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Abstract. Accurate transformation of GNSS-derived ellipsoidal heights to physical heights remains a
fundamental requirement for geodetic and engineering applications. In Vietnam, conventional approaches
rely on dense gravimetric observations and the development of local quasigeoid models, which are costly
and time-consuming to maintain. This study presents an alternative easy-to-use and practical framework for
GNSS-based leveling height determination by integrating global geopotential models (GGMs) with existing
GNSS/leveling data through a corrector surface approach. Several state-of-the-art high-degree GGMs,
including EGM2008, EIGEN-6C4, SGG-UGM-2, and XGM2019e, are evaluated using 816 co-located GNSS/
leveling points distributed across the Vietnamese mainland. The results demonstrate that the XGM2019e
model provides the best overall performance, particularly at high spherical harmonic degrees. Systematic biases
and long-wavelength discrepancies between the global model and the national height system are mitigated
using a four-parameter deterministic Helmert transformation, while remaining medium- and short-wavelength
residuals are modeled by least-squares collocation. Validation against GNSS/leveling data shows that the
proposed corrector surface reduces the standard deviation of height anomaly differences from +0.153 to
+0.083 m. A gridded corrector surface at 5-arcminute resolution is subsequently generated, enabling efficient
transformation of GNSS ellipsoidal heights into leveling heights consistent with the Vietnam national height
system. The proposed methodology offers a cost-effective, scalable, and easily updatable alternative to local
gravimetric quasigeoid models, particularly suitable for regions with limited gravity data coverage.
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Onpegeaenue BbicoT Ha ocHoBe THCC Bo BuoeTHame: npocrol
B UCNOAL30BaHUU NOGX0Q C NPpUMEHEeHUEeM KoppekTupyroweu
nosepxHocTu FTHCC/HuBeAaupoBaHus

X. Heyen, A.K. byii, A.K. Heyen ™
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AnnoTayus. TouyHas TpaHCopMauusi SAAUNCOUGAAbHbIX BbICOT, NOAyYeHHbIX ¢ nomowbio THCC, B du3su-
yeckue BbICOTbl OCTAETCS PyHgAMEHTAAbHbIM TpebOBaHUEM B 2€0ge3UdeCcKuX U UHXKeHEepPHbIX NPUAOXKe-
Husix. Bo BbeTHame TpaguuyuoHHble NOGXOghl ONUPAIOTCSl HAa NAOTHbIE 2paBUMeTpuYeckue HabAlogeHus u
CO3gaHue AOKaAbHbIX KBa3U2eoUugoB, YTO SIBASIETCSI OPO2OCTOSIWUM U TPYgOEMKUM NpoueccoM. B gaHHOM
UCCAEgOBAHUU NPegAa2aeTCsl aAbTepHATUBHAsI, NPOCTasi B UCNOAb30BaHUU U NPAaKTUYHas MeToguka onpe-
geaeHust BbicOT Ha ocHoBe MHCC, ocHOBaHHasi Ha UHTE2pauUU 2A00aAbHbIX MOgeAel 2paBuUTalUuOHHO20
noast (GGM) ¢ cywecTsylowumu gaHHbimu THCC/HUuBeAUpoBaHusi nocpegcTBOM Nogxoga KOppeKTupyto-
wel noBepxHOCTU. B paboTe oueHUBAIOTCSl HECKOABKO COBPEMEHHbIX BbICOKOCTENEHHbIX 2A0BaAbHbLIX MO-
genel, Bkatouas EGM2008, EIGEN-6C4, SGG-UGM-2 u XGM2019e, ¢ ucnoAb3oBaHuem 816 COBMEUWEHHDIX
nyHkToB [HCC/HuBeAupoBaHuUsI, paBHOMEPHO pachpegeAéHHbIX no TeppuTopuu BbeTHama. PesyabTatbi
nokasbiBaloT, uto Mogeab XGM2019e obecnevuBaeT HauAydwee Ka4ecTBO NO CPaBHEHUIO C gpy2uMu MO-
geAsIMU, 0CODEHHO NPU BbICOKUX CTeneHsax cdepudeckux 2apMoHuk. CuctemMaTudeckue CMeweHust U goA-
20BOAHOBbIE PACXOXKGEHUST MeXJy 2A00aAbHOT MOJeAbIO U HAUUOHAAbHOU CUCTEMOU BbICOT YCTPaHSIIOTCS!
C NOMOWbIO YeThbIpéXxnapameTpudecko20 geTepMuHUpOBaHHO20 npeobpa3oBaHust [eAbmepTa, To2ga Kak
CpegHe- U KOPOTKOBOAHOBbIE OCTaTKU MOGEAUPYIOTCSI METOJOM KOAAOKaUUU HauMeHbwux kBagpaToB. [po-
BepKa pe3yAbTaToB No gaHHbiM [HCC/HUBEAUpPOBaHUSI NOKa3bIBAET, YTO NPEYAOXKEHHASI KOPPEKTUPYOWasT
NOBEPXHOCTb YMeHbWaeT CpegHekBagpaTudeckoe OTKAOHeHUe pasAudul aHomaAul BbicoT ¢ =0.153 M go
+0.083 M. 3aTtem hopMupyeTCcs KOppeKTUpyowasi NOBEPXHOCTb C pa3peweHuemM 5 y2A0BbIX MUHYT, YTO
No3BoAsIET 3(PPeKTUBHO NPEobPa30BbIBATL SAAUNCOUJAAbHbIE BbiCOThl THCC B HUBEAUPHbIE BbICOTbI, CO-
2AacCoBaHHble C HaUUOHaAbHOU cucTemol BbiCOT BheTHama. [Npegaazaemas meToguka npegcraBasieT cobod
9KOHOMUYHYIO, MAacwTabupyemyio U Ae2KO OOHOBASIEMYIO aAbTEpPHATUBY AOKAAbHbIM 2PaBUMETPUYECKUM
KBa3uzeougam, 0COOeHHO B palloHax C 02paHUYEHHbIM NOKPbITUEM 2PABUMETPUYECKUMU GaHHbIMU.

Karouesbie caosa: THCC, BbipaBHUBaHUe, 2e0uUg, NOBEPXHOCTb KoppekTopa, BbeTHam

brazogapHocTb/@uHaHcupoBaHue: ViccaegoBaHue puHaHCUpyeTcsi NnpoekTomM MUHUCTepCTBa CEeAbCKO20
xo3saicTBa u okpykatowed cpegbl Bbethama(MONRE) B pamkax epanta TNMT. AA.2025.06.04. ABTOpbI
XOTeAU Obl BbIpa3uTb 6Aa20gapHOCTb HauuoOHaAbHOMY a2eHTCTBY 2eonpocTpaHcTBeHHOU pa3Begku (NGA) 3a
npegoctaBAeHue Mmogeau EGM2008, GFZ Potsdam (fepmaHusi) 3a noctaBky mogeau EIGEN-6C4, YxaHbckomy
yHusepcuTeTy (Kutad) 3a npegaoxenue mogeau SGG-UGM-2 u TexHuueckomy yHuBepcuTeTy MioHxeHa
(TUM, Tepmanus) 3a npegocTtaBaeHue Mogeau XGM2019e2159. ABTopbl Takke 6AazogapsiT AenapTameHT
2eogesuu, kaptozpaduu u 2eoepadudeckol UHMOPMaUUOHHOTU cucTeMbl BheTHama 3a npegocTaBAeHue
gaHHbix GNSS/HUBeAUpOBaHUSI, UCNOAb30BaHHbIX B 3TOM UCCAEGOBaHUU.

Aas uutuposaHusi: Hayen X., bya A.K., Heyen A.K. Onpegeaerue BbicoT Ha ocHoBe HCC Bo BoeTHa-
Me: npocTol B UCNOAL30BaHUU NOYX0g C npuMeHeHuem KoppekTupylowel nosepxHocTu MHCC/HuBeAu-
poBaHusi // YcToGuuBoe pa3BuTue 20pHbIX Tepputopud. — 2026. — T. 18. — N¢ 2. — C. 792-803. DOI:
10.21177/1998-4502-2026-18-2-792-803.

Introduction height differences between points are measured using

The heights of points on the Earth surface can be levels and leveling staffs or rods. The accuracy of the
observed by the traditional spirit leveling, which is leveled heights depends on the disttances between
one of the most accurate methods. In this way, the ©observed points, the number of station setups, and
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the observation time duration [1]. In a more strict
sense of physical geodesy, geodetic leveling can be
adopted combining spirit leveling with gravimetric
observations by which a gravity potential difference
can be computed [2].

However, spirit or geodetic leveling is time-
consuming and cost inefficient. Spirit leveling is
beneficial over short distances due to its small random
errors; However, over long distances, systematic
errors dominate random errors [2], leading to lower
accuracy compared to the GNSS-based method.
To reduce the influence of systematic errors in
leveling, a network of leveling loops combined with
multiple coastal tide gauges are usually adopted.
This approach was carried out to establish national
leveling networks in many countries, which are split
into different orders, such as first-, second-, and third-
order [1, 3]. Additionally, strict leveling observation
standards are used in high-order networks, such as
limiting the difference in distances from the station to
the forward and backward leveling staffs.

With the advent of GNSS systems, the positioning
of points on the Earth surface is more convenient,
which provides the positions in both horizontal and
vertical directions. In using GNSS, the geometrical
height of a point with respect to a reference ellipsoid,
i.e., ellipsoidal height, is determined. This can be
observed directly between two GNSS receiver
locations without measuring height increments along
a leveling route. However, physical height, e.g.,
orthometric or normal height with respect to geoid or
quasigeoid, is still needed in practical applications. In
this case, the separation between ellipsoid and geoid/
quasigeoid is needed, which are known as geoid
undulation or height anomaly.

Recently, many geospatial data incorporating
ellipsoidal heights are utilized, e.g., airborne or
spaceborne light detection and ranging (LiDAR)
[4], satellite altimetry [5], Interferometric Synthetic
Aperture Radar (InSAR) [6]. In these data, the
ellipsoidal heights of an airborne or spaceborne
platform, while moving on its trajectory or orbit,
are determined relying on onboard GNSS receivers.
These are subsequently subtracted by the platform’s
altitudes or ranges measured with respect to the
Earth surface to derive the ellipsoidal heights of the
Earth. This geometric ellipsoidal height needs to be
transformed to physical orthometric or normal height
for practical use.

Geoid or quasigeoid models are useful in
determining GNSS-based heights by transforming

794

ellipsoid heights to physical heights. Multiple
Global Geopotential Models (GGMs) were made
by combining data of different types, e.g., satellite
altimetry, surface and airborne/satellite gravimetry,
GNSS, leveling. In using these models, geoid
undulations or height anomalies can be computed for
any point with known coordinates latitude, longitude
by either interpolation from predefined grids or
harmonic coefficients with fully associated Legendre
function. These GGMs best fit on a global scale [3],
and are good in areas where available data were used
in constructing the models [7-9].

Alternatively, several local geoid models were also
generated, most of them relying on local gravimetry
data by either the least-squares Collocation (LSC)
method or the Fast Fourier Transform (FFT) method
relying on Stokes’ integral [e.g., 10], which best fit
on a local or regional scale. Recently, there has been
a demand for unifying the heigh system on the global
scale via the so-called International Height Reference
System (IHRS), which is based on geopotential
numbers rather than conventional height [9].
Similarly, a related quantity of geopotential value and
its variations in time were also studied on a national
scale utilizing the geodetic boundary value problem
in line with global gravity field model and surface
gravity data [e.g., 3].

The approaches to derive geoid models, via geoid
undulation or geopotential numbers mentioned above,
are rigorous but require gravimetric observations and
sophisticated physical and mathematical models.
This paper aims to apply an easy-to-use approach to
derive GNSS-based normal heights in Vietnam as an
alternative to the use of local gravimetric or GNSS/
leveling quasigeoid models. The objectives of this
paper are three-fold, including i) choosing the global
high degree and order (d/o) GGM model closest to
the Vietnam normal height system, ii) creating a four-
parameter model reflecting geoid/GNSS/leveling
differences to account for the biases and tilts between
global and local GNSS/leveling geoid models, iii)
creating a corrector surface using the statistical
interpolation method Collocation applied to the
remaining GGM/GNSS/leveling residuals.

This approach is beneficial in that it not only
provides an easy-to-use way to derive GNSS-based
normal heights, but is also easy to be updated
once a new global GGM model is released with
improvements, e.g., improved data resolution and
amount, more advanced data processing approaches
and standards [9], or additional local GNSS/leveling
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data are added. A new GGM model could also be
released to reflect the change in potential in time of a
global geoid model due to mean sea level rise and the
mass redistribution [3]. Even though GNSS/leveling
data have been used in validating several global
GGMs in Vietnam [e.g., 7], this only compared those
models to indicate how good they are by comparing
to leveling heights. However, a model still needs to
be developed for conveniently determining normal
heights in engineering applications. The results in
this study are validated by comparing the corrector
surface-based heights with the leveling derived
normal heights.

Datasets

Global Geopotential Models

Different GGMs are used in this study to select
the best fit model in Vietnam. These tested models
include the most widely used Earth Gravitational
Model 2008 (EGM2008) [11], and the most recent
models of European Improved Gravity model of
the Earth by New techniques (EIGEN-6C4) [12],
SGG-Unified Gravity Model second version (SGG-
UGM-2) [13], and Experimental Gravity Field Model
2019 (XGM2019¢) [14] (table 1). In this study, we use
the fully normalized spherical harmonic coefficients
of the Earth’s gravitational potential provided for
each model to estimate height anomalies with respect
to the World Geodetic System 1984 (WGS84) in the
tide free system [10].

EGM2008 is a global model developed and
published by the National Geospatial-Intelligence
Agency (NGA, U.S.) in 2008. It is provided with
fully normalized spherical harmonic coefficients
up to d/o 2190 and offers grids of ~5 arcminutes.
EGM2008 was developed based on combined
satellite altimetry, ground and satellite data [11].
EIGEN-6C4 is another high degree model developed
and published in 2014 by the GeoForschungsZentrum
(GFZ) German Research Center for Geosciences and
the French Space Agency (CNES). Like EGM2008,
EIGEN-6C4 was provided with spherical coefficients
up to d/o 2190 corresponding to a spatial resolution
of ~5 arcminutes. EIGEN-6C4 was developed
using combined data of satellite altimetry, satellite
gravimetry (Gravity Field and Steady-State Ocean
Circulation Explorer — GOCE, Gravity Recovery
and Climate Experiment — GRACE), satellite laser
ranging (SLR) (Laser Geodynamics Satellites —
LAGEOS), and terrestrial data [12].

V.18, no. 2 (68), 2026

SGG-UGM-2 is a high degree gravitational
model published in 2020 by the School of Geodesy
and Geomatics (SGG) (Wuhan University, China)
following its predecessor SGG-UGM-1. It was
completed to d/o 2190. Like EIGEN-6C4, SGG-
UGM-2 was developed by using combined data of
satellite altimetry, satellite gravimetry (GRACE,
GOCE), SLR, and terrestrial data [13]. Notably,
both EIGEN-6C4 and SGG-UGM-2 were based
on EGM2008 as a reference or for generating
complementary data. XGM2019 is a combined global
gravitational model at ultra-high degree (spheroidal
harmonics up to d/o 5399 corresponding to a spatial
resolution of 2 arcminutes) developed by the GFZ
and the Technical University of Munich (TUM),
which was published in 2019. It was developed
based on the satellite model GOCOO06s, terrestrial
data supported by NGA, topographic gravity data
over the land and satellite altimetry derived gravity
anomalies over the oceans [14]. Unlike EIGEN-
6C4 or SGG-UGM-2, XGM2019 was not based on
the commonly used model EGM2008. Although the
error of XGM2019 was reported to be larger than that
of other existing high-degree models over the well-
surveyed areas because of the sole use of topographic
forward modeling, it is considered to be globally more
homogeneous over the global scale and independent
of existing models [14]. XGM2019 is provided with
three products with spherical harmonics up to d/o
760, 2190, and 5540 of which the two products at the
highest d/o XGM2019¢2159 and XGM2019e5540
are used in this study (table 1).

Table 1. Global Geopotential Models tested in this study.
GFZ — GeoForschungsZentrum, NGA — the National
Geospatial-Intelligence Agency, TUM — the Technical
University of Munich

Published | Published | Maximum
Model
year agency degree
EGM2008 2008 NGA (U.S.)) 2190
GFZ
EIGEN-6C4 2014 Potsdam 2190
(Germany)
Wuhan
SGG-UGM-2 2020 University 2190
(China)
XGM2019¢2159 2019 TUM 2190
(Germany)
XGM2019e5540 2019 TUM 5540
(Germany)
795



GNSS/leveling Data

In this study, we use 816 co-located GNSS/
leveling points distributed relatively regularly in the
Vietnam’s mainland to generate a corrector surface
(fig. 1). They belong to the Vietnam national leveling
networks with 235 first-order, 197 second-order,
and 384 third-order. The leveling observations were
measured by high precision spirit levels during the
years 2001-2003. They were measured by the double-
run method, i.e., forward and backward runs were
made in each leveling route, and the same distance to
foresight and backsight staff at each station setup was
designed. The closed loop or closed link misclosure
limits applied to the Vietnam first-, second-, and
third-order leveling networks are +2+/L(#3+/L),
+#4JL(#5J/0), and +10JL(£12JL), respectively,
for flat (mountainous) areas, with L being the total
distance of the loop in km [7. 15]. The networks were
adjusted using the 1950-2005 local mean sea level
at the Hon Dau tide gauge station (fig. 1), by which
normal heights (H") were estimated [3].

Fig. 1. Co-located GNSS/leveling points forming first-
order (red), second-order (green), and third-order (black)
leveling networks

GNSS observations were then made over the
co-located points by the Vietnam Department of
Surveying, Mapping and Geographic Information
during the years 2009-2010, using dual-frequency
GNSS receivers with the static relative method and a
minimum observation duration of 6 hours per session

[3, 7]. The GNSS observations were processed and
adjusted by the Bernese software package [16], by
which ellipsoidal heights (h) with respect to WGS84
were derived. Finally, height anomalies ({N'%) were
computed for the entire 816 co-located points [10]:

onssler = . (1)

The maximum, minimum, mean, and standard
deviation of computed height anomalies are 5.601 m,
—33.168 m, —14.685 m, and £12.298 m, respectively.

Methods

This study applies the workflow in fig. 2 to
generate a GGM/GNSS/leveling corrector surface
to derive GNSS-based normal heights in Vietnam.
With the GNSS/leveling points shown in Section
2.2, GNSS/leveling height anomalies ({EN¥1%) are
computed using Equation (1).

y N i N
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Fig. 2. Workflow of corrector surface generation

At the same time, GGM-based height anomalies
(€M) are computed using spherical harmonic
coefficients provided with the tested models shown
in table 1 (Section 3.1). The GGM/GNSS/leveling
differences are then computed for all co-located
points, which are the difference between CCN¥
'& and. These differences are then modeled using
the four-parameter Helmert mathematical model
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(Section 3.2). The residuals of the least-squares
fit model are subsequently interpolated using the
statistical collocation method (Section 3.3). Finally, at
a point without leveled height, GNSS can be applied
in line with the generated corrector surface to derive
corrector surface based normal height (H*).

Computation of GGM-based Height

Anomalies

With the fully-normalized spherical harmonic co-
efficients provided for each GGM, the height anoma-
ly (£5°M) of a point with spherical coordinates latitude
(p) longitude (A), and geocentric radius (p) can be
computed from the disturbing potential [17-19]:

g =%[Nf(ijni(é”“c°m+) F‘;m(sinq))} @)

w | = p) =\ +S,sinmd

where GM is the product of the Newtonian gravita-
tional constant and the mass of the geopotential mod-
el, yis the normal gravity at the estimated point with
an ellipsoidal height h, a is the equatorial radius of the
geopotential model, énm and énm are the fully-normal-
ized spherical harmonic coefficients of degree n and
order m, N__is the maximum degree of the geopo-
tential model, |3nm is the fully normalized associated
Legendre's function (ALF) that is computed by the
recursive method [17, 18, 20, 21]:

F_;m (Sin ¢) =a, sin ¢F_>n—l,m (Sin ¢) - ban_)n—Z,m (Sin (D) >
n>m,

F_::1m (Sil’l (0) = Cnm COS ¢I3wl,w1 (Sil’l ¢) H (3)

here

(2n-1)(2n+1)
(n—-m)(n+m)’

,m

_|(2n+1)(n+m—1)(n—m-1)
b”‘m_\/ (n—m)(n+m)(2n-3) ’ @
o = (2m+1)
’ 2m

and the initial values of the fully normalized ALF are
[17, 18, 20]:
Po(sing) =1, P, (sing)=3sing,

P, (sin@) =3 cos . (%)
Here, heigh anomalies are computed between

WGS84 ellipsoid and GGMs with the scaling fac-
tors GM = 3,986,004.415-10% m*/s%, a= 6,378,137 m.
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The zonal coefficients 620, 640, and 660 are correct-
ed for the differences between actual coefficients and
those of the reference equipotential ellipsoid follow-
ing Rapp [22], and the normal gravity 7y is computed

following Moritz [23].

Deterministic Transformation Model Fitting

Once the GNSS/leveling height anomalies {CNSeY
and GGM-based height anomalies {®°™ are computed
for all co-located points applying Equations (1) and
(2), the differences between them can be generated:

ACGN@IS\/ﬁCGGM‘ (6)

The differences AL are theoretically zero if all
components GNSS/leveling observations and the
GGM model were made perfectly. In practice, dif-
ferent noise and errors existing in the GNSS/leveling
observations, datum inconsistencies between the two
systems of GNSS/leveling and GGM models, geody-
namic effects, and theoretical approximations, result
in nonzero misclosures A0 [24, 25].

In order to deal with the datum inconsistencies
and systematic effects, the nonzero misclosures can
then be modeled using a deterministic transformation
model for fitting the differences between GNSS/
leveling and GGM-based height anomalies for the
entire network of co-located points [24]:

AC=ax+r, (7)
where AL is the vector of GGM/GNSS/leveling differ-
ences of n co-located points [AL, AT, ..., AC |, X is
the vector of M unknown parameters [X, X,, ..., X ',
r is the vector of N residuals [r, 1, ..., rm]T, ais the
array of known coefficients of the size n x m:

8, a, ... @
a=|® %o B (8)
8y &, - Ay

Different deterministic models have been applied
in the literature of which the most widely used four-
parameter (m = 4) Helmert similarity transformation
model is applied in this study [7, 24-26]:

AZ=a X+ =X+c0s0,cosA X, +c0os0 sinAX, +sind X, 4T, (9)

where ¢, and A, are the geodetic latitude and longitude
of'the considered pointi, XJ.U' =1,...,4),istheunknown
coeflicients, r, is the residual. The unknown vector X
is solved by applying the least-squares principle to
minimize the sum of the squared residuals r2.
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Least-squares Collocation Interpolation

After applying the deterministic transformation
model in Section 3.2, a vector of 816 residuals (rq),
incorporating random errors from GNSS/leveling
observations and the GGM, is derived for the co-
located points. These residuals are subsequently
modeled by the statistical least-squares collocation
method from which the residual of a new point j(rj‘"t)
can be computed [27]:

standard deviation values of £0.196 and +0.192 m.
The XGM2019¢ model with different products has
the best metrics with the standard deviation values of
+0.161 m and +0.156 corresponding to the maximum
degrees of 2190 and 5540 used. These results confirm
what have been concluded in [7].

Table 2. Comparison of GNSS/leveling and GGM
height anomalies. The GGMs are listed in the
descending order of standard deviation. Unit: m

rjim =CCoaVy = [Cil Cp Ciq] X
-1
C11 Clz o Clq h
C:Zl C:22 C:zq r:z , (10)
qu Cq2 qu rq

where ( is the number of co-located GGM/GNSS/
leveling points that are used (sample points), qu is
the vector of covariances between the interpolated
point j and q co-located points, C,q is the array of the
g x q size of covariances between co-located sample
points, r_ is the vector of q residuals derived after
fitting the deterministic transformation model.
Empirical covariances are first computed relying on
g residuals of the co-located points then a covariance
model is fit to derive the covariance parameters. In
this study, we use a simple collocation function [28]:

c=Cce, (11)

where C; is the function variance, d is the distance
between points, L is the characteristic length. The
function parameters C, and L are estimated using the
least-squares method.

Results and Discussions

Selection of Best-fit GGM

In this section, high degree GGMs shown in ta-
ble 1 are validated relying on GNSS/leveling height
anomalies to select the best-fit model over the Viet-
nam mainland for use in subsequent steps shown
in fig. 2. GGM-based anomalies are first comput-
ed for each model following Section 3.1, which are
then compared with GNSS/leveling heigh anom-
alies to derive the GGM/GNSS/leveling differ-
ences AL. The descriptive statistical metrics of the
differences, including the mean, standard deviation,
maximum, and minimum values, are shown in
table 2. In comparison between models at maximum
degrees used, the EGM2008 model shows the worse
standard deviation of £0.296 m, while the EIGEN-
6C4 and SGG-UGM-2 models are of very close
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Model 8 5| & 5| £
ode = %o < 3 = S
EGM2008 | 2190 | 0365 | £0.296 | 1.220 | —0.563
EIGEN-6C4 | 2190 | 0.451 | +0.196 | 1.006 | ~0.591
SGG-UGM-2 | 2190 | 0.413 | £0.192 | 0.968 | ~0.636
XGM2019¢2159 | 2190 | 0.420 | £0.161 | 1.039 | ~0.249
XGM2019¢5540 | 5540 | 0.431 [ £0.156 | 0.945 | ~0.110

We recall here that, except for the XGM2019¢5540
product, all other models/products are provided with
the same degree up to 2190. Therefore, we then
validate those models at different d/o used to see
how the standard deviation of GGM/GNSS/leveling
differences progresses with the increase of d/o used.
We test d/o from 5 to 2190 with a step of 5 with the
results shown in fig. 3.

Fig. 3. Comparison of GGMsin the standard deviations
at different d/o. The dashed black linesindicate the d/o
of 120 where all four models are of the same standard

deviation of ~+0.46 m. The solid black lines indicate the

d/o 195 where the models EIGEN-6C4, SGG-UGM-2, and

XGM2019 have similar standard deviation of ~+0.29 m,

which are significantly better than the model EGM2008

The results show that at d/o up to 120 (black
dashed line in fig. 3), all four tested models are of
a similar standard deviation of ~+0.46 m. After

T.18,Ne 2 (68), 2026 .
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Table 3. Satistical summary of components used to validate the corrector surface model at co-located points. The
GGM-based height anomalies are computed relying on the best fit model XGM2019e5540. Unit: m

Row Component Mean Std Dev Max Min
2" | GGM/GNSS/leveling difference AL (co-located points) 0.432 +0.153 0.890 0.024
3 | AL™ model-fitting (co-located points) 0.431 +0.043 0.476 0.317
4h | GGM/GNSS/leveling residual r 0.000 +0.150 0.493 | -0.574
5% | Collocation interpolated residual r'™ (grid points) —0.004 +0.135 0.466 | —0.546

this d/o and up to d/o 195, the standard deviations
of the three models EIGEN-6C4, SGG-UGM-2, and
XGM2019e¢ significantly reduce and are much better
than that of EGM2008. Up to d/o 195, the standard
deviation of those three models is ~+0.29 m, while
that of EGM2008 is ~+0.35 m. After d/o 195 and
up to the maximum d/o 2019, the model XGM2019e¢
is superior to the other models. Therefore, the model
XGM2019¢5540 will be adopted hereinafter for
further steps shown in fig. 2.

Corrector Surface Model Validation

To assess the corrector surface model's performance,
we compare height anomalies estimated from the
corrector surface model with GNSS/leveling height
anomalies at co-located points (see table 3). To this end,
GGM-based height anomalies are calculated using the
best-fit XGM2019¢ model as shown in table 2, followed
by computing differences between GGM and GNSS/
leveling height anomalies (table 3, 2™ row). A four-
parameter deterministic model is fitted to calculate both
model-based height anomaly differences AC™* (table 3,
3" row) and residuals r (table 3, 4" row).

In comparison between the 2™ and 3™ rows of
table 5, it can be seen that the distribution of GGM/
GNSS/leveling differences is more dispersed than the
modeled differences indicated by a larger standard
deviation and range (i.e., the difference between the
maximum and minimum values); specifically, the
standard deviation of the two datasets are £0.153 m
and £0.043 m, respectively, and their ranges are
0.866 m and 0.159 m, respectively. This indicates
that potential datum inconsistencies between the two
systems and systematic errors and noise in the GNSS/
leveling and GGM have been modeled by the four-
parameter fitting, but the random errors still exist.
These inconsistencies and systematic errors may
contain long/medium wavelength errors in the GGM,
biases and trends in GNSS/leveling height anomalies,
and systematic errors accumulated in the leveling
data, particularly with points located at long distances
from the Vietnam’s local vertical datum at the Hon
Dau tide gauge station (fig. 1) [25].
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The collocation interpolation method, utilizing
the leave-one-out approach, is then employed to
estimate residuals at co-located points; for each point,
it is temporarily excluded from the dataset, and the
remaining points are used to interpolate its residual
value. Application of the collocation method requires
an empirical covariance function, which is derived
by fitting the residuals of the co-located points with
a Gauss—Markov model. The empirical and fitted
covariance functions are presented in fig. 4.

Fig. 4. Empirical and Gauss Markov fitting covariances
computed from co-located points

Using the workflow presented in fig. 2, corrector
surface-based height anomalies for co-located points
are determined by combining the GGM-based height
anomaly, the model-fitting height anomaly difference,
and the interpolated residual at each co-located point.
The difference between these estimated values and the
GNSS/leveling height anomalies serves as an indicator
ofthe model’s accuracy. Fig. 5 shows the GNSS/leveling
height anomalies (@), the corrector surface-based height
anomalies (D), and their differences (C).

The statistics of the GNSS/leveling height anomalies,
the corrector surface based height anomalies, and their
differences are summarized in table 4, including the
mean, standard deviation, maximum, and minimum
values. The distribution of the height anomaly differences
is illustrated in fig. 6. The results show that applying
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Fig. 5. Absolute height anomaly errors over the co-located GNSSleveling points

the corrector surface reduces the standard deviation of
the height anomaly differences to +0.083 m, compared
with £0.153 m obtained without the corrector surface
(table 3, 2™ row).

Table 4. Satistics of GNSTleveling height anomalies,
corrector surface based height anomalies, and their
differences. Unit: m

Std Dev

Component Mean Max Min

GNSS/leveling

height anomaly
gonSSer

—14.611 | £12.275 | 5.601 | -33.168

Corrector
surface based
height anomaly
Ccor

Height anomaly
difference

—14.686 | £12.298 [ 5.609 [ -33.102

0.001 +0.083 | 0.461 | —0.323

Fig. 6. Histogram of height anomaly errors
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Corrector Surface Generation at Regular Grids

In this section, we create a corrector surface at
regular grids of 5 arcminutes relying on the entire 816
co-located GNSS/leveling points (fig. 1), following
the workflow in fig. 2. First, GGM-based height
anomalies are estimated for all grid points relying on
the best fit model XGM2019¢5540 up to d/o 5540 with
the results shown in fig. 7, a and statistical summary,
including mean, standard deviation, maximum, and
minimum values, shown in table 5 (2™ row). Then, the
four-parameter deterministic Helmert transformation
model derived from Section 4.2 at co-located points is
applied to estimate model differences at 5-arcminute
grids shown in fig. 7, b and table 5 (3" row).

The statistical summaries of AL™ shown in table 5
(3" row) for 5-arcminute grid points are identical with
those of co-located points (table 3, 3rd fow) indicating
that the co-located GNSS/leveling points are well-
distributed throughout the Vietnam’s mainland.
Subsequently, the collocation model developed in
Section 4.2 is applied to interpolate residuals at the
grids with the results shown in fig. 7, c and table 5
(4" row). Those three estimated components are finally
sum together to get the corrector surface based height
anomalies (™ at the regular grids with (fig. 7, d and the
Sth row of table5). These gridded values are then ready
to be used for other applications in which ellipsoidal
height can be transformed into leveling height
according to the Vietnam national height system.

Conclusions

This study has presented an easy-to-use and
practical approach for GNSS-based leveling height
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Table 5. Satistical summary of components used to generate a corrector surface at regular grids of 5 arcminutes. The
GGM-based height anomalies are computed relying on the best fit model XGM2019e5540. Unit: m

Row Component Mean Std Dev Max Min
2 | GGM-based height anomaly {&M —15.381 +12.661 5.518 —34.387
3| AQmode 0.431 +0.044 0.476 0.304
4t Collocation interpolated residual ri™ —0.004 +0.135 0.466 —0.546
5t Corrector surface based height anomaly £ —14.954 +12.627 6.020 —33.946

Fig. 7. Corrector surface generation at 5-arcminute grids: (a) XGM2019e5540-based height anomalies ({°¢V), (b)
modeled height anomaly differences based on the four-parameter deterministic Helmert transformation model (A{™),
(c) residuals at gridded points inter polated from co-located points by the Collocation method, (d) corrector surface at
gridded points computed as the combination of GGM ¢ in (a), model-fitting AZ in (b) and interpolated residualsr™ in (c)

determination in Vietnam by integrating GGMs with
existing GNSS/leveling data through a corrector
surface methodology. Unlike conventional approaches
that rely on dense local gravimetric observations or
the development of a dedicated national quasigeoid
model [29-31], the proposed framework combines
a high-degree global geopotential model, a
four-parameter deterministic Helmert transformation,
and least-squares collocation interpolation of
residuals. This strategy significantly reduces
complexity while maintaining a level of accuracy
suitable for engineering and geodetic applications.

A comprehensive evaluation of several
state-of-the-art ~ global ~ geopotential ~ models
demonstrates that the XGM2019¢ model provides
the best overall performance over the Vietnamese
mainland, particularly at high spherical harmonic
degrees. When combined with the four-parameter
deterministic ~ fitting, systematic  biases and
long-wavelength discrepancies between the global
model and the national GNSS/leveling height system
are effectively mitigated. The subsequent application
of least-squares collocation further accounts for
remaining medium- and short-wavelength residuals,
capturing local variations not represented in the

V.18, no. 2 (68), 2026

global model alone. Validation using 816 co-located
GNSS/leveling points shows that the proposed
corrector surface reduces the standard deviation of
height anomaly differences from +0.153 to £0.083 m,
confirming a substantial improvement in accuracy.

Theresulting corrector surface, generated ataregular
grid resolution of 5 arcminutes, provides a consistent
and efficient means to transform GNSS-derived
ellipsoidal heights into leveling heights compatible
with the Vietnam national height system. This product
is particularly valuable for practical applications where
rapid and reliable height determination is required.
Moreover, the proposed methodology is flexible
and future-proof in that it can be readily updated as
new global geopotential models become available or
as additional GNSS/leveling data are incorporated,
without the need for extensive reprocessing.

Overall, the findings demonstrate that a carefully
selected global geopotential model, when augmented
by a simple deterministic transformation and statistical
interpolation of residuals, can serve as arobust alternative
to local gravimetric quasigeoid models in regions with
limited gravity data coverage. The approach developed
in this study offers a cost-effective and scalable solution
for GNSS-based height determination.
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