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observations and topography information for develop-
ment of geoid models (yildiz et al. 2012). The reliabil-
ity of the gravimetric models, in terms of spatial reso-
lution and accuracy, has been found to be improved 
by combining models with geoid undulations from 
GPS data/field levelling (Smith, Milbert 1999). Based 
on this, jGEOID 2000, a gravimetric geoid model of 
japan, has been updated with the geoid undulations 
from a network of GPS Bench Marks (B.Ms) spread 
over japan. It yielded to a new hybrid geoid model 
GSIGEOID2000, which during evaluation provid-
ed a precision (standard error) of the order of 4 cm 
throughout the whole of japan (Kuroishi et al. 2002). 
GEOID09, a hybrid geoid height model, developed 
by the National Geodetic Survey (NGS) US using US 
Gravimetric Geoid 2009 (USGG2009) gravity model 
along with GPS and field levelling data. An evaluation 
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Abstract. Site specific geoid model is prerequisite for accurate determination of orthometric heights. No ge-
oid model has been developed so far for India or any of its part. So, development of a geoid model for India 
or its part is of utmost need to make use of GNSS data towards determination of orthometric heights. In this 
research work, an attempt has been made to develop geoid undulation models by gravimetric method using 
Molodensky’s concept. Component parameters in line with the Remove – Compute – Restore (RCR) tech-
nique have been used recursively. Models have been developed for two study areas: one of these lies in and 
around Dehradun (30° 19′ N, 75° 04′E) in Uttarakhand state, India in lower Himalayan region having highly 
undulating topography and the other near Hyderabad (17° 30′N, 78°30′E) in Telengana state of India hav-
ing gentle topography. The model has been tested for 7 stations in the first study area and accuracy has been 
found to be 17.5 cm; whereas, for the second area accuracy has been found to be 7.0 cm for 24 test stations. 
Further, the performances of the developed models have been evaluated with those from three global geoid 
models namely EIGEN6C4, EIGEN6C3stat and EGM2008; and have been found to be similar or better in 
case of first study and for second study area far more superior. Thus, local/regional geoid undulation model 
requiring accuracy better than 20 cm for any study area may be developed adopting the method. However, 
the optimality in the number and density of gravity stations may be considered as a future scope of work. 
Keywords: orthometric height, free air anomaly, height anomaly, geodetic latitude, geodetic longitude, digi-
tal terrain model, quasi-geoid.

Introduction

Development of a local, regional or global geoid mod-
el is one of the forefront research works conducted 
by geodesists for decades. One of the primary uses of 
geoid model is to compute geoid undulation or geoid 
height (Seeber 2003), N which gets subsequently used 
to determine orthometric height. Thus, in the pursuit 
for accurate determination of orthometric heights, 
researchers work towards development of more and 
more accurate geoid models. As a result, there are 
many geoid models available in the world, at present. 
Based on the methods of development, the geoid mod-
els are broadly divided into four types (Featherstone 
et al. 1998). But, gravimetric models have been found 
to be most widely prevalent. 

Gravimetric methods make use of geo-potential 
model in conjunction with earth’s surface gravity 
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of the performance of the developed model with refer-
ence to GPS BM data at various regions of USA shows 
that standard deviation of errors of GEOID09 varies 
from 6mm to 2 cm whereas USGG2009 provided er-
rors from 2 cm to 7.1 cm (Roman et al. 2010). IRG04, 
a geoid model for Iran, was developed using Stoke’s 
formula, GRACE GGM02 Global geo potential model 
and SRTM high resolution Digital Elevation Model 
(DEM) along with GPS/levelling data. The results from 
the geoid model were compared with those from GPS 
and field level of BMs. The RMS error of the model 
has been found to be 0.09 m which is nearly 4 times 
more accurate than those obtained from pure gravi-
metric geoid model (Kiamehr 2007). Carrion et  al. 
(2009) and Srinivas et al. (2012) have reported their 
attempts towards development of geoid models for 
the southern part of India using derived gravity data. 
The results obtained have been compared with those 
from field levelling (of undefined quality). But, neither 
known geoid undulation for any station nor the effect 
of variation of mass density above geoid was consid-
ered in these studies. Thus, there are serious deficien-
cies in the methodology as well as in the validation of 
the developed geoid models. 

Thus, it has been found that, so far, most of the 
geoid models (except GEOID09) made use of EGM96 
as the gravitational potential function which is signifi-
cantly less accurate (Krynski 2009) than EGM2008. 
The terrain model used has been derived from satel-
lite data which is less accurate as may be derived from 
field levelling data. Quality and density of gravity data 
particularly observed terrestrial gravity data also influ-
ence the quality of a model (Hong et al. 2009), which 
is often not followed properly. Therefore, overcoming 
of these limitations is expected to lead more accurate 
geoid models. Thus, scope lies in development of bet-
ter geoid models using improved geo potential model, 
accurate digital terrain model and improved (quality 
as well as denser) terrestrial gravity data. Geoid model 
also depends on terrain as well as levelling (height) 
system which varies from region to region. Since, ter-
restrial gravity as well as levelling data of India has 
not been shared with any development of global geoid 
models, so development of a proper gravimetric geoid 
model for India or its part is of utmost need. In this 
research work, an attempt has been made to develop 
geoid models for terrains in India.

Thus the objective of this study is to develop un-
dulation models by gravimetric method for two study 
areas in India and to carry out a comparative study of 
the models with some state-of-art global geoid models 

in the pursuit to validate the developed models for 
India. The outcome of this study is being expected to 
provide expressions for geoid undulation, N as a func-
tion of latitude, longitude, ellipsoidal height (f, l, h) 
valid for considered terrains in India. 

1. Background theory

The geoid undulation at any station or point is de-
fined as the difference in elevation between its ellip-
soidal height (h) and orthometric height (H) and is 
given by:
 h = H ± N, (1)

where N is called geoid undulation or geoid height 
(Seeber 2003). It depends on anomalous gravity poten-
tial (T) at the considered point and may be computed 
from gravity anomaly (Δg) (Heiskanen, Moritz 1987). 
However, to make the computation of N independent 
of density of earth, concept of height anomaly (ζ), as 
proposed by Molodensky, has also been adopted in 
this study. According to Molodensky, height anomaly 
(ζ) is related to the ellipsoidal height (h) and normal 
height (H*) by the relation (Heiskanen, Moritz 1987):

 h = H* + ζ, (2) 

where H* is the normal height. Height anomaly, ζ may 

be obtained from T
γ

 (Heiskanen, Moritz 1987) where 

T is the disturbing potential at ground level, γ  is the 
normal gravity at telluroid (Heiskanen, Moritz 1987). 
The orthometric height of a station or point, H and its 
normal height, H* may be obtained from 

 H = C
g

;  (3) 

 H* = C
γ

, (4)

where C is geopotential number, g  is the mean gravity 
along plumb line between geoid and ground and γ  is 
the mean normal gravity along the ellipsoidal normal 
between reference ellipsoid and telluroid. Thus, geoid 
undulation, N can be reduced to the relation (Heis-
kanen, Moritz 1987),

       

 .gN H− γ
= ζ +

γ
  (5) 

As both geoid undulation, N and height anomaly, 
ζ depends on anomalous gravity potential, these are 
also related to anomalous gravity. Gravity anomaly 
(Δg) at geoid corresponding to any point/station on 
the surface of earth can be determined from 
 Δg = [gobs – γ + 0.00030855H] X 1000 mgal,  (6)
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where gobs is the gravity value observed at 
a point on surface of earth in gal, γ is nor-
mal gravity mathematically computed at el-
lipsoid by using international Gravity Formula 

2

2

1 0.00193185138639 sin
9.7803267714

1 0.00669437999013sin

 + j γ =
 − j 

 in 

gal and H is orthometric height i.e. height of the point 
above Indian mean sea level (Indian geoid) in meter.

The gravity anomaly (Δg) is being considered to 
be consisted of three components and is expressed as
 Δg = Δgegm + Δgrtm + Δgres , (7)

where egmg∆ , part of gravity anomaly represented by 
earth geoid model; rtmg∆  represents the component 
due to residual topographical mass; and  resg∆ denotes 
the residual component of gravity anomaly which 
varies randomly. Further, each component of gravity 
anomaly has been considered to provide a correspond-
ing component both for height anomaly, ζ and geoid 
undulation, N. For height anomaly, components are 
considered as ζegm, ζrtm and ζres and that of geoid un-
dulation Negm , Nrtm and Nres respectively. Thus,   

 Height anomaly, ζ = ζegm + ζrtm + ζres ; (8)

 Geoid undulation, N = Negm + Nrtm + Nres . (9)

All these parameters and their components have 
been computed from their corresponding gravity 
anomalies. The value of height anomaly (ζ ) and cor-
rection (N– ζ), for stations whose geoid height (N) and 
orthometric height (H) are known, has been extended 
to other stations using local covariance function. resg∆  
and '  resg∆  i.e., residual gravity anomalies at two ad-
joining points, separated by a distance say “s”, are cor-
related and being a random quantity can be treated sta-
tistically. Variance/covariance function, C(s) is defined 
by C(s) Cov ){ } M(res res resg g g= ′∆=  where M has been 
considered as average, extended over all pairs of points 
P and P′ for which PP′ = s = constant. The fitting of 
the empirical covariance functions to local covariance 
function (analytical models) has been performed using 
the formula (Arabelos, Tscherning 2003):
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where n is the degree of expansion of the geopotential 
model for reduction of gravity anomalies, r, r′ are the 
distances of the point X, Y from the earth’s centre, ˆ iσ  

error anomaly degree variances associated with geo-
potential model coefficients, RB the radius of Bjerham-
mar sphere, Pi the Legendre polynomial of degree i, 
yXY the spherical distance between X and Y while A is 
the gravity anomaly variance. Error degree variances 
of a geopotential model reflect the behaviour of the 
model globally, in regional or local computation it is 
multiplied by a scale factor l which is defined through 
fitting procedure.

2. Methodology

In this study, gravity anomaly is being primarily used 
to as the fundamental parameter to develop the ge-
oid model, using height anomaly as an intermedi-
ate parameter. The methodology for developemnt of 
the proposed geoid model consists of recursive use 
of component parameters in line with the Remove – 
Compute  – Restore (RCR) technique (Featherstone 
et al. 2004). First, Δgegm and Δgrtm are to be computed 
and then remove from Δg (6) to obtain Δgres, at the 
gravity (observation) stations. These Δgres are to be 
used to determine the local covariance function and 
analytical covariance parameters i.e., depth of Berja-
hamar sphere, (RE –RB); scale factor, l and variance at 
zero height (A) of the study area by fitting procedure 
with global empirical covariance function. Next, con-
trol stations (known horizontal location [φ, λ], ellip-
soidal height[h], geoid undulation [N] and orthometric 
height [H]), within the study area, are to be consid-
ered. At these points, predicted Δgres are to be comput-
ed adopting the least square collocation method using 
local covariance function with associated parameters 
of the study area. Further, for these points, Δgegm and 
Δgrtm are to be computed by linear interpolation. These 
three components are to be added to find the gravity 
anomaly (ΔgCP) and subsequently it is to be converted 
to the height anomaly (ζ) and the correction, (N – ζ). 
Thus gravimetric geoid obtained is drapped on control 
points in conformity to the local vertical datum. ζegm 
and ζrtm respectively are to be computed from their 
corresponding components of gravity anomaly and 
to be subtracted from ζ to obtain ζres at the Control 
Stations. In this way, the framework for geoid undula-
tion model, consisting of model covariance function, 
covariance parameters and drapped geoid has to be 
developed for the study area. And, model covariance 
function, height anomaly and correction alogwith 
their components on prediction points are also to be 
made available for determination of geoid undulation, 
N of any station or point (φ, λ) within the study area.
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3. Study area, data and inputs

In order to develop the geoid model by gravimetric 
method, two study areas have been considered: one 
of these lies in and around Dehradun (30° 19′N, 75° 
04′E) in Uttarakhand state, India and another near 
Hyderabad (17° 30′N, 78° 30′E) in Telengana state of 
India. The first area has been selected for its unique 
physiography. The area sprawls at the foothills of the 
Himalayas spreading over 600 square kilometers. Ele-
vation of the area varies from about 470 meter to about 
2000 meter above mean sea level. Thus, an undulat-
ing terrain having significant variations in heights has 
been considered in this study as a challenge to be faced 
in field condition. Further, presence of Himalayas i.e., 
enormous presence of earth mass near the study has 
made the site more challenging. The second study area 
lies in the Deccan plateau of India is fairly flat with ele-
vation varying from 365 metres to 525 metres. Thus, in 
the perspective of development of geoid model, study 
areas have been choosen to be quite different in nature.  
The location of the study areas and those of station 
positions are as shown in Figure 1. The stations used 
for development of geoid model have been marked in 
green while test stations have been marked in yellow 
colour.

3.1. Gravity data

In this study, gravity observations have been taken 
with relative gravimeters having 1 micro gal reso-
lution, having capability to take 6 readings in 1 
second, capable of maintaining standard deviation 
(s.d.) of 360 readings in 1 minute within 30 µgal 
and in stable condition, 5 readings taken at a sta-
tion within 6 minutes agree within 10 µgal. Grav-
ity observations were done at every 3–4 km in plain 
and at every 1–2 km in hilly terrain. Gravity obser-
vations have been taken during the period 2007 to 
2014 in International Gravity Standardization Net 
1971 (IGSN71). During observation the drift of the 
instrument has been maintained within 200 µgal. 
Gravity observation lines were closed at known 
gravity stations whose gravity values have been de-
termined by absolute gravimeter. In this study, grav-
ity observations were taken at 45 stations in study 
area 1 and 58 number of gravity data in study area 2 
have been used for geoid modeling. 

3.2. GPS observations and computations

A set of dual frequency geodetic GPS receivers along 
with geodetic antenna have been used to collect GPS 
data. In the first study area, a network of 18 stations 
has been considered for GPS observations in which 
two stations, namely EE and WE, as reference sta-
tions. In order to establish the reference stations, GPS 
data had been collected in static surveying mode for 
24  hours simultaneously on these two stations and 
precise ephemerides from International GNSS Ser-
vice (IGS) (ftb://iqscb.jpl.nasa.gov/iqscb/product/) 
had been used to process the data through a scientific 
s/w. The maximum RMSE in coordinates (f, l, h) was 
found to be less than 0.0042 m. For other stations, 
GPS observations were taken for a few hours in rela-
tive mode. Data had been processed in commercial 
post processing s/w with broadcast ephemerides and 
elevation mask 10° for baseline processing followed 
by network adjustment. Adjustment was conducted 
with 2 reference stations held ‘fixed’ and setting de-
sired accuracies for position for all. Adjusted coor-
dinates were taken better than 0.011 m in latitude, 
0.009 m in longitude and 0.031 m in ellipsoidal 
height in the entire network at 95% precision con-
fidence level. For the other study area, GPS observa-
tions were taken at eight reference stations situated at 
four corners of each of the two areas (DT06,19,26,31 
and HP15,19,24,25) for 7 hours at 15 seconds epoch 
interval having GDOP less than 5. These GPS data 

Fig. 1. (a) Geographical Map of India with Uttarakhand State 
in yellow and Telangana State in Blue;  

(b) Study Area 1 – Uttarakhand in and around Dehra Dun; 
(c) Study Area 2 – Telangana near Hyderabad
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were processed using scientific software with precise 
ephemerides with respect to IGS station at IISc, Ban-
glore. The maximum RMSE in coordinates (f, l, h) 
was taken less than 0.0031 m. For other 54 GPS sta-
tions, observed were taken each of 45 minutes session 
at 15 second epoch interval. The observed data were 
processed through commercial software considering 
the reference station ‘fixed’. Networks of 32 stations 
of one part and 26 stations of the other part were ad-
justed separately with maximum error 0.0696 m in 
coordinates at 95% confidence interval. 

3.3. Level data

Orthometric heights of eighteen stations in first study 
area and fifty eight stations in the second study area 
were taken from SOI [Survey of India] archives. The 
accuracy of measurement has been controlled by the 
permissible discordance between forward and back-
ward levelling between two consecutive BMs and also 
of a levelling line to be less than 4√k millimetres where 
k is the direct distance traversed in kilometres. Further 
the observed geometric height difference of a circuit 
and individual lines have been statistically analysed by 
Lallemand formula (Avers 1935). The probable acci-
dental error and systematic error have not exceeded 
±1.0 mm/km and ±0.2 mm/km respectively. The mean 
accidental and systematic error have not exceeded 
±1.5 mm/km and ±0.3 mm/km respectively. Geomet-
ric height data in conjunction to gravity data have 
been used to derive geopotential numbers which have 
been used to obtain Helmert orthometric height (Heis-
kanen, Moritz 1987).

3.4. Digital Terrain Models

For study area 1 i.e., around Dehradun, DTM has been 
prepared from the Survey of India contour maps of 
1:50,000 scale and for study area 2 i.e., around Hyder-
abad, shuttle radar terrain DTM (3”) called as SRTM3” 
has been used.

4. Development of geoid model

In this study, GRAVSOFT software (Tscherning et al. 
1992; Tscherning, Forsberg 2008) has been used to 
develop the geoid model. The Remove/Compute/
Restore operations have been implemented repeat-
edly to operate on different modules of the software. 
Gravity observations and known geoid undulations 
of 45 and 11 stations respectively in the study area 1; 
and that of 58 and 34 stations respectively in study 
area 2 have been used during development of these 

models. Further, the Digital Terrain Models (DTM) 
of the study areas (4.4) and Global Geoid Model, 
EGM2008 have been used as primary inputs to the 
GRAVSOFT. EGM2008 which uses ellipsoidal har-
monics (of degree 2190 and order 2159) has been 
used as base model. GEOEGM and TC modules of 
Gravsoft has been used to interpolate free air grav-
ity anomaly represented by ellipsoidal harmonics of 
Global Geoid Model (GGM) (ΔgEGM) and terrain 
effect (ΔgRTM) respectively at observed gravity sta-
tions. These two have been removed from free air 
gravity values (6) to obtain residual free air gravity 
(Δgres). The digital terrain data at 15′′ and 60′′ grid 
have been calculated as reference and coarse data by 
TC. Covariance function of residual gravity of the 
region has been developed by running EMPCOV 
with residual gravity anomaly (∆g–egm-tc.dat) as 
input. The output of this execution has been used in 
COVFIT program. Values of depth of Bjerhammar 
sphere i.e. RE-RB, scale factor, l and gravity variance, 
A, to be used in GEOCOL module, have been noted 
through command prompt. These values for Deh-
radun area have been found to be 0.0759, –424.22 
and 150.81 respectively for scale factor, RE-RB and 
gravity anomaly variance and for Hyderabad area 
0.0176, –200.55 and 1.51. SELECT module with GPS 
data as input was then used to find residual gravity 
anomaly at GPS points within the study area having 
known geoid undulation (N). Residual free air grav-
ity anomaly have been computed at the GPS stations 
by running GEOCOL program with Δgres and GPS 
data as input files. With GPS data as input file, by 
running GEOEGM, free air gravity anomaly compo-
nent represented by Global Geoid Model (GGM) has 
been found. Similarly by running TC program with 
GPS data as input, free air anomaly component due 
to terrain effect has been found. Both are added to 
residual free air anomaly at GPS points by running 
FCOMP program to find free air gravity anomaly at 
GPS points. By running N2ZETA program using free 
gravity anomaly at GPS points with known N, height 
anomaly (ζ) and N–ζ at GPS stations have been ob-
tained. With operations so far, the derived geoid has 
been drapped in local orthometric height terms. A 
flow chart showing the different steps, inputs, mod-
ules for remove/compute/restore operations is shown 
in Figure 2. With these, the geoid undulation model 
gets developed. The geoid undulation, N of any sta-
tion or point (j, l) within the study area may now 
be computed using model covariance function and 
remove/compute/add/restore procedure.
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Fig. 3. Empirical and analytical covariance functions  
of the study area 1 (Dehradun)

Fig. 2. Flowchart of steps for development of the proposed geoid model
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5.2. Terrestrial gravity anomaly

To study the terrestrial gravity anomaly (∆g) and its 
variation as well as variation of its components in the 
study area 1, statistics of the observed terrestrial grav-
ity anomaly such as maximum value, Minimum value, 
Mean and Standard Deviation was computed. Same 
were computed after removing contribution from GGM 
(∆g – ∆gegm08) and also for residual gravity anomaly 
(∆gres) . The result has been summarised in Table 1.

Table 1. Statistics of remove step (Dehradun area)

Criteria ∆g (mgal) ∆g – ∆gegm08 
(mgal) ∆gres (mgal)

Max –58.950 10.466 10.522

Min –117.280 –36.731 –27.850

Mean –84.493 –10.455 –7.206

S.D 13.649 11.839 11.280

 Fig. 4. Empirical and analytical covariance functions  
of the study area 2 (Hyderabad)
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5. Results

5.1. Covariance functions 

In order to study the nature of the covariance func-
tion developed for the study area 1, empirical co-
variances against distances have been plotted, as 
shown in Figure 3. Also, for the same distances, the 
analytical model covariance values have also been 
plotted. It has been found that there are large varia-
tions between the empirical and model covariance 
functions. 

Next, empirical co-variances against distances 
have been plotted, as shown in Figure 4 and also those 
by the analytical covariance function of the study 
area 2. In this case, the two functions have been found 
to be well fitted. 
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It is  seen that value of residual gravity is very 
significant in this area. Variation of gravity anomaly is 
also high which in in conformity to the highly undu-
lating terrain.

Similarly statistics of ∆g, ∆g – ∆gegm08 and ∆gres 
for study area 2 were also computed and summarised 
in Table 2 below.

Table 2. Statistics of remove step – Hyderabad area

Criteria ∆g (mgal) ∆g – ∆gegm08 (mgal) ∆gres (mgal)

Max –5.644 3.818 4.879

Min –24.098 –7.245 –4.567

Mean –16.842 –1.423 –0.690

S.D 4.176 2.379 2.134

As expected, being a flat terrain, variation of grav-
ity anomaly is small in study area 2. Residual gravity 
anomaly is also very small in this area. 

It is evident from Table 1 and Table 2 that 
EGM2008 represents the major portion of gravity 
anomaly but it is unable to represent it fully due to 
limitation of degree and order of spherical harmonic 
coefficients. This limitation is more pronounced in un-
dulating terrain.

5.3. Geoid undulations or Geoid height, N

The geoid heights, N of the test stations determined 
by using Equation (1) ellipsoidal height (h) (from GPS 
observation) and precise levelling height (H) have 
been considered as true geoid undulations and thus, 
used for comparative evaluation. 

In order to test the geoid models developed in this 
study, first the geoid undulations (NGRAV) of 7 stations 

in the first study area have been computed using the 
developed model. To determine the geoid undula-
tion of a station point, first the components of grav-
ity anomaly at the desired points have been computed 
by method of interpolation and least square colloca-
tion. These are then converted to their corresponding 
components of height anomaly (ζ) as well as the cor-
rection factor, (N–ζ) for height anomaly. Finally, these 
are converted to components of geoid undulations i.e., 
Nres, Negm, Nrtm and are subsequently added to find 
the geoid undulation (NGRAV) at desired location. The 
computed geoid undulations are then evaluated with 
respect to the true geoid undulations. It may be noted 
that the mean error in model based geoid undulation 
(NGRAV – N) has been found to be 0.175 meter and 
that RMSE is 0.190 meter. Further, these geoid heights 
have been compared with those from some standard 
models: EIGEN6C4 (NEIGEN6C4)(www.gfz-potsdam.
de), EIGEN6C3stat (NEIGEN6c3) (www.gfz-potsdam.
de) and EGM2008 (NEGM2008) (www.icgem.gfz-pots-
dam.de/ICGEM/modelstab.html). The mean errors of 
NEIGEN6C4, NEIGEN6c3 and NEGM2008 have been found 
to be 0.175 meter, 0.187 meter, 0.197 meter respec-
tively; and those RMSEs are 0.190meter, 0.197 meter, 
0.208 meter respectively. The deviations of these geoid 
heights have been listed under columns 2, 3 and 4 i.e. 
columns headings (NEIGEN6C4–N), (NEIGEN6c3–N) and 
(NEGM2008 –N). The entire result for study area 1 has 
been summarised in Table 3.

For the study area 2 i.e., the study area around 
Hyderabad, 24 stations have been considered for test-
ing purpose. Geoid undulations (NGRAV) of these 24 
stations have been computed using the developed 
model of the second area and these values have been 

Table 3. Errors and Comparative evaluation of test stations of Study Area 1 (Dehradun) 

Sl. No. Station NGRAV – N (m) NEIGEN6C4 – N (m) NEIGEN6c3 – N (m) NEGM2008 – N (m)

1. HAR 0.185 0.186 0.156 0.211

2. KKH 0.023 0.023 –0.123 –0.056

3. FRB 0.230 0.230 0.263 0.210

4 SUD 0.266 0.266 0.293 0.286

5. EEN 0.214 0.214 0.211 0.250

6. RAA 0.164 0.164 0.138 0.193

7. RAG 0.143 0.143 0.122 0.176

MAX 0.266 0.266 0.293 0.286

MIN 0.023 0.023 –0.123 –0.056

MEAN 0.175 0.175 0.187 0.197

RMSE 0.190 0.19 0.197 0.208

http://www.gfz-potsdam.de
http://www.gfz-potsdam.de
http://www.gfz-potsdam.de
http://www.gfz-potsdam.de
http://www.icgem.gfz-potsdam.de/ICGEM/modelstab.html
http://www.icgem.gfz-potsdam.de/ICGEM/modelstab.html
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compared with those of true values. It may be noted 
that the mean error in model based geoid undulation 
(NGRAV – N) has been found to be 0.070 meter and 
that RMSE 0.100 meter. Further, these geoid heights 
have been compared with those from some standard 
models: EIGEN6C4 (NEIGEN6C4), EIGEN6C3stat 
(NEIGEN6c3) and EGM2008 (NEGM2008). The mean 
errors of NEIGEN6C4, NEIGEN6c3 and NEGM2008  have 
been found to be 0.45 meter, 0.50 meter, 0.42 meter 
respectively; and those RMSEs 0.43 meter, 0.50 me-
ter, 0.43 meter. The deviations of these geoid heights 
have been listed under columns 2, 3 and 4 i.e., col-
umns headings (NEIGEN6C4–N), (NEIGEN6c3–N) and 
(NEGM2008 –N). The entire result for study area 2 has 
been summarised in Table 4.

6. Discussion

The empirical covariance function of the study area 1 
has been found to be deviated much from its analytical 
covariance model. As the physiography of the area is 
much undulating and area belong to lower Himalayas 
i.e., the area is under the influence of huge mass ac-
cumulation around, there is much variations in gravity 
anomalies at different stations and thus, its empirical 
covariance function. On the other hand, the empirical 
covariance function of the study area 2 has been found 
to be fitted with its analytical model, This is commen-
surate with the physiography of the Hyderabad area 
which is quite flat and associated with no accumu-
lated mass around. Thus, the deviations or fitting of 
the derived covariance functions with those from their 

Table 4. Errors and comparative evaluation for test stations of study area 2 (Hyderabad)

Sl. No. Station NGRAV – N (m) NEIGEN6C4 – N(m) NEIGEN6C3 – N (m) NEGM2008 – N (m)

1 D03 0.03 0.43 0.49 0.41

2 D07 –0.04 0.36 0.41 0.34

3 D08 0.01 0.42 0.47 0.39

4 D10 0.10 0.50 0.56 0.48

5 D12 0.21 0.62 0.66 0.59

6 D14 –0.13 0.26 0.31 0.24

7 D16 –0.05 0.34 0.39 0.32

8 D20 0.01 0.40 0.45 0.38

9 D22 0.10 0.50 0.55 0.47

10 D25 0.15 0.56 0.60 0.52

11 D28 0.21 0.61 0.66 0.58

12 D29 0.15 0.56 0.60 0.52

13 D31 0.13 0.53 0.58 0.50

14 D32 0.14 0.55 0.60 0.52

15 H02 0.06 0.48 0.51 0.43

16 H03 0.00 0.40 0.43 0.35

17 H08 0.02 0.44 0.48 0.40

18 H09 0.01 0.43 0.47 0.38

19 H13 0.05 0.46 0.50 0.42

20 H14 0.03 0.44 0.49 0.40

21 H16 –0.01 0.41 0.46 0.37

22 H18 –0.05 0.37 0.41 0.32

23 H20 –0.09 0.33 0.36 0.28

24 H23 0.00 0.42 0.45 0.37

MAX 0.21 0.62 0.66 0.59

MIN –0.13 0.26 0.31 0.24

MEAN 0.07 0.45 0.50 0.42

RMSE 0.1 0.43 0.5 0.43
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analytical models are as expected to their field condi-
tions.

The accuracy of the model for the first study area 
has been found to be 17.5 cm. However, for different 
test stations variations are quite prominent with errors 
varies from 26.6 cm to 2.3 cm; these are attributed to 
the great variations in orthometric heights of the sta-
tions. Further, the presence of Himalayas around the 
stations deteriorate the field condition for gravity 
anomaly and thus, in the adopted method. Further, 
errors in geoid undulations determined by global ge-
oid models namely EIGEN6C4, EIGEN6C3stat and 
EGM2008 have been found to be same or more than 
what has been found by geoid model. For the second 
study area, the accuracy of the model has been found 
to be 7.0 cm i.e., far superior to first model. Moreover, 
errors in geoid undulations determined by EIGEN6C4, 
EIGEN6C3stat and EGM2008 have been found to be 
45  cm, 50  cm and 42  cm respectively which are far 
more than what have been found by developed model. 
Thus, it can be found that the gravimetric geoid model 
developed is as accurate as EIGEN6C4 for the study 
area 1 but for study area 2 developed model is five 
times more accurate than EIGEN6C4. The superiority 
may be attributed to the nature of terrain and/or con-
sideration of large number of stations for development 
of the model. The gravimetric models developed in this 
research works have been found to be better than all 
the three best global geoid model for both study areas. 
This is due to consideration of Molodensky’s concept 
for the determination of N as well as use of true N of 
some stations in the area for drapping of geoid in local 
vertical terms. However, by increasing the density and 
number of gravity stations as well as quality of gravity 
data still better covariance model may be developed, of 
any study area. So there is a scope for further improve-
ment of the developed models. 

Conclusions

In this study, geoid undulation models have been de-
veloped by gravimetric method for two different types 
of topography. The developed models have also been 
validated with some global models and have been 
found to perform better than the best global models. 
The method consumes less time, involves less efforts 
and more economic than geometric method for devel-
opment of geoid model. It appears that adopted gravity 
method has the potential to provide most economical 
local or regional geoid model. Thus, local/regional 
geoid undulation model having accuracy better than 

20 cm for any study area may be developed adopting 
this method. However, a comparative study of the dif-
ferent methods for development of geoid model, for 
same stations, may be done to identify the best method 
for any particular study area from accuracy and eco-
nomic point of views.
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