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Abstract: This paper describes the development of a new
geoid-based vertical datum from airborne gravity data, by
the Department of Survey and Mapping Malaysia, on land
and in the South China Sea out of the coast of East Malaysia
region, covering an area of about 610,000 square kilome-
tres. More than 107,000 km flight line of airborne grav-
ity data over land and marine areas of East Malaysia has
been combined to provide a seamless land-to-sea grav-
ity field coverage; with an estimated accuracy of better
than 2.0 mGal. The iMAR-IMU processed gravity anomaly
data has been used during a 20142016 airborne survey to
extend a composite gravity solution across a number of
minor gaps on selected lines, using a draping technique.
The geoid computations were all done with the GRAVSOFT
suite of programs from DTU-Space. EGM2008 augmented
with GOCE spherical harmonic model has been used to
spherical harmonic degree N = 720. The gravimetric geoid
first was tied at one tide-gauge (in Kota Kinabalu, KK2019)
to produce a fitted geoid, my_geoid2017_fit_kk. The fit-
ted geoid was offset from the gravimetric geoid by +0.852
m, based on the comparison at the tide-gauge benchmark
KK2019. Consequently, orthometric height at the six other
tide gauge stations was computed from HCPS Lev = h6PS _
Nmy-geoid2017_fit kk ‘comparison of the conventional (H-¢")
and GPS-levelling heights (HCPS L") at the six tide gauge
locations indicate RMS height difference of 2.6 cm. The fi-
nal gravimetric geoid was fitted to the seven tide gauge sta-
tions and is known as my_geoid2017_fit_east. The accu-
racy of the gravimetric geoid is estimated to be better than
5 cm across most of East Malaysia land and marine areas.
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1 Introduction

Airborne gravimetry is an effective tool for mapping lo-
cal gravity fields using a combination of airborne sensors,
aircraft and positioning systems. It is suitable for gravity
surveys over difficult terrains and areas mixed with land
and ocean. Major advances in airborne scalar gravimetry,
as a production system and with its detailed error models,
made it possible to use airborne gravimetry as a relatively
standard technique in geodesy/geophysics, with best ac-
curacies around 1-2 mGal at 5 km resolution for fixed-wing
aircraft (Forsberg et al., 1999 and Olesen et al., 2007).

The country of Malaysia consists of Peninsular
Malaysia, which is part of mainland Southeast Asia, and
the states of Sabah and Sarawak (East Malaysia) on the
northern edges of the island of Borneo. The two distinc-
tive parts of Malaysia, separated from each other by the
South China Sea, share a largely similar landscape as both
Peninsular and East Malaysia feature coastal plains rising
to hills and mountains. Surface gravity data coverage in
Malaysia is very sparse, mainly along the coastal plains
and with varying accuracy. In 2002-2003, the Department
of Survey and Mapping Malaysia (DSMM) in collabora-
tion with Kort & Matrikelstyrensen (KMS), Denmark, has
embarked on airborne gravity surveys over land areas of
Peninsular and East Malaysia with a total of about 100,000
km-line gravity data was acquired (DSMM,2003). The com-
puted gravimetric geoid (MyGeoid) over land areas of
Malaysia indicate a relative accuracy of about 5 cm and
has been widely adopted in GPS levelling applications.
The Malaysian airborne geoid project has served as an
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important first attempt at securing a nationwide, system-
atic high-accuracy country wide geoid model, providing
an inspiration for other regions of the world, especially
with inaccessible regions like the interior of Sarawak and
Sabah.

In recent years, there has been a growing awareness
of the fragile ecosystems that exists in our coastal zones
and the requirement to manage our marine spaces in a
more structured and sustainable manner. The challenge is
to provide seamless spatial data across the land/sea inter-
face. A major impediment is the lack of a consistent ver-
tical datum across the land/sea interface. This paper de-
scribes the development of a new seamless geoid-based
vertical datum from airborne gravity data on land and in
the South China Sea out of the coast of East Malaysia re-
gion, covering an area of about 610,000 square kilometres
(see Fig. 1). This new seamless land/sea vertical datum will
further enhance marine cadastre and coastal geographic
information system (GIS) activities in Malaysia which are
vital for the understanding of many of the issues affect-
ing the oceans and coasts, especially within the context of
global warming.

Figure 1: Land and sea areas of East Malaysia. Topographic height
and seabed depth in meters.

2 Airborne gravity survey in East
Malaysia

2.1 Airborne survey campaigns

The present project makes use of a stabilised two axes plat-
form system comprises of the LaCoste & Romberg (LCR S-
99) Air-Sea gravimeter and iMAR strap-down Inertial Mea-
surement Unit (iMAR-IMU). This airborne gravimetry con-
figuration combines two measurement systems to estimate
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the gravity field. Total acceleration of the aircraft is mea-
sured by a gravimeter or an IMU. Accelerations due to the
movement of the aircraft are measured with signals from
dual-frequency GPS receivers. The difference of these two
acceleration measurements is the effect of the gravity field.
As the aircraft travels, a time series of geo-referenced grav-
ity estimates results. Lower flight speeds lead to higher
resolution gravity field estimates. Herein, the resolution is
defined as the minimum recoverable half wavelength. To
minimise attenuation of the gravity signal, flight heights
are kept low as well.

Airborne gravity surveys in East Malaysia was carried
out by DSMM on-land in conjunction with MyGeoid Project
in 20022003 (DSMM, 2003). Additional airborne surveys
in the South China Sea out of the coast Malaysia - Borneo
in the Sabah and Sarawak region was carried out in 2014-
2016 to support the Marine Geodetic Infrastructure Project
(MAGIC) (DSMM, 2017). The combined land and marine
airborne gravity dataset of more than 107,000 km-flight-
line in DSMM gravity database provide a seamless land-
to-sea gravity field coverage in the East Malaysia area. The
aircraft used in this project - Antonov-38 aircraft (on-land)
and Beechcraft-BE200 aircraft (marine area) have good
auto-pilot and low phugoid dynamics and have proven to
be suitable for airborne gravity data acquisition. The sum-
mary of the airborne gravity survey undertaken by DSMM
is described in Table 1 and Fig. 2. Over the land and territo-
rial waters (up to 12 nautical miles - NM) flight line spacing
is maintained at 5 km, while beyond the territorial waters
(>12 NM) flight line spacing was at 10 km. The aircraft alti-
tude was maintained at 2000 m, wherever possible, with a
flight speed of 300 km/hr.
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Figure 2: Airborne gravity survey of East Malaysia (green and blue
lines indicate airborne survey over land and marine areas, respec-
tively).

Unauthenticated
Download Date | 7/17/17 1:29 PM




86 =—— H.Jamiletal.

Table 1: Airborne gravity survey campaigns in East Malaysia

DE GRUYTER OPEN

Project/Year Airborne gravity Aircraft Airborne survey Data line
survey coverage type gravity/IMU equipment  (km line) spacing (km)
MyGeoid Land area Antonov-38 LC&R S-93 and S-99 57,000 5 km
(2002-2003) /Honeywell H764G IMU
MAGIC Marine area BE200 LC&R S-99 /iMAR-IMU - 50,000 5 km for <12 NM

(2014-2016) (Sabah Air Aviation)

10 km for>12 NM

Apron base readings were performed each day before
and after the flight in order to monitor drift of the airborne
gravimeters and make a proper connection of airborne
reading to the terrestrial gravity network. Apron gravity
values were established by land gravity measurements us-
ing a DTU’s LaCoste & Romberg G-867 gravimeter. Gravity
network adjustment was done with the program gradj.exe
developed at DTU, see Table 2.

Table 2: Apron gravity values in IGSN 71 system used in 2014-2016
campaigns

Station Apron gravity Sigma  Year
(mGal) (mGal)
Kota Kinabalu Airport  978112.982 0.030 2014
Sandakan Airport 978078.457 0.037 2015
Miri Airport 978075.548 0.037 2015
Bintulu Airport 978078.316  0.035 2016
Kuching Airport 978064.778 0.034 2016
Tawau Airport 978075.467 0.036 2016

2.2 Data Processing

The fundamental equation for the free-air gravity anomaly
Ag(p, A, h) from relative airborne gravity measurement
can be derived as follows (for GRS80 ellipsoid, unit in
mGal) (Forsberg et al., 2010):

Ag(p, A, h) =fz = 3> K" [0t + 68 Eotvos + B8 — fo
+ 8o — 70 +0.30877(1 - 0.00242 sin’p)
(h - Nggy) +0.75x1077 (h - Ngg)?

where, (¢, A, h) are the geodetic coordinate, f is the to-
tal acceleration measured by a gravimeter, 9>h%PS/9¢? is
the non-gravitational accelerations as determined by GPS,
08Eotvos 1S the Eotvos correction from airborne measure-
ments, 6g;;;; is the gravimeter platform tilt correction, fzo
is gravimeter base reading, g, is apron gravity value, o

is normal gravity on the ellipsoid and, Nggy is the geoid
height from global gravitational model.

There are two main parts in the processing of airborne
gravity data. The first is to separate gravitational acceler-
ations from kinematics aircraft accelerations. This separa-
tion process will mainly impact the resolution of the sys-
tem. A proper separation of gravitational and kinematic
accelerations requires a good description of the gravity
sensor response. The sensor modelling developed by DTU-
Space appears to exploit most of the potential of the grav-
ity sensor used in this project, i.e., the LaCoste & Romberg
(LCR) S-gravimeter. GPS related errors will also impact the
separation of accelerations and routines to identify and
model such errors have been developed and implemented
in this project.

The second part is to keep track of the orientation of
the sensors during the flight. This is crucial to the recovery
of the longer wavelengths of the gravity field, and hence
for the geodetic use of the data. A new algorithm for air-
borne gravity processing that addresses the misalignment
or off-level problem has been developed by DTU (Olesen,
2003). This new approach yield almost bias-free data. The
near bias free nature of the data from the DTU processing
system is the underlying fact that no crossover adjustment
procedures are necessary for the data reduction.

Because of the potential high amplitude in the hori-
zontal accelerations, and the small difference between ac-
celerations from accelerometer and GPS measurements,
the computed tilt effect is quite sensitive to the numeri-
cal treatment of the data (Olesen, 2003 and Forsberg et al.,
1999). Calibration factors for the accelerometers have been
determined by a Fast Fourier Transform (FFT) technique,
based on the frequency dependent behaviour of the plat-
form, and similar method has also been used for the cali-
bration of the dynamic beam scale factor (Forsberg et al.,
1999).

The iMAR-IMU processed gravity anomaly data has
been used during MAGIC (2014-2016) airborne survey to
make a composite gravity solution across a number of mi-
nor gaps on selected lines, using a “draping” technique,
where the iMAR-IMU bias across gaps are fitted to the

Unauthenticated
Download Date | 7/17/17 1:29 PM



DE GRUYTER OPEN

LCR data, using a linear interpolator across the data gap,
typically of length a few minutes. The iMAR-IMU data
were processed with the commercial software Inertial Ex-
plorer from Novatel. The solution is based on a Kalman
filter approach that was originally developed for the iner-
tial navigation. The Kalman filter solves for 15 state vari-
ables among which are: 3D position, velocity, attitude,
gyro biases and accelerometer biases. The latter contains
the gravity information. The gravity estimate from the in-
ertial unit is used as input to the final integrated gravity
processing with program AG. The data from the LaCoste
& Romberg gravimeter mainly control the longer wave-
lengths in the final gravity solution whereas the inertial
unit will define the medium to short wavelength varia-
tions. An example of the processing output is shown in
Fig. 3.
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Figure 3: Combined processing of LaCoste & Romberg data and
data from the inertial unit. Blue is unleveled inertial results, black
is LaCoste & Romberg and red is the leveled inertial data. In green
EGMO08 model.

It should be pointed out that no bias adjustment on
a line-by-line basis is done on the final aero-gravity data;
the absolute level of the gravity line data is determined by
a smoothly varying base reading curve. The aero-gravity
equation is filtered with a nominal 150 sec triple-stage
zero-phase forward/backward Butterworth filter, giving a
resolution of about 5-7 km for the final gravity free-air
anomaly data, depending on aircraft ground speed.

An altitude dependent atmospheric correction (6ga¢m)
has been applied with the equation given in Hinze et al.
(2005):

8Zatm = 0.874 -9.9x10°H + 3.56x10°H?,

where the gravity effect is given in mGal and H is the height
above sea level in meters; at aircraft altitude H =2000 m,
6gatm = 0.690 mGal.

The misfit in the crossing points indicates the
crossover difference (root mean square, RMS). Table 3
presents the results of cross-over analysis for airborne sur-
vey campaigns of 2002-2003 and 2014-2016. This crossover
error indicates the noise level on the data (un-modelled
errors), assuming that the noise is uncorrelated from track
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Table 3: Cross over analysis of the airborne survey campaigns in
East Malaysia

Year RMS Max Line error Cross-over
crossing estimate points
2002-2003 3.2 9.9 2.2 1311
2014 3.0 9.0 2.1 72
2015 2.3 7.1 1.7 389
2016 1.9 5.4 1.5 336

to track. Weather conditions and thereby data quality has
in general been good. We only encountered a few situa-
tions with more severe turbulence. The affected parts have
been re-flown. Figure 4 shows the distribution of accepted
gravity data and the misfit at line crossings for 2014, 2015
and 2016 surveys. RMS for the misfit in line crossings are
3.0, 2.3 and 1.9 mGal indicating a noise level of 2.1, 1.7 and
1.5 mGal for the years 2014, 2015 and 2016 respectively.
These are very satisfying results and agree with results
from other surveys flown under similar conditions. The
reason for the lower noise in 2016 is mainly the more be-
nign gravity field in the 2016 area, see also Fig. 6.
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Figure 4: Crossover errors for 2014, 2015 and 2016 area

Cross over analysis also been carried out from inter-
comparison of the 2002-2003 airborne gravity and the 2015
airborne gravity survey in Sabah coastal areas. This com-
parison was done with geogrid in the DTU-Space GRAV-
SOFT software package (Forsberg at al., 2008), for points
within 1km distance, but separated in height. The compar-
ison showed a result consistent with error estimate, with a
mean of 1.0 mGal and RMS difference of 2.4 mGal for 394
cross-points (see Fig. 5).

Unauthenticated
Download Date | 7/17/17 1:29 PM



88 —— H.Jamiletal.

16 18 120

116 18 120

A o
=

= o

Figure 5: Cross-over errors of 2015 airborne gravity versus 2002-
2003 survey.
Flight heights may differ up to 2 km or more.

2.3 Downward continuation

The downward continuation of airborne gravity and the
data gridding have been performed using block-wise least-
squares collocation, as implemented in the gpcoll mod-
ule of GRAVSOFT. This module uses a planar logarithmic
covariance function, fitted to the reduced data. This pro-
gram includes a mechanism whereby the computations
can be done in blocks (e.g., 1°x 1°), extended with a bor-
der zone (e.g., 1/2°) to allow for a smooth transition be-
tween blocks. This allows for the downwards continua-
tion of even very large data sets, where the number of lin-
ear equations to be solved would otherwise be prohibitive,
should the whole downward continuation process be done
in one go. In the downward continuation process by least
squares collocation, the airborne gravity data represent
along-track weighted averages, and the covariance func-
tions used in the least squares collocation setup must in
principle, therefore, also be similarly filtered (for details
refer to Forsberg, 2002, Forsberg et al., 2007).

The airborne gravity survey database for land and ma-
rine areas of East Malaysia was compiled using ArcGIS
geodatabase format. Free-air and Bouguer anomaly (den-
sity 2.67 g/cm®) maps have been derived from the airborne
data both as simple ad-hoc plots (at aircraft altitude), and
as final plots from the downward continued airborne data,
processed as part of the geoid determination (see Figs. 6
and 7). Data are gridded at 0.025 degrees (2.7 km) spac-
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Figure 6: Downward continued Free-air gravity anomaly map in
10 mGal contours.

ing. Data resolution of the filtered airborne gravity data is
5-6 km, depending on aircraft speed. Both Free-air and
Bouguer anomalies have been reduced for residual ter-
rain model (RTM) relative to a mean elevation surface. The
overall results of the airborne survey are consistent and of
high accuracy. Airborne gravity field also reveals many in-
teresting regional geological features on land as well as in
the marine area of Malaysia-Borneo.
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Figure 7: Bouguer gravity anomaly map in 5 mGal contours.

3 Airborne geoid modelling

3.1 Data sources

Airborne gravity data gridded at 0.025 degree (2.7 km)
spacing is the main source of gravity data for the East
Malaysia geoid computation. The existing surface grav-
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ity data are sparsely distributed, and there are uncertain-
ties in the gravity datum and coordinate system associ-
ated with point gravity data (Kadir, 2002). Marine gravity
data from the new CryoSat-enhanced DTU-15 global ma-
rine gravity field model was used to fill gaps outside the
airborne gravity survey area. EGM2008 augmented with
GOCE spherical harmonic model (termed EGM08/GOCE)
has been used to spherical harmonic degree N = 720, cor-
responding to a resolution of 15 arc-minute or approxi-
mately 28 km. The terrain part of the computations was
based on the RTM method, where the topography is re-
ferred to a mean elevation level, and only terrain residuals
relative to this level is taken into account (Forsberg, 1984).
The mean elevation surface was derived from the SRTM 30
arc-second detailed model through a moving average filter
with a resolution of approximately 45 km.

3.2 Remove-restore technique

The methodology for geoid determination is based on
remove-compute-restore (RCR) technique. The anomalous
gravity potential T is split into three parts: T = Tggy +
TrTm + Tres, whereTggy, is the anomalous gravity poten-
tial of the EGM08/GOCE global field; Ty is the anoma-
lous gravity potential generated by RTM, i.e. the high-
frequency part of the topography; Tres is the residual
anomalous gravity potential residual, i.e. the potential cor-
responding to the un-modelled part of the residual gravity
field. Similarly, gravity anomaly Ag also can be written in
three parts: Ag = Agggm + ASrTM + A8res. Following the
RTM method in principle, the height anomalies (, i.e. the
quasi-geoid, is modelled: { = T(¢p, A, H)/~v(¢p, H), where H
is the orthometric height. The quasi-geoid and the classi-
cal geoid can be viewed as “the geoid at the topography
level” and the “geoid at sea-level”, respectively.

The figures below illustrate the processing steps and

the available data, as well as the comparisons of the dif-
ferent data sets to the reference fields. Table 4 shows the
statistics of the original gravity data, as well as the terrain-
and EGM08/GOCE-reduced data, and Table 5 comparisons
to the DTU15 satellite altimetry data in the South China
Sea.
Remove step: Compute the residual gravity anomaly field
by subtracting the EGM08/GOCE and RTM parts from to-
tal anomalies: Agres = Ag — Aggm — AgrTMm- Here Agres is
the residual free-air anomaly, i.e. what is left in the grav-
ity data after the contributions of the residual terrain ef-
fect Agrryr and the global field Aggg)s are subtracted (see
Fig. 8).
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Figure 8: Residual Free-air gravity anomaly (Agres) of East Malaysia
in 5 mGal contours.
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Figure 9: Computed residual height anomaly ({res) in 0.1 m con-
tours.
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Figure 10: Add EGM08/GOCE reference geoid ({ggp) in 0.5 m con-
tours.
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Table 4: Statistics for the original and terrain- and EGM08/GOCE-reduced data (mGal)

Gravity anomaly Originaldata Originaldata Reduced data Reduced data
data Mean Std.dev. Mean Std.dev.
Airborne gravimetry 2014 18.4 22.3 0.1 8.5
Airborne gravimetry 2015 26.1 32.0 3.2 7.6
Airborne gravimetry 2016 22.9 17.0 1.9 5.8
Airborne gravimetry 2002-3 33.1 211 0.4 9.1
DSMM surface gravimetry 18.1 21.7 0.1 11.5
DTU-15 altimetry gravity 14.8 23.8 -0.2 6.7
Table 5: Comparisons of 2014-16 airborne gravity data to DTU15/DTU10 satellite altimetry (mGal)
Gravity anomaly Original data Original data Difference Difference
data Mean Std.dev. Mean Std.dev.
Airborne gravity 2014-16 20.8 24.8 2.1 5.1
Airborne gravity 2014-16 At distance >50 km coast 15.5 24.4 -1.1 3.8
Airborne gravity minus DTU10 20.8 24.8 -1.8 5.0
DTU10 minus DTU15 N/A N/A 0.0 2.1

Compute step: The method for the gravimetric geoid de-
termination is spherical FFT with optimised kernels. This
is a variant of the classical geoid integral (“Stokes inte-
gral”), in which there is a proper weighting of the long
wavelengths from EGMO8/GOCE and the shorter wave-
lengths from the local gravity data. Mathematically, it in-
volves evaluation of convolution expressions of

(res = Sref(A(;b, AN) * [Agres (¢7, A) sin ¢]
= F M [F(Syef)F(Agres sin ¢)]

Here S, is a modified ”Stokes” kernel and F is the 2-
dimensional Fourier transform operator. To grid the data,
taking into account the varying elevations of the airborne
and surface gravimetry data, block-wise least-squares col-
location, using the planar logarithmic covariance model
in 1° x 1° blocks with overlap, was used. For details of the
geoid, determination method see Forsberg et al. (2003) or
Forsberg et al. (2010), and further references therein.

The new East Malaysia gravimetric geoid
my_geoid2017.gri is computed on a grid of 1.5x1.5 arc-
minute resolution (corresponding to a roughly 2.7 km
grid resolution). The area of computation is 0°~9°N and
99-120°E, covers a major part of the South China Sea as
well, involving spherical FFT transformations in grids of
1080 x 3200 grid data points (100% zero padding).
Restore step: After residual height anomaly (res has been
computed from Agyes the contribution from EGM08/GOCE
(Fig. 10) and RTM (Fig. 11) are added back to get total height
anomalies: ¢ = (ggm + (rTm + Cres.

The relationship between geoid (N) and the quasi-
geoid ({) is given by the approximate formula (Tziavos et
al., 2013): N - { = (Agg/~)H, where Agp is the Bouguer
anomaly and His the orthometric height. This is imple-
mented as a small correction (typically <10 cm) on a fi-
nal gravimetric geoid computed from a surface data (see
Fig. 12). In areas where H = 0, i.e. over marine areas, the
quasi-geoid coincides with the geoid (N = (). The final
gravimetric geoid my_geoid2017 is shown in Fig. 13.
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Figure 11: Add RTM geoid ({rra) in 0.01 m contours
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Figure 12: Add quasi-geoid to geoid correction (N - {) in 0.01 m
contours
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Figure 13: Final gravimetric geoid (my_geoid2017) of East Malaysia
in 0.5 m contours

3.3 Gravimetric geoid fitting and validation

The outcome of the remove-restore technique is a gravi-
metric geoid, an implicit global height datum adapting the
geoid to fit the local vertical datum, and to minimise pos-
sible long-wavelength geoid errors. A fitting of the geoid to
GPS/tide gauge control is needed as the final geoid deter-
mination step. A GPS field campaign has been carried out
in October-December 2016 at 52 locations that co-located
with tide-gauges and precise levelling bench-marks (see
Fig. 15). A minimum of 12 hours of GPS data was col-
lected and subsequently processed with Novatel Waypoint
software (Precise Point Positioning/precise ephemeris and
baseline relative techniques) for computing the ellipsoidal
height. The computed geoid height from GPS and levelling
heights, NOPS = hGPS_HLeV is affected by errors from both
ellipsoidal height (hPS) and conventional levelling height
(H'): oy =+(0% +0%)!/?; 0 is estimated to be better than
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+2 cm while oy may vary from +2 cm to more that +10 cm.
By selecting levelling benchmarks located closest to tide
gauge stations, the error in H*®" can be omitted, thus the
resulting error in the computed geoid N°FS: oy =t0), =
+2 cm.
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Figure 14: Mean Dynamic Topography, MDT = DTU15/MSS -
my_geoid2017_fit_kk; in 0.01 m contours. Black triangles indicate
location of tide gauge stations.

10°E MIE 12'E 1PE 14E 15°E 18 17°E 1BE 119

N

kN

5N fs'n

2N

Vi s
oy

HOE HIE H2'E 13E 14E 15E ME'E HIE 18°E MIE

Figure 15: GPS levelling residuals AH = HLe” — HGPSLeV jn cm at 41
GPS-levelling benchmarks

The gravimetric geoid was tied first at a one tide-
gauge (in Kota Kinabalu, KK2019) to produce a fitted
geoid, my_geoid2017_fit_kk. The fitted geoid was offset
from the gravimetric geoid by +0.852 m: N™Y-8€0id2017_fit_kk
= NMY-8€0id2017 .5 85 m, based on the comparison at the
tide-gauge benchmark KK2019. Consequently, orthomet-
ric heights at the six other tide gauge stations were com-
puted from HOPS Lev _ LGPS _ Nmy_geoid2017_ﬁt_kk. Compar-
ison of HPS L¢¥ and HL®" at the six tide gauge locations in-
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Table 6: GPS/levelling analysis at six tide gauge locations in East Malaysia

Station Nearest GPS Geoid Height Geoid Based MSL Based AH =
ID Tide Gauge Ellipsoidal Height ~ N2017-fit-kk Hejght HGPSLeY  Hejght HLe”  Hlev - gOPSLev

Station RGPS (m) (m) (m) (m) (cm)

BM2019 Kota Kinabalu (fitted station) 51.855 48.222 3.633 3.633 0.0
BM205004 Kudat 52.518 49.725 2.793 2.784 -0.9
SS77 Sandakan 57.561 53.817 3.744 3.767 2.3
STDM Tawau 60.942 57.572 3.370 3.381 1.1
K013 Kuching 37.402 34.020 3.382 3.380 -0.2
T002 Bintulu 46.148 40.775 5.373 5.428 5.5
0133 Miri 44.400 41.721 2.679 2.663 -1.6
RMS 2.6

dicate RMS height difference of 2.6 cm (see Table 6). Also,
no apparent Mean-Dynamic-Topography (MDT) is visible
in the coastal areas of East Malaysia, evident in the MDT
map produced from DTU15 Mean-Sea-Surface (MSS) and
my_geoid2017_fit_kk (see Fig. 14).

The final geoid was then fitted to all the seven tide
gauge stations and is known as my_geoid2017_fit_east. Fit-
ting the gravimetric geoid to benchmarks closest to tide-
gauge stations will not deform the gravimetric geoid as the
error in the conventional levelling heights can be kept to
a minimum level (see Fig. 14 for tide gauge station loca-
tions).
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Figure 16: Fit of my_geoid2017_fit_east to the 2003 GPS-levelling
points in East Malaysia

The final gravimetric geoid my_geoid2017_fit_east
was used to validate the conventional levelling height net-
work of the East Malaysia. Due to difficult terrain and poor
accessibility in Sarawak, the levelling network is available
only in the coastal areas. The new geoid was used also to
transfer heights to a number of small islands off Sabah; the
local H ¥ was determined by a short-term tide gauge mea-

surements (few days). Figure 15 shows the differences, in
cm, between the conventional and GPS-levelling heights,
AH = HYev — HGPSLev: height difference of more than
10 cm was not shown and interpreted as gross error in the
conventional-levelling height that needs further investiga-
tions. The RMS height difference at 41 GPS-levelling bench-
marks was 4.4 cm.

A comparison between the official MyGeoid_2003 and
the my_geoid2017_fit_east is shown in Fig. 16. The figure
shows relatively large differences, mainly due to the 2003
MyGeoid being a GPS-fitted geoid, to a data set of 300 GPS-
levelling data; This indicates that the problem is the accu-
racy of the 2003 GPS-levelling data (likely biases in level-
ling).

4 Conclusions

Height reference system modernization envisages the re-
definition of the vertical reference system and the realisa-
tion of a new vertical reference frame by gravimetric geoid
modelling, rather than by geodetic levelling. It enables
measurements of elevations, with respect to a consistent
seamless vertical datum, everywhere across the country
using GPS positioning.

A precise seamless land/sea gravimetric geoid model
has been determined for East Malaysia using the mixed
spherical harmonic model EGM08/GOCE to spherical har-
monic degree N = 720, SRTM digital elevation model,
DTUI15 satellite altimeter-derived gravity anomalies at sea,
and about 107,000 km flight line of airborne gravity data.
The airborne gravity data was estimated to have an accu-
racy better than 2.0 mGal. The geoid computations were
all done with the GRAVSOFT suite of programs from DTU-
Space. The accuracy of the gravimetric geoid is estimated
to be 3 to 5 cm across most of East Malaysia. The final
gravimetric geoid has been fitted to seven tide gauge sta-
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tions and is known as my_geoid2017_fit_east. A seamless
land/sea geoid-based-height system also will further en-
hance the development and management of the marine
environment.
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