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A B S T R A C T

The main purpose of this article is to discuss the use of GPS positioning together with a

gravimetrically determined geoid, for deriving orthometric heights in the North of Algeria,

for which a limited number of GPS stations with known orthometric heights are available,

and to check, by the same opportunity, the possibility of substituting the classical spirit

levelling. For this work, 247 GPS stations which are homogeneously distributed and

collected from the international TYRGEONET project, as well as the local GPS/Levelling

surveys, have been used. The GPS/Levelling geoidal heights are obtained by connecting the

points to the levelling network while gravimetric geoidal heights were interpolated from

the geoid model computed by the Geodetic Laboratory of the National Centre of Spatial

Techniques from gravity data supplied by BGI. However, and in order to minimise the

discordances, systematic errors and datum inconsistencies between the available height

data sets, we have tested two parametric models of corrector surface: a four parameter

transformation and a third polynomial model are used to find the adequate functional

representation of the correction that should be applied to the gravimetric geoid. The

comparisons based on these GPS campaigns prove that a good fit between the geoid model

and GPS/levelling data has been reached when the third order polynomial was used as

corrector surface and that the orthometric heights can be deducted from GPS observations

with an accuracy acceptable for the low order levelling network densification. In addition,

the adopted methodology has been also applied for the altimetric auscultation of a storage

reservoir situated at 40 km from the town of Oran. The comparison between the computed

orthometric heights and observed ones allowed us to affirm that the alternative of

levelling by GPS is attractive for this auscultation.

� 2009 Académie des sciences. Published by Elsevier Masson SAS. All rights reserved.

R É S U M É

L’objectif principal de cet article est de discuter, d’une part, l’utilisation du GPS

conjointement avec un modèle de géoide déterminé par voie gravimétrique, pour dériver

des hauteurs orthométriques dans la partie nord de l’Algérie dans laquelle un nombre

limité des stations GPS sont disponibles et d’autre part, de vérifier, par la même occasion, la

possibilité de substituer le nivellement de précision. Pour ce travail, 247 stations GPS avec
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une distribution assez homogène, collectées à partir du projet TYRhenian GEOdynamical

NETwork (TyrGeoNet) et quelques réseaux locaux ont été utilisés. Les ondulations du

géoide issues du GPS/Nivellement sont obtenues en connectant ces stations au réseau de

nivellement, tandis que celles du géoide gravimétrique ont été interpolées à partir du

modèle de géoide calculé par la division de géodésie du Centre national de techniques

spatiales, sur la base des données de gravité fournies par Bureau Gravimétrique

International (BGI). Cependant, et afin de réduire les discordances et les erreurs

systématiques et les inconsistances des datums inhérents aux différents types d’altitudes,

nous avons testé deux modèles de la surface de correction: Similitude spatiale à quatre

paramètres et un polynôme de troisième degré et cela, afin de déterminer le modèle

approprié capable de représenter d’une façon optimale la correction totale qui devrait être

appliquée au géoide gravimétrique. Les comparaisons basées sur ces campagnes GPS

démontrent que ce modèle de géoide gravimétrique ajuste d’une façon optimale les

données GPS/Nivellement quand le modèle polynomial de troisième degré est utilisé

comme surface de correction et que les hauteurs orthométriques peuvent être déduites

d’observations GPS avec une précision acceptable qui pourra être utilisée dans la

densification des réseaux du nivellement d’ordres inférieurs. En addition, la méthodologie

adoptée a été appliquée, également, pour l’auscultation altimétrique d’un bac de stockage

situé à 40 km d’Oran. La comparaison entre les hauteurs orthométriques calculées et

observées a permis d’affirmer que l’alternative de nivellement par le GPS est souhaitable

pour ce type d’auscultation.

� 2009 Académie des sciences. Publié par Elsevier Masson SAS. Tous droits réservés.
1. Introduction

In the past, traditional spirit levelling has been used to
obtain height information with very high accuracy. By its
nature, spirit levelling is known to be a time consuming
and difficult task. This is especially evident in large and
topographically rough countries like Algeria, where the
establishment of a high-resolution levelling network for
all parts of the country would be impractical from the
financial point of view. Furthermore, with regard to the
national levelling network where the coverage is consid-
ered as good in the north and becomes poor in the south,
the GPS/Levelling technique remains the only possible
alternative to hope to cover, in the near future, the whole
of Algeria by levelling points, in order to answer to the
immediate needs of several potential users of this
fundamental information. The combination of GPS
heights with geoid ones can to provide an efficient
alternative to derive orthometric heights. However, the
crucial part of this method is the geoidal undulation,
which normally is obtained with a lower accuracy than the
ellipsoidal height and affects the accuracy of the ortho-
metric one.

The main goal of this work is to determine the precision
of the transformation of the geometrically ellipsoidal
heights from the GPS technique into orthometric heights
related to the Earth’s gravity field in the north part of
Algeria. In this context, 247 GPS levelled points collected
from the TYRhenian GEOdynamical NETwork (TYRGE-
ONET) project and some local networks, as well as a
gravimetric geoid model have been used in this investiga-
tion.

Furthermore, and in this same context, we tried to
test if the adopted methodology and the derived precision
can be generalized for the altimetric auscultation of a
storage reservoir situated at 40 km of Oran town (West of
Algeria).
2. National levelling network

The origin of levelling in Algeria dates back to the
French colonial period. It was confided to the Geographical
Service of the army (GSA), then taken in charge by the
National Geographical Institute – France. Provided with a
similar material to that used by the Service of the General
Levelling of France (NGF), its operators elaborated from
1887 a geometric levelling network of limited precision to
first and second order. Between 1953 and 1954, the
levelling works were led in parallel with the re-observation
of the North parallel and the 1st order complementary of
the coastline. The lines of spirit levelling executed since
1976 by the National Institute of Cartography and Remote
Sensing (INCT) followed in parallel the works of the
geodesy by the densification of the North parallel.
Nowadays, the Algerian levelling network includes,
33,757 km levelled. This coverage remains insufficient
for some areas, particularly in South of Algeria and where
new measurements are needed to accomplish a homoge-
neous coverage.

3. The available data

3.1. Presentation of the gravimetric geoid model

The demand for a high-resolution geoid model has
grown substantially during the last few decades especially
after the inception of GPS. Many countries across the world
have already developed their own geoidal model which
serves as the means of deriving orthometric heights from
GPS observations. The impact of GPS on surveying
applications is undeniable. Moreover, this revolution has
not been confined to the surveying community, but has
extended into mapping, navigation and the Geographic
information system (GIS) areas. During the last few years,
we have been witnessing the wide spread adoption of GPS
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with an equivalently vibrant range of accuracy require-
ments. Many of these applications require accurate vertical
positions. The task of transforming the ellipsoidal height
obtained from the GPS technique to the orthometric height
has prompted geodesists around the world to determine
the high precision geoid undulations, for their region of
interest. In this context, Algeria has recently focused a part
of current research on the precise geoid determination to
support Levelling by GPS using different methods. In this
work, we have used the gravimetric geoid model computed
by Geodetic Laboratory of the National Centre of Spatial
Techniques. This model was computed from the following
data: a geopotential model, OSU91A complete to degree
and order 360 and developed by Ohio State University
(Rapp et al., 1991), a set of 12,183 validated point free air
gravity anomalies covering the region and a two elevation
grids: 1 km� 1 km digital terrain model for the North of
Algeria and the ETOPO5 for the remaining area.

3.1.1. Gravity anomalies

Gravity anomalies used in this work were supplied by
the Bureau gravimétrique international (BGI). These
measurements with an initial precision of 1 m Gal were
expressed in the Geodetic Reference System GRS67 and
were transformed into the GRS80 system. Moreover, we
applied an atmospheric correction recommended by the
International Association of Geodesy (IAG, 1971) in order
to eliminate the influence of atmospheric masses. All data
have been checked carefully to remove duplicate points,
and validated for gross errors by applying the Least Square
Collocation method. The error ratio detected using this
technique represents 1.21%, which remains small with
regard to the number of measures used, and proves that
the gravity data measurements provided by BGI are of good
quality and subsequently, can be used for the Algerian
geoid computation. Fig. 1 shows the geographical distri-
bution of the available gravity data. From this figure, it
becomes clear that the coverage with gravity observations
Fig. 1. Geographical distribution of BGI gravity measurements

Fig. 1. Répartition géographique des mesures de gravité fournies par le

BGI.
is not sufficient for some land areas and new measure-
ments are needed to accomplish a homogeneous coverage.

3.1.2. Geopotential model

The choice of the best geopotential model is one of the
critical steps in computing the geoid. Several studies have
shown that the geopotential models tailored to regional or
local gravity data are best suited for high precision geoid
computations. So the problem of choosing a best geopo-
tential model in Algeria to reduce geodetic data has not
been solved definitely. In 2000, an analysis based only on
the previous gravity data supplied by the BGI was carried
out to select the best geopotential model in Algeria. Four
global geopotential models were used in this study: GPM2,
OSU81, OSU91A and the recently most accurate high
degree geopotential model EGM96. The comparisons were
made for all gravity data by computation of the residual
data (i. e. observed data minus each model contribution).
The statistical parameters considered in this work are the
mean, the standard deviation of the differences between
the geopotential models and tested data, and the smoothed
covariance function necessary for all estimations by
collocation technique. The most informative of these
statistics is the standard deviation, because the mean of
the differences is distorted by the exclusion of the zero-
order term (Zhang and Featherstone, 1995). The result
obtained for the geopotential model comparison has
showed that the OSU91A model fits best the BGI gravity
data in Algeria (Benahmed Daho and Kahlouche, 2000).
This model, completed to degree and order 360 with about
55 km resolution was adopted as a reference to remove and
restore the long wavelength components of the gravity and
the geoid, respectively.

In spherical approximation, the gravity anomalies and
geoid undulation can be computed from a geopotential
coefficient given by:

Dg ¼ GM

r2

XNmax

n¼2

ðn� 1Þ
Xn

m¼0

C̄nm:cosmlþ S̄nm:sinml
� �

P̄nmðcosuÞ

(1)

N ¼ GM

rg

XNmax

n¼2

Xn

m¼0

C̄nm:cosmlþ S̄nm:sinml
� �

P̄nmðcosuÞ (2)

where u,l are the geocentric colatitude and longitude of
the point where Dg and N will be determined; C̄nm; S̄nm are
the fully normalised spherical geopotential coefficients of
the anomalous potential; P̄nm are the fully normalised
associated Legendre functions; Nmax is the maximum
degree of the geopotential model.

3.1.3. Topographic data

The computation of the terrain effects on the geoid
required a detailed DTM model. For this purpose and due to
the lack of any high resolution photogrammetric based
DTM in the Algeria region, two elevation grids of different
resolution were used:

� 10 km DTM covering the area 158�w� 408,
�108� l� 158 subtracted from ETOPO5;
� 1 km DTM covering 338�w� 388, �38�l� 98 derived

from the GLOBE database.
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3.1.4. Geoid computation

The computations were made using the ‘‘GRAVSOFT’’
package, developed during a number of years at the
National Survey and Cadastre of the Copenhagen Univer-
sity. For the actual solution, the Fast collocation technique
and the Remove–Restore procedure were used to compute
the geoid heights. The procedure is summarised as follows:

� Available free air gravity anomalies DgOBS are reduced
for the reference geopotential model DgGM and terrain
effects DgRTM, yielding smooth residual anomalies Dgr .

Dgr ¼DgObs �DgGM �DgRTM (3)

� Gridding of Dgr to produce a 5’ � 5’ grid of residual
gravity anomalies and then converted it into residual
geoid undulations by Fast Collocation method.
� Restore the effects removed in the first step (Reference

geopotential model and terrain effects) on the prediction
grid to get the final geoid model.

N ¼ Nr þ NGM þ NRTM (4)

The geopotential model OSU91A developed to degree
and order 360 has been used as a reference to remove the
long wavelength component of the gravity data. However,
in order to smooth the anomalous gravity field of the test
area, i.e. to remove the irregular variations of the
topography, the Residual Terrain Model (RTM) reduction
is applied, which takes into account only the short-
wavelengths of the topography. The method employs a
smooth reference surface which may be derived either
from a spherical harmonic expansion of the global
topography or by averaging the local elevation data. The
computation of the effects of the topography according to
the RTM reduction modelling method is based on two
elevation grids: 1 km� 1 km digital terrain model for the
North of Algeria; and a global topographic model ETOPO5
of 5’� 5’ for the rest of the area which was used up to a
distance of 200 km. The reference surface of 15’� 15’
needed for the RTM reduction is formed from the 5’� 5’
blocks of ETOPO5. This grid is smoothed further by taking
moving averages over the 3� 3 adjacent blocks. The
statistics, in mGals, of the reduced gravity data are
regrouped in Table 1.

From the results of Table 1, it is obvious that the
OSU91A reference field fits well the gravity in the area
under consideration, and the smoothing of the gravity data
is considerable after the removal of the topographic effect
if we take into account only the mean and standard
deviation values. The standard deviation of data reduces
from 26.84 mGals to 13.00 mGals (a reduction of 50%).
Table 1

Statistics of the reduced gravity data in the computation area (Unit: [mGal]).

Tableau 1

Statistiques, dans la zone de calcul, des données de gravité réduites.

Anomalies Minimum

Dgobs �82.59

Dgobs �DgOSU91A �67.75

Dgr ¼Dgobs �DgOSU91A �DgRTM �34.17
The gridding of Dgr to produce a 5’� 5’ grid of residual
gravity anomalies between the limits 188�w� 388 and
�98� l� 118 was done with the GEOGRID program using
a fast quadrant-search collocation algorithm. The predic-
tion of the grid gravity value was computed from the five
closest points in each quadrant around the prediction
point, using a second-order Markov model covariance
function fitted to local data (correlation length x1/

2 = 25 km), and taking into account individual variance of
the gravity data.

However, the first step in the use of the fast collocation
for residual geoid heights estimates from the grid of
residual gravity anomalies resides in the determination of
the empirical covariance function and subsequently the
selection of its corresponding analytic representation
capable to describe the local behaviour of the gravity field.

The empirical covariance function of the BGI residual
gravity anomalies was computed by EMPCOV program
(Tscherning et al., 1992) using the following formula:

C dDgi; dDg j

� �
¼ CðcÞ ¼ 1

M

X
dDgi:dDg j (5)

where M is the number of combinations, c is the spherical
distance between Qi and Qj. dDg is the BGI free-air residual
gravity anomalies. The summation was made for all the
combinations of the data points Qi and Qj where the
interstation distances in the range between ðc�Dc=2Þ
and ðcþDc=2Þ, and Dc denotes the sampling interval
size.

These empirical values were used in order to estimate
the parameter values of a local covariance function model.
As a model of the covariance function, we have adopted, in
our case, a classical analytic covariance function for the
disturbing potential proposed by Tscherning and Rapp
(1974), which is expressed by a sum of series of Legendre
polynomials (Moritz, 1980):

KðcÞ ¼ KGðcÞ þ KLðcÞ (6)

with:

KGðcÞ ¼ a
GM

RE

� �2

:
XN
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el
R2

E

rr0

� �lþ1

PlðcoscÞ

KLðcÞ ¼
Xþ1

i¼Nþ1

A

ði� 1Þði� 2Þðiþ 4Þ
R2

B

rr0

� �iþ1

PiðcoscÞ

where el: error degree variances of the reference field, N:
the maximum degree of the reference field coefficients
(here 360), a: scale factor of errors associated with the
reference field, RB: radius of a Bjerhammar sphere, r and r’:
radial distances of the points, RE: mean earth radius, A:
scale factor of the degree variances.
Maximum Mean Standard deviation

136.20 4.89 26.84

123.46 0.12 12.31

110.38 3.09 13.00



Fig. 3. Geoid solution in Algeria (Unit: [m]).

Fig. 3. Géoı̈de gravimétrique sur le territoire algérien (en mètres).

Fig. 2. Covariance functions of residual gravity anomalies.

Fig. 2. Fonctions de covariance des anomalies de gravité résiduelles.
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The actual use of this model as a local covariance
function requires the estimation of three parameters: the
radius of the sphere of Bjerhammar (RB) and two scale
factors a and A. These parameters are estimated by fitting
this model to a number of empirical covariance values
using the least square adjustment. The results of the
adjustment of the empirical covariance function on the
Tscherning & Rapp model were obtained by the program
COVFIT8 (Knudsen, 1987). Fig. 2 shows the empirical and
analytic covariance functions of the residual anomalies.
The agreement is optimum between them up to a spherical
distance of around 0.308 (� 30 km) which is much greater
that the correlation distance..

The gridded residual gravity anomalies have subse-
quently been converted to geoid heights by using the Fast
Collocation method (Bottoni and Barzaghi, 1993). The
Collocation was carried out on a grid of 241� 241 points.
The final geoid was obtained by adding the geopotential
model and the residual terrain effect on the 5’� 5’ residual
geoid grid. The major contributions to the final geoid are
coming from the OSU91A geopotential model. Fig. 3 shows
a map of the geoid solution in Algeria contoured with 1 m
intervals.

3.2. GPS/Levelling data

Many GPS campaigns have been carried out in the past
years in Algeria principally in the north part of the country.
The distribution is fairly good but the total number of the
GPS stations is too small in relation to northern part of
Algerian’s area. The GPS data used in this work are
collected from the international TYRGEONET, ALGerian
GEOdynamical NETwork (ALGEONET) projects and the
some local GPS/Levelling surveys. Started in 1990, the
TYRGEONET project, constituted of 50 points with some
VLBI and SLR stations, was initiated by the Istituto
Nazionale di Geofisica e Volcanologia (INGV) and the
University of Bologna whose initial objective was the
oceanographically study and the geodynamics control of
the Italian peninsula.

The extension of the TYRGEONET project contributes to
the setting up of the new ALGEONET project, composed of
ten stations with two points TYRGEONET (Arzew and
Algiers), has for essential objective the geodynamical and
seismic control of active zones of the North of Algeria. A
first GPS observing campaign of the ALGEONET network
was conducted during 6 days in June 1998, simultaneously
with the TYRGEONET campaign. The data of this campaign
was processed with the Bernese GPS software version 4.2
developed at the Astronomical Institute of the University
of Bern (Beutler et al., 2001). Code pseudo ranges were
used to estimate receiver a priori co-ordinates and clock
synchronisation with respect to GPS time. Precise satellite
ephemerides and satellite clock file information provided
by the International GPS Service (IGS) were used in the
computation. The standard deviations of the computed
ellipsoidal heights do not exceed 3 cm. This network has
been used later for the densification, establishment of the
new local geodetic networks and the determination a set of
the transformation parameters between WGS84 and our
local datum North-Sahara.

All GPS stations have been connected to the national
levelling network, which consists of orthometric heights.
The connection of the GPS stations to the levelling network
has been carried out by traditional levelling. The accuracy
of the levelling heights may be estimated to about 6 cm
depending on the type of connection measurements,
because some GPS points used in this work as benchmarks
are located in mountainous regions in which spirit
levelling would be impractical.

For this investigation, 247 precise GPS levelled points
have been used, of which ten are benchmarks of the first
order levelling network, and the others belong to the
second order levelling network. All of these points are
located in the North of Algeria. The geographical distribu-
tion of the available GPS/levelling data is shown in Fig. 4.

4. Comparison of geoide model with GPS/levelling data

For our study and in order to assess the precision of the
gravimetric geoid estimate, this model has been compared



Fig. 4. Geographical distribution of available GPS/Levelling stations in the

North of Algeria (D: Benchmark point, D: Control point)

Fig. 4. Répartition géographique des points GPS nivelés (D : point

d’appui, D : point de contrôle).

Table 2

Comparison of gravimetric geoid model with GPS/Levelling derived geoid

height in benchmarks before the bias and tilt fitting (Unit: [m]).

Tableau 2

Résultats de comparaison avant ajustement entre le modèle du géoı̈de et

les hauteurs du géoı̈de déterminées par GPS/nivellement (en mètres).

Minimum Maximum Mean Standard

deviation

NGPS=Nivellement � NGravi �2.144 0.306 �1.481 0.678
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with 247 GPS/Levelling derived geoid undulations. All of
these points are located in the North of Algeria and
distributed as in Fig. 4 where most are close to the station
of Arzew. The statistics of the absolute differences in
benchmarks between the gravimetric geoid model and the
GPS/Levelling derived geoid height are summarised in
Table 2 and they indicate that the overall agreement
between the gravimetric and GPS/Levelling derived geoid
undulation is about 68 cm in terms of standard deviation
and that there exist systematic biases between these two
kinds of geoid representations with a mean value of about
�1.481 m. These systematic biases are due to the datum
inconsistencies inherent among the height types, each of
which refers to a different reference surface and long
wavelength systematic errors in N, distortions in the
orthometric height datum due to an over-constrained
adjustment of the levelling network, effect of various
geodynamic effects, improper or non-existent terrain/
density modelling in the geoid modelling and orthometric
heights and negligence of the sea surface topography at the
tide gauges, poorly modeled GPS errors (i.e. tropospheric
effects), and assumptions and theoretical approximations
made in processing observed data. The major part of these
discrepancies is usually attributed to long wavelengths
errors introduced by the use of a global model in
gravimetric geoid computation that is not necessarily
optimal in the area of interest, to the systematic errors and
to datum inconsistencies inherent among the height types
which can be reduced by the use a corrector surface model
(Fotopoulous, 2003).

In practice, to minimize these deviations, we have
tested a four and a third polynomial transformation
models in order to find the best model able to represent
the correction that should be applied to the gravimetric
geoid.

The four-parameters model is the most commonly used
in such adjustments and is given by the following formula
(Heiskanen and Moritz, 1967):

NGPS=Niv � NGRAV ¼ x0 þ x1cosð’Þ:cosðlÞ

þ x2cosð’Þ:sinðlÞ þ x3sinð’Þ þ vi (7)

where (NGRAV) is interpolated geoid undulation at a
network of GPS benchmarks, (NGPS/Niv) is the correspond-
ing GPS/levelling-derived geoid height, x4 is the shift
parameter between the vertical datum implied by the GPS/
levelling data and the gravimetric datum, x1, x2 and x3 are
are the shift parameters between two ‘parallel’ datums and
vi denotes a residual random noise term.

The third order polynomial model may be adequate to
absorb non-periodic large scale systematic errors, such as
systematic levelling errors:

NGPS=Niv � NGRAV ¼ ðli � l0Þx1 þ ð’i � ’0Þx2 þ x3

þðli � l0Þ2x4 þ ð’i � ’0Þ
2x5 þ ðli � l0Þð’i � ’0Þx6

þðli � l0Þ3x7 þ ð’i � ’0Þ
3x8 þ ðli � l0Þ2ð’i � ’0Þx9

þðli � l0Þð’i � ’0Þ
2x10 þ vi

(8)

Among the 247 GPS levelled stations, only 16 well-
distributed GPS points (see Fig. 2) are used as benchmarks
in a least-squares adjustment to solve for the unknown
parameters of the parametric model transformation, and
the remaining points were excluded from the combined
adjustment in order to estimate the real accuracy given by
cross-validation. The fitting of the gravimetric geoid model
to a set of levelled GPS reference points has been carried
out by a program, called ADJ_GLG (Benahmed Daho, 2004)
developed at Geodetic Laboratory of the National Centre of
Space Techniques for combined adjustment between the
gravimetric geoid model and GPS/Levelling data using the
Hybrid approach (Kotsakis and Sideris, 1999). The statis-
tics of the differences after fitting out the systematic biases
and tilts between the gravimetric geoid and the GPS/
Levelling data using the previous parameter models
transformation are summarised in Table 3. These statistics
in benchmarks show that a good fit between the Algerian
geoid and GPS/Levelling has been reached when the third
order polynomial was used as corrector surface. The
standard deviation of these discrepancies between these
two representations at benchmarks is about � 1.4 cm after
fitting. This discrepancy depends upon the quality and the
density of data integrated in the combined adjustment, and
represents the internal accuracy of the adjustment. In
addition, and before any special tests are performed for
checking particular features of the general adjustment model,
some global statistical test must be used first. Levelled GPS
points with global residual module larger that four times RMS
were rejected. No outliers can be identified. This does not
necessarily mean that outliers do not exist, but more



Table 5

Discrepancies, in benchmarks, between the observed heights and

computed ones (Unit: [m]).

Tableau 5

Écarts entre les altitudes observées et celles calculées aux points d’appuis

(en mètres).

Benchmarks Observed height Computed height Discrepancies

R01 2.977 2.972 �.005

R02 2.930 2.924 �.006

R03 4.275 4.265 �.010

R04 4.490 4.482 �.008

R05 4.277 4.274 �.003

R06 3.105 3.102 �.003

R07 2.770 2.758 �.012

R08 3.963 3.961 �.002

R09 2.727 2.725 �.002

R10 3.366 3.360 �.006

R11 3.848 3.855 .007

R12 3.553 3.557 .004

R13 4.315 4.312 �.003

R14 3.235 3.236 .001

R15 4.284 4.286 .002

Table 3

Comparison of gravimetric geoid model with GPS/Levelling derived geoid

height in benchmarks after the bias and tilt fitting (Unit: [m]).

Tableau 3

Résultats de comparaison, après ajustement, entre les hauteurs du géoı̈de

gravimétrique et les hauteurs déterminées par GPS/nivellement (en

mètres).

Minimum Maximum Mean RMS

Third polynomial model �0.020 0.022 0.000 0.014
Four parameters

transformation model

�0.029 0.056 0.000 0.022
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exhaustive statistical means must be used to identify the
possible blunders on the gravimetric geoid, levelling and GPS
networks by using their individual component residuals.
Since this is not the purpose of this work, it was assumed that
all GPS/Levelling data points were valid. Furthermore, the
Chi2 (x2) test with significance level a = 1% was employed.
This test is positive and indicates that the model is not
problematic. The next step is to test if a parameter or set of
parameters in the model are significant. The application of
the Student test on the parameters values shows that the
estimated parameters are statistically significant.

However, the previous RMS value is not a real accuracy
of the determined geoid; this provided proof that the
combined adjustment can optimally fit the gravity geoid to
the GPS levelling point in the least square sense. So, and in
order to pronounce on the conclusion drawn on the
parametric model choice and to assess the real accuracy of
the adjustment, we have applied the cross-validation
procedure. Its principal consists to compare the GPS/
Levelling derived geoid undulations at control points with
adjusted ones computed using the estimated parameters
for the each model transformation. The statistics of these
differences for tested parameter models are summarized
in Table 4. We can see that the combination of the
gravimetric geoid model with GPS/Levelling gives the best
results in experimental area when the third order
polynomial model was used as a corrector surface. The
standard deviation of the differences between these two
representations at control points is about � 5.5 cm after
fitting. In most points (89%), the differences are smaller than
5 cm. There are very few stations where really large
differences occur. However, the obtained accuracy cannot
be generalized for whole country, considering the number of
GPS\Levelling points and their distribution.

5. Altimetric auscultation of a storage reservoir

One of the main goals of a combined adjustment
between levelling, GPS and the geoid is to substitute
Table 4

Statistics of the Cross-validation (Unit: [m]).

Tableau 4

Statistiques de la validation croisée (en mètres).

Minimum Maximum Mean RMS

Third polynomial model �0.100 0.587 0.006 0.055
Four parameters

transformation model

�0.144 0.615 0.025 0.062
expensive levelling through cheaper GPS measurements at
least in regions where the highest accuracy is not
necessary. In order to test the capability of GPS for height
determination, a special GPS campaign was carried out in
2004 for the altimetric auscultation of an oil storage
reservoir located at 40 km from Oran (in the West of
Algeria). A total of about 132 new GPS stations, for which
fifty points are considered as benchmarks, were estab-
lished. The GPS observations were performed using
ASHTECH Z-12 dual frequency receivers with a observation
period between 15 mn and 45 mn and were processed with
the Bernese GPS software version 4.2 using the precise
ephemerides supplied by IGS and the TYRGEONET station
(Arzew) as reference point. Code pseudo ranges were used
to estimate receiver a priori co-ordinates and clock
synchronisation with respect to GPS time. All GPS stations
have been connected to the national height system
through spirit levelling, which consists of orthometric
heights. The comparisons between GPS and levelling were
performed by transforming the GPS ellipsoidal heights into
orthometric ones using the adjusted gravimetric geoid
heights. These differences on the benchmarks and their
statistics, after fitting out the systematic biases and tilts
using the optimal four-parameter transformation model,
are summarised in Tables 5 and 6, respectively. Their
analysis permits us to conclude that the orthometric
heights on benchmarks can be deducted from the GPS
observations with a precision better that 2 cm. It is about
3 cm in the remaining points. We note that this precision
remains not sufficient for GPS/Levelling purpose but it can
be used in low accuracy scientific applications.
Table 6

Statistics of the differences in benchmarks (Unit: [m]).

Tableau 6

Statistiques en mètres des différences aux points d’appuis.

Minimum Maximum Mean RMS

�0.012 0.007 �0.003 0.006
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6. Conclusion

A detailed study of the possibility of substituting
classic spirit levelling by GPS/geoid derived orthometric
heights was presented. The main goal of this work is to
assess the precision of the transformation of the ellipsoi-
dal heights from GPS into orthometric heights in the
northern part of Algeria. The field experiment introduced
above clearly proves that the combination of GPS/
Levelling and gravimetric geoid model computed from
the gravity data supplied by BGI is capable of producing
orthometric heights with an acceptable accuracy for the
low order levelling network densification with regard to
the actual national levelling network status. The accuracy
obtained is thought to be quite sufficient for many
applications compared to the alternative method of spirit
levelling, which is time consuming and impractical from
the financial point of view. Unfortunately, the non-
availability of GPS levelling data in the whole of the
country, with a homogeneous distribution and sufficient
density, does not allow a more reliable assessment at the
national scale of the quality of the used gravimetric geoid
model.

The analysis of the results shows that the third order
polynomial model transformation used for modelling the
deviations between the gravimetric geoid and the available
GPS/Levelling points gives the best results in the experi-
mental area. It also shows that the four-parameter
transformation model usually employed in studies dealing
with the combined adjustment of GPS, levelling and geoid
data is not always sufficient for removing the systematic
errors introduced by the datum differences of the three
height data sets. Nevertheless, we note that these results
remain dependent on the quality and the density of data
used, particularly the levelled GPS data of which the
present configuration is incomplete from the point of view
of density and quality.

Finally, the obtained results were satisfactory, so in the
near future, new solutions will be proposed and the
additional comparisons should be made for a complete
error assessment of the our local geoid model. These will
include new gravity data, topographic information, and the
new data of GPS/Levelling in order to reach an acceptable
accuracy on all the country.

Nowadays, it does not seem to be possible to replace
precise levelling by GPS/Levelling, at least not on
short distances, but with refined observation and data
analysis techniques, it will certainly be appropriate in
the future.
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trique international, for the gravity set on the Algerian
territory.

References

Benahmed Daho S. A., 2004. A computer program for an adjustment of
combined GPS/levelling/geoid networks: case of study: North of
Algeria. Newton’s Bulletin N8 2, A joint Bulletin of the Bureau Grav-
imétrique International and of the International Geoid Service – ISSN
1810-8547: pp. 42–51.

Benahmed Daho S.A., Kahlouche S., 2000. Geopotential models compari-
son in Algeria – Bulletin N810 of the International Geoid Service (IGeS)
– ISSN 1128-3955: pp. 85–90.

Beutler G., Bock, H., Brockmann E., Dach R., Fridez P., Gurtner W., Hugen-
tobler U., Ineichen D., Johnson J., Meindl M., Mervart L., Rothacher M.,
Schaer S., Springer T., Weber R., 2001. Bernese GPS software version
4.2 manual, edited by U. Hugentobler, S. Schaer, and P. Fridez, Astron.
Inst., University of Bern, Bern, 418 p.

Bottoni, G., Barzaghi, R., 1993. Fast Collocation. Bulletin Géodésique 67
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