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Each point on the earth has a gravity and gravity potential value. Surfaces formed by
connecting points with equal gravity potential values are called equipotential surfaces
or level surfaces. Determination of gravity field of the earth and the geoid which is one of
the earth's equipotential surfaces is very important for physical geodesy. Gravity values
measured on the physical earth are not directly included in studies; firstly, they must be
converted into gravity anomalies. For this, in this study precise leveling, gravity and GPS
measurements were made in the field. Heights (H) with precise leveling measurements,
gravity values (g) with gravity measurements and geographical latitudes (¢) with GPS
measurements were recorded. Then, gravity reductions (free-air, Bouguer) were calculated
at the points. The actual gravity g measured on Earth is not immediately directly compa-
rable to the normal gravity of the ellipsoid surface. Gravity values must be reduced to the
geoid. Since there are masses outside the geoid, reduction methods differ according to
the way these topographic masses are handled. Bouguer gravity anomalies and gravity
disturbances are derived. The gravity anomaly (Ag) is defined as the scalar difference bet-
ween the Earth's gravity on the geoid and normal gravity on the surface of the reference
ellipsoid. Gravity disturbance (8g) is defined as the difference between the actual gravity
magnitude measured on Earth and its equivalent normal gravity in the normal gravity field
for the same point. The changes and magnitudes of the calculated quantities are com-
pared. Changes such as the observed gravity and height data, observed gravity changes
versus calculated normal gravity changes, normal gravity on ellipsoid versus geographic
latitude, observed gravity changes versus latitude changes, Bouguer gravity anomaly and
gravity disturbance versus latitude and elevation, free-air reduction and Bouguer gravity
reduction versus latitude and elevation have been investigated.

Key words: real gravity, normal gravity, ellipsoid, geoid, free-air gravity reduction,
Bouguer gravity reduction, Bouguer gravity anomaly, gravity disturbance.
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Introduction. Earth's gravity field is af-
fected by various sources of tidal, subsurface
density variation and topographic relief, and
rotation of the Earth. Some sources will be
removed using practical Earth's model from
the measured gravity and retain only the
subsurface effect for geophysical applica-
tions. The normal gravity potential is derived
as the potential of a reference ellipsoid plus
the rotational potential of the ellipsoid. The
gravitational field of a reference ellipsoid of

rotation that closely approximates the real
Earth is called the normal gravity field. The
anomalous field is the discrepancy between
the real and the normal fields.

The intensity of gravity, or gravity g, is the
magnitude of the gravity vector. The force per
unit mass, or acceleration, is a unit of gra-
vity. The value of the normal gravity, yp, is the
magnitude of the normal gravity vector. It is
the magnitude of the gradient of the normal
potential (contains centrifugal potential). It
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can be calculated at a given point on the el-
lipsoid (A, ¢, h=0) and Earth's physical surface
(A, @, h) [Alemu, 2021].

Topography plays an important role in
solving many geodetic and geophysical prob-
lems. In the evaluation of a topographical ef-
fect, a planar model, a spherical model or an
even more sophisticated model can be used.
In most applications, the planar model is con-
sidered appropriate; recall the evaluation of
gravity reductions of the free-air, Poincaré-
Prey or Bouguer kind [Vanic¢ek et al., 2001].

The magnitude g =||g|| of the gravity ac-
celeration vector g along the plumb line is
observed on (land,marine), above (air- and
space borne), or below (sea bottom, borehole,
mines) the Earth's surface. The gravimetric
information is required for numerous appli-
cations and studies not only in the Earth sci-
ences but also in metrology and planetary and
space sciences. The gravity (also the gravity
anomaly) values are commonly expressed in
the CGS (centimeter-gram-second) accelera-
tion unit of mGal (1 mGal=10 pum/s%) [Oja et
al., 2019].

Gravity anomaly, in geodesy, is the dif-
ference between the geoidal gravity and the
normal gravity on the mathematical model
ellipsoid. In the theory of modern physical
geodesy, the normal gravity upon the refe-
rence ellipsoid was introduced as the refe-
rence gravity [Heiskanen, Moritz, 1967].

The classical Bouguer anomaly has been
defined upon the geoid by the difference bet-
ween the observed gravity reduced to the ge-
oid and the reference gravity upon the geoid.
The reference gravity has been equated to the
standard gravity. No distinction was made
between the reference and standard gravity
[Nozaki, 2006].

In geodetic applications, Bouguer gravity
data is primarily used for gravimetric geoid
modeling. In contrast, its use in geophysical
applications is often related to the modeling
and interpreting of inner structures (e.g., sedi-
ment basin basements) and processes (e.g.,
flexural displacement of the lithosphere due
to loading). Bouguer gravity data is obtained
from observed (free-air) gravity data by apply-
ing a topographic gravity correction. Different
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methods have been developed and applied
to compute this correction. When adopting
the most basic approximation of the actual
topography by an infinite Bouguer plate of
a constant thickness and density, the appli-
cation of the incomplete planar topographic
correction to the free-air gravity data yields
the simple planar Bouguer gravity data [Ten-
zer et al., 2019].

Mean free-air gravity anomalies are often
needed in geodesy for gravity field model-
ling. Two possible ways of compiling the mean
free-air gravity anomalies are discussed. One
way is via simple Bouguer gravity anomalies;
the other, more time-consuming;, is via refined
Bouguer gravity anomalies [Janak,Vanicek,
2005].

Methodology. Normal gravity (Theoretic
gravity). Normal gravity is also known as the
latitude correction. Its correction varies as a
function of latitude caused by the centrifugal
acceleration [Bramanto et al., 2021].

The normal (ellipsoidal) gravity on the el-
lipsoid can be calculated by Somigliana for-
mula as below:

y=y 1+ ksin® @
exll—ezsinch ’

where vy,=9.780 325 3359 ms 2 is the gravity at
the equator, £~=0.001 931 852652 is the normal
gravity constant and ¢’=0.006 694 379 990 14is
the first eccentricity squared (where a and b
are the semi-major and semi-minor axes of
the W(GS84 reference ellipsoid) [Kilicoglu et
al., 2010] (Table 1).

The normal gravity outside the ellipsoid
can be computed with (2) equation as below:

(1

y(H)zy{l—i(lJrerm'—
a

-2/ sin> @) H +aizH2] )

where

F=(a—b)la, m'=(0*a*b)/GM=0.00335281066478
(for WGS84) is the ratio between the gravi-
tational and centrifugal forces at the equa-
tor and H is the normal orthometric height in
meters [Heiskanen, Moritz, 1967].
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Table 1. Comparison of GRS80 and WGS84 parameters [Kilicoglu et al., 2010]

Parameter GRS80 WGS84

a 6378 137 m 6378 137 m
GM 3986 005x10% m? 572 3986 004.418x10%m> s72
2 108 263x1078 108 187.4x1078

) 7292 115x10 " 'rad s 7292 115x10-11 rad s~
b 6 356 752.3141 m 6 356 752.3142 m

E 521 854.0097 m 521 854.0084 m

c 6 399 593.6259 m 6 399 593.6258 m

& 0.006 694 380 022 90 0.006 694 379 990 14
e’ 0.006 739 496 775 48 0.006 739 496 742 28
¥l 0.003 352 810 681 18 0.003 352 810 664 78
7! 298.257 222 101 298.257 223 563

Rl 6 371 008.7714 m 6 371 008.7714 m
R2 6 371 007.1810 m 6 371 007.1809 m
R3 6 371 000.7900 m 6 371 000.7900 m
uo 6 263 6860.850 m?s™! 6 263 6851.7146 m%s™!
Ye 9.780 326 7715 ms > 9.780 325 3359 ms >
Yp 9.832 186 3685 ms 2 9.832 184 9378 ms >
k 0.001 931 851 353 0.001 931 852 652

Gravity Reduction. The reduction of sur-
face gravity data to on the geoid or another
equipotential surface removes the gravita-
tional effects of topography and distance from
the geocentric. The reduction itself involves
the application of a series of corrections.
These corrections account for the vertical
gradient of gravity near the Earth's surface,
the gravimetric attraction of the topography,
and the centrifugal acceleration and oblate
ellipticity of the figure of the Earth [Feather-
stone, Dentith, 1997].

Bouguer gravity reduction. The Bouguer
gravity reduction aims to completely remove
the topographic masses outside the geoid. In
this method, the surroundings of the Earth
point P is considered flat and horizontal, and
the masses between the geoid and the earth
are considered to have a constant densityp. In
this case, the gravitational effect of the masses
outside the geoid can be calculated as the
gravitational effect of a cylinder of infinite
radius with thickness. This cylinder is called
the Bouguer plate. Thus, the gravitational ef-
fect of the Bouguer plate can be calculated
as follows:

Ap=2mkph, 3
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Where p=2.67 g/cm3with standard density,

h is height in meters, and k is the Newton's

gravitational constant. So, the gravitational

effect of the Bouguer can be written as fol-
lows:

Ap=0.1119h mGal. 4)

Removing the plate means removing this
gravitational effect from the measured gra-
Vity.

Free-air reduction. The Earth point P, me-
asured by removing the topographic masses,
remains in the air (space). This point needs
to be lowered to the geoid (P;). This is called
free-air reduction. Free-air reduction is as fol-
lows:

og
F o h. %)

Normal gravity gradient can be written as

follows:

F = —%h ~+0.3086h mGal. (6)

This combined operation of removing
topographic masses and applying free air
reduction is called the completed Bouguer
reduction. The Bouguer gravity (gg) at P, on
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the geoid is expressed as:
gp=g-AptF=g+0.1967h, (%)

gg is on the surface of the geoid.

The gravity anomaly and gravity distur-
bance. In geodesy, the gravity anomaly (Ag)
is the scalar difference between the Earth's
gravity on the geoid and the normal gravity
on the surface of the reference ellipsoid at the
observation latitude.

A simple Bouguer anomaly is given by:

Agp=gp- (€))

Gravity disturbance is given by [Heis-
kanen, Moritz, 1967]:

dg=g—y(H). 9

Study area. This application was made in
the form of a route. The route extends from
Camoba Street above Trabzon Atatiirk Man-
sion to the coastline of the Ayasofya neigh-
bourhood. The study area is relatively moun-
tainous and rugged, with a route length of
4.78 km and a maximum height difference of
around 385 m between points. The measure-
ment route is shown in Fig. 1.

Measurement route
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Fig. 1. Between Camoba and Ayasofya Measurement
Route.

Land surveys. The measurements were col-
lected over 2004—2005 years. Precise leveling
and gravity measurements were made along
Camoba and Ayasofya Measurement Route.
The latitude was determined by a hand GPS.
Leveling measurements along the routes were
made according to the round-trip measure-

ment plan. It is envisaged that the round-trip
difference in dimensions should be smaller
than 6vK mm (leveling passage length in X,
km). Leveling measurements were made with
the DL-101C Electronic Digital Level. In the
measurements, attention was paid to ensure
that the invar rods were on metal shoes and
that the distance between the instrument and
the invar rods was equal and did not exceed
approximately 30 m.

Master-type Worden Gravimeter was used
for gravity measurements. The measurements
taken with this are presented in quadrant
scales. To convert them in milligals, the in-
strument constant is used.

Latitude values were measured using
SPORTRAK Map (MAGELLAN) handheld
GPS.

Results and discussion. Normal gravity on
the ellipsoid was calculated by equation (1),
outside the ellipsoid — by equation (2). Free-
Air gravity reduction was calculated by equa-
tion (6) and the Bouguer gravity reduction,
by equation (4). Bouguer gravity anomaly
was calculated by equation (8), gravity dis-
turbance by equation (9). These results are
shown in Table 2.

Some basic statistical information regar-
ding these calculations is shown in Table 3.

From the measured gravity and height
data, the variation of gravity with height is
plotted in Fig. 2.

The variation between gravity measured in
the field and the normal gravity calculated at
the same points (outside ellipsoid) is plotted
in Fig. 3.

The variation of the normal gravity cal-
culated on the ellipsoid with respect to the
latitude is shown in Fig. 4.

The variation of the real gravity measured
on the land with respect to the latitude is
shown in Fig. 5.

The variations of the Bouguer gravity
anomaly and gravity disturbance with res-
pect to the latitude and elevation are shown
in Fig. 6.

The variations of Free-air gravity reduction
and Bouguer gravity reduction with respect
to latitude and elevation are shown in Fig. 7.
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Table 3. Basic statistical information

Parameter Min Max Mean
Height Difference, m 19.56684 389.27493 214.742416
Observed gravity change, mGal —67.72300 -2.391 -36.962708
Calculated normal gravitifnccl;l;nge outside the ellipsoid, 120.7964 6.05335 66.63033
Free-Air Reduction, mGal 8.80397 122.89589 69.0351512
Bouguer Reduction, mGal 3.19237 44.562701 25.0325127
Bouguer gravity anomalies, mGal 1435.98144 1445.93476 1440.26505
Gravity disturbance, mGal 1439.15713 1488.569 1465.16279

Observed gravity changes
versus elevation changes
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Fig. 2. Observed gravity changes versus elevation
changes.

Observed gravity changes
versus calculated gravity changes
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Fig. 3. Observed gravity changes versus calculated nor-
mal gravity changes.

Conclusions. The heights in the study area
vary from about 19 m to 389 m. The latitude
spans 41.0037 degrees to 40.9761 degrees
North.
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Normal gravity on ellipsoid versus
geographic latitude
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Fig. 4. Normal gravity on ellipsoid versus the geogra-
phic latitude.

Observed gravity changes
versus latitude changes
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Fig. 5. Observed gravity changes versus latitude changes.

e From Table 2 and Fig. 2, it is seen that
the gravity difference measured in the field
is inversely proportional to the height, and
the real gravity difference decreases as the
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Fig. 7. Free-air reduction (1) and Bouguer gravity reduction (2) versus latitude and elevation.

height increases. This difference is approxi-
mately 65 mGal at 370 m height.

e From Table 2 and Fig. 3, it is seen that
as the gravity difference measured in the field
decreases, so does the normal gravity diffe-
rence.

e As the height increases, the normal

ISSN 0203-3100. Geophysical Journal. 2023. Vol. 45. Ne 6

gravity calculated on the ellipsoid and out-
side the ellipsoid decreases (Table 2).

e As the latitude increases, the normal
gravity calculated on the ellipsoid and out-
side the ellipsoid increases. At the same time,
the real gravity is increasing. It can be seen
from Fig. 4 and Fig. 5.
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e From Table 2, Fig. 6, Fig. 7, it is seen
that as the height increases and latitude de-
creases, both free-air and Bouguer gravity
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OOpoOKa rpasiTaniiHuX AaHUX, aHoMaAig byre
Ta rpaBiTaliriHe 30ypeHHSsI

H. Hiama3s, 2023

Texuiunun yHiBepcuteT Kapaaenis, Tpa0d3on, TypeuunHa

Ko>kHa Touka Ha 3eMAl Mae€ rpasiTalliliHe 3HaueHH:. [[0BepXHi, yTBOPEHI CIIOAYY€EH-
HSAMHU TOYOK 3 OAHAKOBUMM 3HAQUEHHSMHU I'PABITAIliMHOTO IIOTEHIIIaAy, HAa3UBAIOTHCA €K-
BIIOTEHIIAaABHUMM a00 MOBEPXHIMU PiBHA. BU3HaueHH4 rpaBiTalliiHOTO IIOAS 3€MAI Ta
reoipa, IO € OAHIEIO 3 €KBIIIOTEHI[IaABHUX IOBEPXOHDb 3€MAI, Ma€ BeAUKE 3HAUEHHS AN
(hi3ugHOI reopesil. 3HaUeHHS CUAU TS KIHHS, BUMIpaH] Ha (Pi3U4uHIN 3eMAl, He BKAIOYEHI
0e3nocepepHBO B IIe AOCAIAKeHHA. [To-nepire, iX HEOOXIAHO IlepepaxyBaTH Ha I'pasi-
TaIiWHI aHOMaAIl. AAS IIBOTO B IIOABOBUX YMOBAX BUKOHAHO TOYHI BUMIPIOBAHHSA PiBHA,
rpasiTtariii Ta GPS. Byan 3anmcani BucoTu (H) 3 TOYHUMU BUMipIOBAaHHSIMM PiBHS, 3Ha-
YeHHS CUAU TSOKIHHS (g) 3 BUMIPIOBAaHHSIMU CUAU TSOKIHHS Ta reorpadiudi mupotu ()
3 puMiproBaHHAMU GPS. I'Ticag TOro B TO4YKax po3paxoBYBAaAU 3HUJKEHHS CUAM TIKIHHSA
(Free-air, byre). ®akTruHa craa I[bOTO g, BUMipsiHa Ha 3eMAi, He MoyKe OyTH 6e310cepea-
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HBO CITiBCTaBA€HA 3 HOPMAaAbHOIO IpaBiTalli€ro MoBepxXHi eAincoipa. HeoOxiaHO 3BecTu g
A0 reoipa. OCKIABKHY 3@ Me)KaMU Teoipd iCHYIOTh MacH, METOAU ITPUBEAEHHS Pi3HATHCI
3aAe>KHO Bip TOro, 6yAao 0OpoOAeHO 11i TonorpadiuHi Macu. BuBepeHO I'paBiTaliiiHi aHo-
Maail Byre Ta rpasiTalniligi 30ypeHHSI. AHOMaAigd CUAU TSKiHHSA (Ag) BU3HAYAETHCA 9K
CKaAsIpHA Pi3HUIISA MiXK CUAOIO TSIKIHHSA 3€MAl Ha I'eOIAl Ta HOPpMaAbHOI CUAM TSOKIiHHS Ha
TTIOBEPXHIi OTIOPHOTO eAincoipa. 36ypeHHs rpasiTariii (0g) BU3HAYAETHCS SIK Pi3HUIIT MiXK
(haKTUYHOIO BEeAMYHMHOIO IpaBiTallil, BUMipgHOIO Ha 3eMAi, Ta Il eKBiBaA€HTHOIO HOpMaAb-
HOIO I'PaBiTalli€}0 B HOPMAABHOMY I'PaBITAIiIMHOMY IIOAL AAS Ti€l 5K TOYKHU. [TOpiBHIOIOTHCSA
3MiHM Ta 3HaUEeHHS PO3PaXOBaHUX BEAWUNH, a caMe: AaHi IpaBiTallil Ta BUCOTH, 3MiHU CUAU
TS>KIHHS MOPIBHSAHO 3 pO3paXOBaHMMU HOPMAaABHUMU 3MiHAMU CUAU TSDKIHHSA, HOPMaAb-
Ha CHAQ TSKIHHS Ha eAIIICOIAL 3aAe5KHO BiA reorpadivyHol HIMPOTH, CIIOCTEPEsKeHi 3MiHN
CHAU TSDKIHHS 3aA€>XKHO Bip 3MiH HIMPOTH, rpaBiTallifiHa aHoManisd Byre Ta rpasiTarjiiine
30ypPEeHHS 3aA€’KHO Bip IIMPOTU U BUCOTH, 3MEHIIIEHHS BIABHOTO IOBITPA. TakoX OyAO
AOCAIAPKEHO 3MEeHIIIeHHS CUAU TSKiHHA ByTre 3aAeKHO Bip IIUPOTH 1 BUCOTH.

KA1040Bi cr0OBa: peanbHa rpaBiTallis, HOpMaAbHa IpaBiTallisi, eAiTICOIA, TeO0lA, 3HM>KEHHS
CHAM TSDKIHHS y BIABHOMY IIOBITpI, 3MeHIIIEHHS CUAU TsUKIHHA ByTe, rpaBiTaliilina aHo-
Manis Byre, 30ypeHHs rpasiTariii.
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