 1’ x 1" arc-min
geographical grid at the Earth’s surface around Turkey. The
results are shown in Figure 4. We display the corrections
separately with different color bars for the offshore (Figure
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Figure 2. Far zone ocean bathymetry depicted with 15" arc-min block averaged SRTM15+ data. The black rectangle shows the study

area. The red rectangle shows the extent of the near zone boundary.
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Figure 3. Lake floor bathymetries relative to the corresponding lake surfaces. (a) Lake Van, (b) Lakes Egirdir
and Beysehir, (c) Lakes Burdur and Salda.
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Figure 3. (Continued).
Table 2. Some numerical information about the five lakes used in the study.

Lake name Van Beysehir Egirdir Burdur Salda
Max depth below lake surface (m) -445.0 -6.1 -12.9 -60.3 -119.9
Mean depth below lake surface (m) -159.8 -3.8 -7.7 -30.6 -66.5
Surface height above sea level (m) 1646.0 1121.0 917.6 841.0 1143.3
Surface area (km?) 3574.4 636.2 455.5 141.7 43.5

4a) and onshore (Figure 4b) areas to easily distinguish and
visualize the variations over the coastal regions and the
islands. In the study region, the bathymetric correction
varies from 132 to 418 mGal with a mean of 214 mGal and
a standard deviation of 62 mGal over the marine areas (see
Table 3). The variations of magnitude of the corrections
are highly correlated with the ocean bathymetry and reveal
the main structures of the ocean floor relief, as expected.
The highest values are observed to the east of Rhodes
island from which the Hellenic arc is passing (28.65°E and
35.93°N), and the offshore Gulf of Antalya. The corrections
are mostly below the mean value in the Aegean Sea due to
its relatively shallower bathymetry. In the Sea of Marmara,
the corrections attain their maximum values up to 215
m@Gal over the Tekirdag (western), central, and Cinarcik
(eastern) basins on the Northern Anatolian Fault. The
corrections are more uniformly distributed in the Black
Sea off-the-shelf areas with a mean of around 270 mGal.
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The seawater bathymetric stripping corrections mostly
show a long-wavelength pattern over the land parts and it
is almost constant possessing a mean value of 133 mGal
and a low standard deviation of about 1.5 mGal (see Table
3). However, it produces significant variations onshore
close to the coastlines and on some islands up to 163
m@Gal. The maximum values are seen over the southwest
coasts of Turkey and on the islands located at the Hellenic
trench. The central and the eastern coasts of the Black Sea
region also exhibit higher variations above the mean value
due to the narrower continental shelf. A more detailed
assessment and interpretation of the computed quantities
is beyond the scope of this study.

The results for the lake bathymetric stripping
corrections are shown in Figure 5 and the statistics are
presented in Table 4. It is evident from the figures that
while the bathymetric stripping of lake waters has almost
no effect on the surrounding lands outside a few kilometers
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Figure 4. Global seawater gravity stripping effects in mGal unit. (a) offshore Turkey, (b) onshore Turkey.

Table 3. The statistics of the bathymetric stripping gravity width buffer zones around the lakes, it contributes

corrections of global seawater around Turkey. Units are in mGal. considerably on the lake surfaces and over the buffer zones
which should not be ignored in the microgravimetry
Min Max Mean | Std applications. The water masses of Lake Van produce

negative stripping corrections of up to 32 mGal over the
Offshore (sea part) 1319 |4184 |2141 |619 deepest point at the southwest. There is a clear decreasing
Onshore (land part)  [130.6  |163.1 |133.1 |15 trend to the northeast and to the lakesides which follows
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Figure 5. Lake water gravity stripping effects in mGal unit. (a) Lake Van, (b) Lakes Beysehir, Egirdir, Burdur, and Salda.
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Table 4. The statistics of the bathymetric stripping gravity
corrections of the five greatest lake water masses in Turkey.
Statistics belong to the lake surfaces and their corresponding 1
km width buffer zones. Units are in mGal.

Min Max Mean Std
Lake Van -32.158 |-0.008 -11.017 |10.092
Lake Beysehir -0.028 [0.597 0.441 0.172
Lake Egirdir 0.287 18.371 13.755 5.005
Lake Burdur 0.041 17.562 10.835 6.494
Lake Salda -6.452 -0.106 -2.107 2.016

the bathymetry pattern and quickly vanishes outside the
buffer zone. A mean positive bathymetric correction of
around 0.5 mGal applies over the Lake Beysehir surface
due to its relatively shallower depth. The maximum
corrections reach up to positive 18 mGal over the surfaces
of Lakes Egirdir and Burdur in which their distributions
are almost constant with mean values of 14 mGal and 11
m@Gal, respectively. Lake Salda, one of the deepest inland
lakes in Turkey, exhibits maximum bathymetric stripping
corrections of about negative 6.5 mGal at its deepest point.
Although 15 times smaller in size than Lake Beysehir, its
water masses produce 5 times larger density contrast gravity
effects on the lake surface.

5. Conclusion

In this study, we first quantify the global ocean bathymetry-
generated gravity stripping effects over Turkey for the
geoscientists to correctly smooth the gravity field and
unmask the gravitational signal of the sought anomalous
masses. We apply the forward modelling method to
compute the corrections on 1’ x 1" arc-min grid points at
the topographic surface using SRTM15+ global bathymetry
and topography data and adopting a constant seawater
density contrast of 1645 kgm™. It is found that the seawater
stripping corrections mostly follow a long-wavelength
pattern with a mean of 133 mGal over the mainland.
Therefore, applying this correction in the inland locations
turther 100 km away from the nearest coastline will not
contribute significantly to smooth the gravity field, because
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the observation points close to each other will have the
same correction values. However, seawater density contrast
produces remarkable high-frequency variations onshore
close to the coasts, over marine areas, and on the islands up
to 418 mGal which should be accounted for in the gravity
data processing.

The second objective of this study is to determine the
gravity stripping effects of the five largest and deepest
inland lakes in Turkey, specifically the Lake Van to the
east of Turkey and Lakes Beysehir, Egirdir, Burdur, and
Salda located at the Lake District Region in south-western
Turkey. As far as we know, this is the first work that shows
the density contrast gravity effects of lake waters in Turkey.
The lake bathymetry data acquired with a GNSS-aided
high-precision echo sounder are provided by the Turkish
General Directorate of Water Management. The water
masses of these five lakes generate a considerable amount of
gravity effects over the lake surfaces and their surrounding
buffer zones of about 1 km width, which could reach up to
tens of mGals at their deepest points.

It is strongly suggested that the bathymetric stripping
gravity corrections of sea and lake waters be applied to the
gravity data collected over the inland water bodies, coastal
and offshore areas [e.g., airborne gravimetry described by
Simav (2021)] especially when the data is being used for
exploration purposes. We have utilized the constant seawater
density instead of depth-dependent density model in the
forward modelling of the bathymetric stripping corrections
throughout the study. It should be noted that oceanographic
models of salinity, temperature, and pressure can contribute
to the more accurate computation of the gravitational field
due to the depth-dependent seawater density variations.
Finally, the bathymetry data of the other larger and deeper
natural and man-made inland waters should be included in
the further computations when their data are available.
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