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Abstract
The geoid, an equipotential surface of Earth's gravity field, corresponds to the global mean 
sea level, linking ellipsoidal and orthometric heights. As reliance on GNSS grows, accurate 
geoid models for coastal and marine areas are increasingly needed. We propose using a 
single shipborne GNSS receiver and nautical measurements as a cost-effective solution for 
coastal geoid modeling. Correcting GNSS data for vessel dynamics, tidal effects, atmospher-
ic variations, and sea surface topography enables the creation of a local costal geoid model. 
Applied to Haifa Bay cruises (2019–2021), this method integrates into Israel's geoid, achiev-
ing sub-3 cm accuracy in coastal zones.

Resumé
Le géoïde, une surface équipotentielle du champ de pesanteur de la Terre, correspond au niveau moy-
en mondial de la mer, reliant les hauteurs ellipsoïdales et orthométriques. Avec l’utilisation croissante de 
GNSS, il est de plus en plus nécessaire de disposer de modèles précis du géoïde pour les zones côtières et 
maritimes. Nous proposons d’utiliser un seul récepteur GNSS embarqué et des mesures à la mer comme 
solution rentable pour la modélisation du géoïde côtier. La correction des données GNSS en fonction de 
la dynamique des navires, des effets de marée, des variations atmosphériques et de la topographie de la 
surface de la mer permet de créer un modèle local de géoïde côtier. Appliquée aux campagnes dans la baie 
de Haïfa (2019–2021), cette méthode s’intègre dans le géoïde israélien, atteignant une incertitude inférieure 
à 3 cm dans les zones côtières.
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EXPANDING AND IMPROVING THE ISRAELI GEOID UNDULATION MODEL

Expanding and improving the Israeli 
geoid undulation model in the coastal 
area using nautical and shipborne GNSS 
measurements

Resumen
El geoide, superficie equipotencial del campo gravitatorio de la Tierra, se corresponde con el nivel medio 
global del mar, vinculando las alturas elipsoidales y ortométricas. Conforme aumenta la dependencia del 
GNSS, se hacen cada vez más necesarios modelos precisos del geoide para áreas costeras y marinas. 
Proponemos usar un único receptor GNSS a bordo y mediciones náuticas como solución efectiva en rel-
ación a su coste para el modelado del geoide costero. La corrección de datos GNSS según la dinámica 
de los buques, los efectos de las mareas, las variaciones atmosféricas, y la topografía de la superficie 
del mar permite crear un modelo local del geoide costero. Aplicado a las campañas en la Bahía de Haifa 
(2019–2021), este método se integra en el geoide de Israel, logrando una precisión inferior a 3 cm en las 
zonas costeras.

1 Introduction
A height system is a one-dimensional coordinate 
system employed to represent the vertical distance 
(height) of a point in relation to a chosen reference 
surface. There are two primary height systems used 
in geodetic positioning: Orthometric height and 
Ellipsoidal height. Orthometric height measures the 
vertical distance from a point on the Earth's surface 
to the geoid along the curved plumb line, while ellip-
soidal height represents the vertical distance from a 
point on the Earth's surface to the reference ellipsoid 
along the ellipsoidal normal.

The geoid, closely associated with the undisturbed 
global mean sea level, is a fundamental equipotential 
surface of Earth's gravity field. Establishing the relation-
ship between ellipsoidal height and orthometric height 
relies on geoid undulation modelling. This model is piv-
otal in geodetic infrastructure and continues to be a 
focal point in ongoing research. Its applications span 
geodesy and surveying, facilitating the conversion be-
tween ellipsoidal and orthometric heights. As reliance 
on Global Navigation Satellite Systems (GNSS) grows, 
the imperative for developing accurate and reliable 
geoid undulation models at centimeter-level precision 
across entire countries intensifies, requiring multiple re-
sources (Wang et al., 2021).

On land, achieving a precise geoid model is pos-
sible through a combination of precise leveling, 
GNSS, and gravimetry. However, conducting leve-
ling measurements in marine areas is impractical. 
Nonetheless, precise gravity data can be obtained 
through spaceborne, airborne, and shipborne gravim-
etry. However, processing challenges may arise due 
to the dynamic movements of the measurement plat-
form, potentially leading to systematic errors.

The integration of airborne and shipborne gravity 
data into global and regional gravity models has been 
demonstrated to enhance their accuracy. A notable ex-
ample of the successful integration of airborne gravity 
measurements into a local geoid model is evident 
in projects conducted around the island of Corsica 
(Duquenne et al., 2002) and the Greenland continental 
shelf (Forsberg et al., 2001), where improvements 
of several tens of centimeters were realized. Another 

instance is a study conducted in Japan, where the 
merge of shipborne gravity data and terrestrial gravity 
measurements with an altimetry-based gravity model 
led to an enhancement of several centimeters in the 
local geoid model (Kuroishi, 2009). Satellite altimetry is 
a valuable technology for monitoring sea level, primarily 
optimized for open ocean surfaces. Nevertheless, 
there have been numerous efforts to harness the po-
tential of altimetry in the coastal zone. Enhancements 
in altimetry capabilities within coastal regions are dis-
cussed in Xu et al. (2019).

A fusion of shipboard gravimetry measurements 
with GNSS measurements is discussed in Lu et al. 
(2019). Their paper focuses on the data processing 
strategy for shipborne gravimetry, aiming to achieve 
high-accuracy and high-resolution gravimetry meas-
urements in the Baltic Sea. The study investigates the 
use of GNSS-derived kinematic vertical accelerations 
to enhance the quality of gravity data.

In the absence of high-quality airborne and ship-
borne gravity measurements, geoid heights can be 
derived using shipborne GNSS measurements. These 
geoid heights derived from GNSS measurements can 
then be utilized for the expansion and enhancement 
of local geoid models. This method was applied to 
create a local geoid model in northern Germany, re-
vealing that the standard deviation of the differences 
between the existing local model and the model ad-
justed using GNSS measurements is better than 2 cm 
(Lavrov et al., 2015). The method was also employed 
to extend the geoid undulation model in coastal areas 
along the Mediterranean Sea in Israel (Lavrov et al., 
2017). The study's results demonstrated that geoid 
heights can be obtained with an accuracy of better 
than 2 cm and at a reduced cost compared to air-
borne and shipborne gravity measurements. A similar 
approach was employed by Varbla et al. (2020), which 
details the outcomes of a shipborne marine gravity 
and GNSS campaign designed to validate existing 
geoid models in the eastern part of the Baltic Sea. 
In an experiment conducted in the Gulf of Finland, 
GNSS measurements were utilized alongside gravity 
observations and sea level models to validate the ex-
isting geoid models in the region (Saari et al., 2021). 
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The researchers successfully obtained geoid heights 
in the marine environment with an accuracy of a few 
centimeters. According to the research findings, the 
standard deviations of the differences between local 
geoid models and geoid heights derived from GNSS 
ranged from 1.4 to 6.3 centimeters.

In this study, we rely on a single shipborne GNSS re-
ceiver and nautical measurements to determine geoid 
undulation along the Haifa Bay coast in Israel, with the 
aim of expanding the official Israeli geoid undulation 
model to include the coastal area. We employed hy-
drographic surveys conducted across Haifa Bay to fa-
cilitate the development of the new HaMifratz port. The 
data were obtained from a dedicated survey vessel, 
and the resulting geoid model integrates multiple 
measurement profiles into a unified representation.

2 Methodology
The geoid, mean sea surface (MSS), and mean 
dynamic topography (MDT) are fundamental con-
cepts in geodesy and oceanography, essential for 
understanding sea level variations and their prac-
tical implications. The MSS is the observed average 
sea level over a long period, influenced by factors 
like tides, ocean currents, and atmospheric pres-
sure, and measured using satellite altimetry and tide 
gauges. The MSS is practical for representing sea 
level but is affected by forces causing deviations from 
the geoid. The MDT, representing the difference be-
tween the MSS and the geoid, reflects the ocean's 
dynamic response to currents, temperature, and sa-
linity variations, showing sea level changes due to 
these processes. Sea surface topography (SST), also 
known as dynamic topography (DT), is the difference 
between the instantaneous sea surface height and 
the geoid. MDT is the time-averaged SST. The inter-
relationships between these concepts are crucial for 
understanding sea level variations. The unobservable 
nature of the geoid means that the MSS, influenced 
by dynamic factors, is used as a practical approxima-
tion. Consequently, SST provides valuable insights 
into the dynamic processes affecting sea level.

Expanding the geoid undulation model to the sea 
involves computation of geoid heights in coastal 
and sea areas and integrating them into the official 
Israeli geoid undulation model. In this study, such 
an expansion utilizes shipborne GNSS and nautical 
measurements. The ellipsoidal height of the phase 
center of the GNSS antenna mounted on the ship 
is measured. The critical aspect is that under cer-
tain conditions, the sea surface defines the "zero" 
orthometric height, effectively describing the geoid. 
Therefore, the challenge lies in reducing the ellip-
soidal height of the antenna's phase center to sea 
level and calculating, for each measured epoch, the 
correction from the sea level to the geoid. To de-
rive these geoid heights, the raw data must undergo 
several corrections, accounting for the vessel's dy-
namic motion, tidal effects, atmospheric variations, 
and sea surface topography.

Lavrov et al. (2015 and 2017) provide a detailed 
explanation of the essence of the corrections, their 
nature, and the way of realization. The method of 
performing the measurements, processing the data, 
and realizing the corrections for expanding the geoid 
undulation model in this study is outlined in the flow 
chart shown in Fig. 1 and described in more detail in 
the next chapter.

3 Experiment set up, data collection 
and processing

To expand the official Israeli geoid undulation model 
to cover coastal areas along the coast of Haifa Bay 
in Israel three survey campaigns were carried out in 
the years 2019, 2020 and 2021. The survey vessel 
ADEL (Fig. 2) was used. The vessel was constructed 
by Armstrong Marine USA, a company specializing in 
manufacturing vessels tailored for hydrographic sur-
veys, and its structure is specifically adapted to the 
demands of this task. Notably, the boat is designed 
to position the measuring system near the center of 
gravity, minimizing fluctuations. Additionally, it features 
a bottom with two pontoons, enhancing stability. 
Thus, this ship is optimized for conducting hydro-
graphic surveys in coastal areas. 

The vessel is equipped with the NORBIT iWBMS 
multibeam sonar system and the Motion Reference 
Unit (MRU) of the Applanix POS MV, WaveMaster II 
model. The MRU, housed within the sonar, is a com-
prehensive turnkey system, meticulously designed to 
provide precise attitude, heading, and heave data. 
Paired with a TRIMBLE GPS receiver, this sensor 
seamlessly integrates to deliver accurate position and 
velocity information for the vessel. The sensor is dis-
tinguished by its high precision, measuring roll and 
pitch angles with an accuracy of 0.02 degrees and 
measuring vertical elevation (Heave), with an absolute 
accuracy of up to 2 cm. The GPS antenna (Trimble 

EXPANDING AND IMPROVING THE ISRAELI GEOID UNDULATION MODEL

Fig. 1 Flowchart of the methodology steps.
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540AP) is rigidly mounted to the ship's hull, signifi-
cantly enhancing the quality of GPS measurements 
and it is positioned directly above the MRU.

As part of the research, a VALEPORT TideMaster 
radar tide gauge instrument was employed to con-
tinuously measure the combined effect of the tide 
and sea surface topography. It is located in the 
HaMifratz port close to the work and research area. 
The tide gauge operated as follows: it measured 
once per second for 30 seconds, paused for 30 
seconds, then averaged the 30 measurements 
and displayed the average value every minute. 
Subsequently, the data was smoothed by aver-
aging the data points from 45 minutes prior and 45 
minutes ahead for each minute.

The position of the vessel's GPS antenna at 
each epoch was established using Real-Time 
Kinematic (RTK) relative to a nearby base sta-
tion, which is part of the Continuously Operating 
Reference Stations (CORS) network in Israel. Using 
Post-Processing Kinematic (PPK) is also an option 
for calculating the ship's position. However, since 
there is a CORS station close to the work area 
within a distance not exceeding 10 km, we opted 
for RTK measurements. This choice offers imme-
diate results, increased efficiency by eliminating 
the need for post-processing steps, and enhanced 
accuracy, especially in dynamic environments.

The GPS data-collection rate was 1 Hz and at 
a speed of 4 knots, translating to a measurement 
approximately every 2 meters. This configuration 
ensures a detailed and accurate representation of 
the surveyed area.

Instantaneous sea level is calculated every second, 
whereas sea surface topography values derived from 
the tide gauge are calculated every minute. Due to 

the discrepancy in measurement intervals, com-
puting the geoid undulation every second is imprac-
tical. Therefore, the approach involves calculating the 
mean instantaneous sea level for each minute and in-
tegrating it with the sea surface topography to derive 
the geoid undulation values.

For data acquisition, the QPS Qinsy software was 
utilized to record the raw measurements. A desig-
nated software program was written to extract rele-
vant parameters such as the position of the MRU in 
the Israel coordinate network, the ellipsoid height of 
the GPS antenna, pitch and roll angles, and vertical 
elevation from the raw data string. This software is 
employed for real-time hydrographic data acquisition 
in surveys, supporting a diverse range of industries, 
from straightforward multi-beam surveys to intricate 
offshore construction projects.

Fig. 2 The ADEL survey vessel. The GNSS antenna rigidly attached to the ship's hull is marked in red.

Fig. 3 Vertical separation correction values between the antenna and the MRU sensor during the surveys of 2019.
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The fixed distance between a mark on the hull and 
the reference center of the MRU, along with the lo-
cation of the GPS antenna phase center in the ship’s 
reference frame relative to the MRU sensor was de-
termined through total station measurements while 
the vessel was statically positioned on shore. Two 
sets of measurements were conducted, and based 
on the results, the accuracy of the MRU and antenna 
position in the ship's frame is within a few millimeters. 
The distance between the mark and the water sur-
face can also be measured, allowing for the determi-
nation of the positions of the MRU and the antenna 
relative to the water surface.

Fig. 3 illustrates the correction values in the ver-
tical separation between the GPS antenna phase 
center and the MRU sensor, as obtained for the 2019 
survey. The results indicate that the maximum cor-
rection for the vertical separation between the phase 
center of the GPS antenna and the sensor, induced 
by the pitch and roll angles' fluctuations throughout all 
the surveys, does not exceed 4.5 cm.

In comparison to these small values primarily at-
tributed to the GPS antenna's position relative to 
the sensor, the Heave values fluctuate between 
plus to minus half a meter over the three years of 
measurement. Fig. 4 illustrates the values obtained 
for the 2021 surveys.

The static draft of the vessel was measured using 
a tape measure with weights attached to its end. It 
was measured daily in the port before sailing and at 
the end of each measurement day. In most voyages, 
the average static draft value remained constant, in-
dicating no significant changes in the ship's load over 
time. The dynamic draft of the ship can vary due to 
factors such as the squat effect (Härting et al., 2004), 
fuel consumption, and water density. Given that the 
survey vessel travels at a slow speed and doesn't 
push water forward when underway, the decision was 
made to neglect the squat effect, which does not in-
duce changes in the ship's draft during voyages.

Furthermore, considering that the fuel consumption 
for a single working day may decrease the draft by 
a maximum of 1 cm, the survey was planned to last 

only a few hours to minimize the impact of fuel con-
sumption on the dynamic draft. The process of cal-
culating the ship's draft was conducted in the same 
area of the bay every survey day, mitigating expecta-
tions of changes in water density that could influence 
variations in the draft.

Atmospheric corrections aim to compensate for 
height variations caused by changes in atmospheric 
pressure and wind forces. In this study, the tide 
gauge and the vessel were affected by the same 
atmospheric changes due to their proximity to each 
other, thus canceling out those effects.

The mean dynamic topography (MDT) at the coast 
can be determined through both 'geodetic' and 
'ocean' approaches (Woodworth et al., 2012; Huang, 
2017). The oceanographic approach involves utilizing 
a hydrodynamic model that characterizes ocean flow, 
with the dynamic topography (DT) calculated as a 
temporal average over a specified period using the 
three-dimensional position of the vessel at the time of 
measurement. The geodetic approach includes em-
ploying ellipsoidal height of mean sea level or utilizing 
tidal observations from mean sea level (Andersen & 
Knudsen, 2009).

As there is no hydrodynamic model available in the 
Bay of Haifa, the decision was made to estimate the 
sea surface topography at a specific moment based 
on readings from the tide gauge near the study area. 
Given that the vessel's position is within 10 km of the 
tide gauge, this approach does not significantly affect 
the accuracy of the results. However, it is essential to 
note that extrapolating sea surface topography from 
sea level gauge readings towards the open sea may 
yield less accurate results at large distances.

To normalize elevations from the instantaneous 
water surface to the geoid surface, it is necessary 
to eliminate the influence of tides. This ensures ob-
taining a sea level height independent of the meas-
urement time, along with the impact of sea surface 
topography derived from sea level measurements ob-
tained with the tide gauge.

In summary, to determine the calculated geoid un-
dulation (N) at each measurement epoch, we use the 
following equation:

N = h
antenna

 – L + dr – T

Where the ellipsoidal height of the GNSS antenna 
phase center is h

antenna
, L is the vertical offset be-

tween the GNSS antenna and the MRU, dr is the 
dynamic draft, the vertical distance between the 
MRU and the still water level, and T is the combi-
nation of tide and sea surface topography, the still 
water level relative to the reference geoid as meas-
ured at the tide gauge. 

It should be noted that L is the constant static 
offset corrected for the effects of Pitch and Roll, 
both measured by the MRU. In addition, dr, is 
calculated at each epoch incorporating Heave, 
Pitch and Roll.

Fig. 4 The measured heave values during the surveys of 2021.

Heave Values for 2021

(1)



75

EXPANDING AND IMPROVING THE ISRAELI GEOID UNDULATION MODEL

https://doi.org/10.58440/ihr-30-2-a10 IHR VOL. 30 · Nº 2 — NOVEMBER 2024

Between 2019 and 2021, three survey campaigns 
were conducted off the coast of Haifa, spanning al-
most 10 kilometers from the northernmost to the 
southernmost measurement points, with the distance 
from the coast reaching approximately 3 kilometers 
(Fig. 5).

Each campaign lasted approximately twenty days 
and involved roughly 60 hours of sailing. The spacing 
between sailing profiles depends on the depth of the 
sea: the deeper the sea, the wider the gap between 
profiles. This is because the sonar's coverage area 
is smaller in shallower waters, necessitating closer 
spacing between profiles. As a result, the distance 
between sailing profiles ranges from 10 to 80 meters.

4 Adjustment of local linear geoid 
undulation model

Following the implementation of necessary correc-
tions and the removal of temporal variations from the 
measurements, it becomes feasible to merge the 
various sailing profiles acquired over time. This op-
tion is grounded in the assumption that the average 
sea level has not undergone substantial changes 
during the time frame of this research; however, if 
any changes occurred, they are duly considered. The 
process of combining the diverse sailing profiles took 
place after identifying and rectifying gross errors in 
the measurements.

Robust methods were employed for the detection 
of gross errors, setting the a priori standard devia-
tion of a measurement to 5 cm, corresponding to the 
error estimates of a measured undulation value. The 
results indicated that both Huber's method (Huber, 
1981) and the Danish method (Krarup et al., 1980) 
outperformed others in terms of maximum absolute 
residual, average absolute residual, and the number 
of detected outliers. The Danish method particularly 
stood out, requiring the fewest iterations for solu-
tion convergence. A total of approximately 11,000 
points were measured, with less than 10 % identified 

as gross errors. An examination of the distribution of 
these abnormal points revealed their concentration 
in specific work areas rather than being dispersed 
throughout the entire work area.

After eliminating all gross errors, we can fit a surface 
to the undulation values. This fitted surface will facilitate 
the examination of measurement quality and correc-
tion methods, as well as assessing the effectiveness 
of integrating sailing profiles measured over the years. 
Given the relatively small area, which can be presumed 
to lack extreme changes in undulation values, a linear 
surface of the following form can be fitted:

N = a · e + b · n + c

where e and n are the coordinates of the meas-
uring points in the Israeli coordinate system, N is the 

Fig. 5 Red square: study area in Haifa Bay, Northern Israel. Red box: measurement points of the various 

sailing profiles carried out along the Mediterranean coast. Dashed red rectangle: The region where nine 

points (1L to 9L) are situated along the HaMifratz port wharves, which were utilized to assess the accu-

racy of the extended geoid undulation model.

Fig. 6 Approximate geoid undulation surface based on all survey sailings over the three years, calculated using local linear regression. The 

undulation varies between 20.15 meters (dark blue) and 20.5 meters (red).

(2)
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approximate geoid undulation, and a, b, and c are 
the surface parameters.

The fitted linear surface for all voyages conducted 
between 2019 and 2021 using least squares adjust-
ment is illustrated in Fig. 6. The maximum absolute 
residual is 0.064 m, with an average of 0.014 m. The 
RMS error is 0.019 m. A histogram of the residuals is 
presented in Fig. 7.

The appropriateness of a parabolic second-order 
surface, characterized by six parameters, was also 
examined. However, it was concluded that the de-
termination of the second-order coefficients does not 

significantly contribute to the solution. Therefore, it 
was deemed satisfactory to describe the measure-
ments using a plane, which provides a good fit.

Based on the results, it can be concluded that the 
accuracy of the adjusted surface, when compared 
to field measurements, is better than 2 cm. This 
precision indicates that the various sailing profiles 
conducted over the three years (2019–2021) were 
successfully integrated, and the linear surface aligns 
well with them. 

Before proceeding, we would like to assess the 
quality of the modeling performed, and to achieve 
this, a cross-validation of the data was conducted. A 
linear surface was adjusted based on two voyages, 
and the resulting model was tested against the third 
voyage. In Fig. 8a, the histogram displays the dif-
ferences between the geoid undulation surface ad-
justed using surveys from 2019 and 2020 and the 
measurements from the voyage conducted in 2021. 
The maximum difference is 0.090 m, the average ab-
solute difference is 0.027 m, and the RMS is 0.034 
m. Fig. 8b displays the histogram of the differences 
between the geoid undulation surface adjusted using 
surveys from 2019 and 2021 and the measurements 
from the voyage conducted in 2020. The maximum 
difference is 0.111 m, the average absolute differ-
ence is 0.029 m, and the RMS is 0.038 m. Fig. 8c 
displays the histogram of the differences between 
the geoid undulation surface adjusted using surveys 
from 2020 and 2021 and the measurements from 
the voyage conducted in 2019. The maximum differ-
ence is 0.088 m, the average absolute difference is 
0.032 m, and the RMS is 0.037 m. The results of the 
cross-validation are summarized in Table 1. This also 
highlights the fact that the data collected in 2021 was 
significantly less comprehensive than that collected 
in 2019 and 2020. A comparative analysis was con-
ducted to align the 2021 dataset with the values from 
the other two years, revealing that most errors or de-
viations originated from the 2021 data.

Yet, it is evident that the surface model, derived 
from only two voyages, aligns well with the results of 
the third voyage, indicating successful integration of 
the profiles. The accuracy of the surface is demon-
strated to be better than 4.0 cm.

5 Expanding and improving the Israeli 
geoid undulation model

The estimated geoid undulation surface in the region 
covered by the experimental voyages can be incor-
porated with the existing official geoid model in Israel 
to construct an extended undulation model along 
the Haifa coast.

The official geoid model in Israel is called ILUM 
(IsraeL Undulation Model) and the current version 
is ILUM2.0 which is in use from 2007 (Even-Tzur & 
Steinberg, 2009). The model utilizes approximately 
900 points with known orthometric and ellipsoidal 
heights, allowing for discrete estimations of the differ-
ence between the local Israel vertical datum and the 

Fig. 7 Histogram of the residuals of the least-squares adjustment of 

the linear surface.

Fig. 8 Histograms displaying the differences between the adjusted 

undulation surface based on two voyages in relation to the measure-

ments of the third voyage: (a) 2019 and 2020, and the measurements 

from the 2021 voyage. (b) 2019 and 2021, and the measurements 

from the 2020 voyage. (c) 2020 and 2021, and the measurements 

from the 2019 voyage.

https://doi.org/10.58440/ihr-30-2-a10
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WGS84 ellipsoid. Kriging interpolation is used to com-
pute the local Israeli geoid undulation model (Tuchin, 
2006), and the accuracy of the official geoid model is 
better than 5 cm (Steinberg et al., 2021). The western-
most model points are located along the coastline of 
the Mediterranean Sea, with distances ranging from 1 
to 3 km from the shoreline. As a result, the model does 
not cover the coastal region of Israel, requiring extrap-
olation for geoid heights in that area. 

After computing a local geoid model derived from 
three years of surveying in the Haifa Bay, it can be 
seamlessly integrated into the official Israel model. 
The local geoid model was integrated with the offi-
cial undulation model ILUM2.0 to create a new model 
that extends into Haifa Bay. The geostatistical kriging 
interpolation method is employed to construct the 
extended undulation surface, as the official undu-
lation model relies on this interpolation technique. 
The newly developed model encompasses the 
southern region of the Bay of Haifa, facilitating the 
determination of geoid heights in that specific area. 
Directly comparing the undulation values obtained 
from the extended model with those from ILUM2.0 
is not feasible due to the uncertainty surrounding the 
error introduced by the model in extrapolated areas. 
Consequently, to assess the accuracy of the new 
model, actual values of geoid heights were derived 
from supplementary measurements.

Nine points, numbered from 1L to 9L, were estab-
lished on the wharves at the new HaMifratz port in 
collaboration with the Survey of Israel (refer to Fig. 5, 
dashed red rectangle). These points are situated 3 to 4 
km away from the western and southern points utilized 
by the official geoid undulation model in the area. The 

points were measured using GNSS RTK in multiple 
sessions to determine their ellipsoidal heights. Their 
height accuracy is approximately 1 cm. Additionally, 
precise leveling was employed to measure the or-
thometric height differences between these points, 
achieving an accuracy of 5 mm/km. Since the leveling 
measurements were conducted within a small area, 
the measured height difference can be considered 
the orthometric height difference between the points. 
These measured height differences served as the 
ground truth for comparison. Subsequently, based on 
the ellipsoidal heights and geoid heights derived from 
each model, the orthometric height differences be-
tween the points were calculated and compared to the 
actual orthometric height differences.

The decision was made not to analyze the height 
differences between consecutive points; rather, the 
focus was on examining the height differences be-
tween each point and point 1L. The assumption was 
that if the official model introduces an error into the 
extrapolated values, it will escalate as we move away 
from the boundaries of the official model. Examining 
the height differences in this arrangement facilitates the 
easier identification of potential errors. Table 2 provides 
a summary of the comparison results between the ac-
tual height differences and those obtained using both 
models, combined with the ellipsoidal heights.

Based on the results presented in Table 2, it can be 
reasonably asserted that the expanded geoid model 
yields slightly superior outcomes compared to those 
provided by the official model. The improvement ob-
served in the expanded model appears to be mar-
ginal. However, it is crucial to note that there are no 
significant geoid changes in this area. Consequently, 

Based on Tested Maximum difference [m] Average absolute difference [m] RMS [m]

2019 and 2020 2021 0.090 0.027 0.034

2019 and 2021 2020 0.111 0.029 0.038

2020 and 2021 2019 0.088 0.032 0.037

Table 1 Cross-Validation summary: Linear surface adjustment based on two voyages tested against the third voyage.

ΔH (Leveling) ΔH (GPS + ILUM2.0) ΔH (GPS + new 
model)

ΔH (Leveling) – ΔH 
(GPS + ILUM2.0)

ΔH (Leveling) – ΔH 
(GPS + new model)

[m] [m] [m] [m] [m]

1L–2L -0.019 -0.011 -0.013 -0.008 -0.006

1L–3L -0.556 -0.545 -0.547 -0.011 -0.009

1L–4L -1.349 -1.336 -1.339 -0.013 -0.010

1L–5L -1.235 -1.221 -1.224 -0.014 -0.011

1L–6L -1.069 -1.057 -1.059 -0.012 -0.010

1L–7L -0.883 -0.872 -0.875 -0.011 -0.008

1L–8L -0.227 -0.215 -0.218 -0.012 -0.009

1L–9L -0.204 -0.193 -0.194 -0.011 -0.010

Absolute
Average

0.012 0.009

Table 2 Summary of height differences between the points and the differences between the uses of both undulation models.
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it is feasible to obtain reasonably accurate geoid 
heights from the official model, regardless of the 
extrapolation. Nevertheless, one might assume that 
when comparing points situated farther away from 
the coast, the results from the official model could 
exhibit notably lower quality compared to those ob-
tained from the expanded model.

6 Summary and conclusions
It has been demonstrated that a single shipborne 
GNSS receiver and nautical measurements enable 
the acquisition of high-quality geoid heights. The 
method presented facilitates obtaining local coastal 
geoid heights with good accuracy at a lower cost 
compared to airborne or shipborne gravity measure-
ments. Data is readily available from any controlled 
hydrographic survey using state of the art calibrated 
equipment. The essential factor for obtaining valuable 
geoid heights lies in the rigorous processing of raw 
GNSS data, incorporating corrections for the ves-
sel's dynamic movement, tidal influence, atmospheric 
changes, and sea surface topography.

Between 2019 and 2021, multiple cruises were 
conducted along Haifa’s coast in Israel as part of an 
experimental study aimed at expanding the official 
Israeli geoid undulation model to its coastal region. 
The study delineates the essential steps for creating 
a comprehensive spatial representation of the geoid 
undulation model and compares the outcomes of 
the official Israeli geoid undulation model with the ex-
tended model, including an assessment of their re-
spective accuracies.

Throughout the process of integrating profiles and 
generating a spatial image of the geoid undulation, 
the accuracy of the integration between different 
cruises was assessed, revealing an accuracy of 
better than 3.0 cm.

The approach of approximating the geoid with 
a linear surface is locally justified but may not scale 
to larger regions with significant MDT variations. 
Investigating MDT variations along the Israeli coast is 
necessary to determine the applicability and limita-
tions of this method in larger areas.

As the official geoid model of Israel does not extend 
to its coastal area, the main goal of implementing this 
approach in our region was to improve the official 
geoid undulation model by integrating the measured 
marine geoid undulations and extending it to the mar-
itime environment. After incorporating the measured 
values into the official model, its ability to provide ac-
curate geoid undulation values in the new HaMifratz 
port was evaluated. The study results reveal a note-
worthy enhancement in the performance of the new 
expanded model compared to the official model. The 
improvement was achieved despite the generally mild 
geoid slope in the shallow Haifa Bay area, supporting 
the use of a linear geoid undulation surface model for 
accurate representation. This emphasizes the impor-
tance and necessity of integrating the new approach 
with conventional measurements.

Geoid models in coastal areas still exhibit lower 
quality compared to terrestrial and open sea areas. 
In some cases, no model exists for coastal regions, 
as existing models only cover the country's land area. 
Therefore, enhancing geoid model capabilities by 
utilizing shipborne GNSS measurements can con-
tribute to expanding the terrestrial geoid undulation 
model. Extracting the geoid in a coastal marine envi-
ronment enables the extension of the national geoid 
undulation model into the maritime area of the State 
of Israel. Subsequently, this facilitates obtaining geoid 
undulation values up to the coastline and extending 
the geoid undulation model derived from altimetry 
satellites to the actual coastline.

The demonstrated method can be employed not 
only to generate a spatial representation of geoid 
undulations in coastal areas but also to accu-
rately measure sea surface height in those regions. 
Continuous monitoring of coastal sea levels is es-
sential due to fluctuations and the high concentra-
tion of the global population residing in such areas. 
However, conventional measurement methods, like 
tide gauges and satellite altimetry, have limitations, 
each with significant drawbacks. While tide gauges 
can precisely track sea level changes, they lack the 
capability to provide spatial information. Satellite al-
timetry, on the other hand, can offer spatial informa-
tion, but its time and space resolution are limited, and 
its accuracy in coastal areas is subpar. The method 
presented in this research combines the benefits and 
strengths of existing measurement techniques. The 
measurements are spatially comprehensive, possess 
high resolution and accuracy. They maintain quality 
when applied in coastal areas, all while avoiding exor-
bitant costs especially when utilizing readily available 
data collected in hydrological surveys.

In essence, a geoid undulation model provides val-
uable information for comprehending and addressing 
the intricacies of coastal areas, playing a pivotal role 
in various applications such as coastal engineering, 
geospatial analysis, and environmental monitoring. 
Shipborne GNSS and nautical measurements stand 
as a valuable addition to geoid undulation modeling 
in coastal regions. When seamlessly integrated with 
other geodetic and gravimetric data sources, these 
measurements contribute significantly to enhancing 
the overall accuracy of the resultant model.

https://doi.org/10.58440/ihr-30-2-a10
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