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SUMMARY

In the realisation of the International Height Reference System, the determination of the
geopotential value and its variations in time plays an important role. In this study, the geodetic
boundary value problem approach is applied for direct determination of the gravity potential
value using a GOCE global gravity field model enhanced with terrestrial gravity data. This
determination is carried out on the Global Navigation Satellite System-Continuously Operating
Reference Stations (GNSS-CORS) stations towards the realisation of the International Height
Reference System in Vietnam. First, the effects of the GOCE global gravity field model
omission error, the indirect bias term on the disturbing potential and the systematic cumulative
errors in levelling data are estimated. These errors affect the estimated geopotential value. The
results calculated on the GNSS/levelling points show that the effect of the GOCE DIR-R5
(up to degree/order 260) omission error on the offset potential value is quite significant. This
effect was eliminated using high-resolution terrestrial gravity data using the remove-compute-
restore technique. The indirect bias term on the disturbing potential can be safely neglected by
using a GOCE global gravity field model for degrees higher than 60 for this study region. The
systematic cumulative errors in levelling data can be modelled and removed using a third-order
polynomial model. Then, the mean zero-height gravity potential of the Vietnam local vertical
datum is estimated equal to W§¥P = 62 636 846.69 m? s~ with standard deviation of 0.70 m? 52
based on the proposed approach. Finally, the geodetic boundary value problem approach was
used to determine the geopotential on the surface of three GNSS-CORS stations in Vietnam.
Based on time-series of the vertical component derived from the GNSS observations as well
as InSAR data, temporal variations in geopotential are also estimated on these permanent
GNSS stations. The purpose is to monitor deformation of the vertical datum. The results
indicate that the geopotential value needs to be monitored and determined with the time-
dependent component on the three Vietnamese permanent GNSS stations for a vertical datum.
These stations may contribute to increase the density of reference points in the International
Terrestrial Reference Frame, which is being researched and implemented by the International
Association of Geodesy.

Key words: Geopotential theory; Reference systems; Satellite geodesy; Satellite gravity;
Time variable gravity.

of space geodesy, we have the observing capability to understand

L INTRODUCTION the physical changes occurring on the Earth and to realise a dy-

Until relatively recently, reference datums in the world were invari- namic reference datum. A dynamic International Terrestrial Refer-
able intime, and “control points’ in such reference datums were gen- ence System (ITRS) and its realisation, the International Terrestrial
erally considered stable and reliable over decades. With the advent Reference Frame (ITRF), based on a global network of Satellite

¢ The Author(s) 2021. Published by Oxford University Press on behalf of The Royal Astronomical Society. All rights reserved. For
1206 permissions, please e-mail: journals.permissions@oup.com

€202 YdIel\ 0€ uo Jasn SHUND Aq L #Z1129/9021/2/922/a191ME/IB/woo dnoolwepede)/:sdiy woly papeojumoq


http://orcid.org/0000-0002-4508-1559
mailto:dinhtoan.vu@get.omp.eu
mailto:journals.permissions@oup.com

Laser Ranging (SLR), Lunar Laser Ranging (LLR), Very Long
Baseline Interferometry (VLBI) and Doppler Orbitography and
Radio-positioning Integrated by Satellite (DORIS) stations colo-
cated with Global Navigation Satellite System (GNSS, Altamimi
et al. 2002; Altamimi & Collilieux 2009), indicated change in such
control points at the level of centimetres per year. At the request of
the International Association of Geodesy (IAG) resolutions (Drewes
et al. 2016), the International Height Reference Frame (IHRF), a
realisation of the International Height Reference System (IHRS) is
also defined and realised following the same structure as that of the
ITRF (Ihde et al. 2017). Complementary to the IHRS/IHRF ini-
tiative, an International Gravity Reference System (IGRS) and its
realisation, the International Gravity Reference Frame (IGRF), have
also been recently defined by IAG for the gravity and geopotential
datum (Wilmes et al. 2017; Wziontek et al. 2021). The IHRS/IHRF
includes a geometric component given by a coordinate vector (X) in
ITRS/ITRF and a physical component given by the determination
of the potential value (W) or geopotential number (C) with respect
to the conventional value (W) at (X). According to Resolution No.
1 of the IAG (Drewes et al. 2016), the international conventional
reference gravity potential is equal to 62 636.853.4 m? s? (Sanchez
et al. 2016) for the purpose of implementing the IHRS. Moreover,
besides estimation of the physical component, its variation in time
(W) should also be determined like the variation in the geometric
component (X) in the ITRF, to continuously monitor deformation
as well as regularly update the height reference frame. Temporal
geometric height changes can be accurately determined from ob-
servations on permanent GNSS stations whilst deformation of the
topography around these GNSS stations can be estimated by Inter-
ferometric Synthetic Aperture Radar (InNSAR). Thus, the variations
of the geopotential value in time can be determined (even if imper-
fectly because of mass change in the crust, e.g. aquifer depletion) on
these GNSS Continuously Operating Reference Stations (CORS).
Therefore, the realisation of the IHRS should be conducted on
the GNSS-CORS stations as reference points, and the geopotential
value and its variations at such stations should be determined on the
Earth’s surface and not on the geoid or quasigeoid (Sanchez et al.
2019). In 2017, the first proposal for the IHRF reference network
included 163 stations colocated with GNSS worldwide, but with
poor coverage in particular over Africa and Asia (Sanchez 2017
and Séanchez 2019). Presently, the implementation of the IHRF is
still under discussion (lhde et al. 2017; Sanchez 2019). At the na-
tional or regional scale, despite vertical movement of the Earth,
most countries do not model the vertical datum change. The U.S.
National Geodetic Survey (NGS), a pioneer in the matter, is in
the process of building a dynamic vertical datum for North Amer-
ica by providing a dynamic component of the geoid through the
Geoid Monitoring Service (report of NGS 2019). Together with
the realisation of the IHRS on a global scale, the implementa-
tion of the IHRS on the GNSS-CORS stations on a national or
regional scale is an important task in which the determination of
potential plays a key role. It may contribute to increase the den-
sity of reference points in the IHRF, especially over poorly covered
areas.

There are two categories that should be considered in potential
changes with time: (1) changes in potential related to Mean Sea
Level (MSL) rise and (2) changes in mass redistribution leading to
potential variations. The geoid is the equipotential surface which
best fits to Global Mean Sea Level (GMSL, Gauss 1828; Listing
1873). However, presently GMSL is rising at a rate of approximately
3.2mmyr (IPCC 2014), so the value of the gravity potential (W)
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should also change to maintain the best fit to GMSL. The variation
of gravity potential caused by sea level rise was studied by Bur3a
et al. (1997), Ardalan et al. (2002), Bur3a et al. (2007) and Dayoub
et al. (2012). Sanchez et al. (2016) recommended using a potential
value obtained for a certain epoch as the reference value W, and
monitoring the changes of the MSL, that is changes in potential
value at the sea surface Ws. When large differences appear between
W, and Ws (e.g. > 2 m?s7?), the adopted W, should be updated.
At national or regional level, Local Vertical Datum (LVD) refers to
local MSL. Analogously, the geopotential of a LVD (W5¥P) should
also change in order to accommodate the change in local MSL.
The second category is the focus of this study. Change in elevation,
for example due to land subsidence or uplift, will lead to changing
redistribution of masses within the Earth, and its gravity field will
change as well. One has to remeasure gravity to determine these
changes, but like levelling this is a costly and time consuming effort.
Therefore, an alternative method is applied in this study, which is
based on forward modelling of residual terrain effects to determine
temporal gravity variations as well as disturbing potential variations
due to observed changes in topography.

There are more than 100 LVDs in the world nowadays. The main
mission of the IHRS realisation is to integrate these existing local
height systems into the IHRS by determining for each LVD the
geopotential value (W5¥P) or potential difference (SWP = Wq—
W4YP, the IHRS vertical coordinates, Ihde et al. 2017) with respect
to the equipotential surface of the Earth’s gravity field realised by
a conventional value (Wy) (Sanchez et al. 2016). This procedure
is known as Height System Unification (HSU, Rapp & Balasub-
ramania 1992; lhde et al. 2000; Grigoriadis et al. 2014; Vergos
et al. 2018) and its products are the vertical datum parameters,
which are the potential and/or the potential differences between
local and global reference level. In Vu et al. (2020), the zero-
height geopotential value was estimated for the LVD of Vietnam
using a local gravimetric-only quasigeoid and height anomalies
derived from GNSS/levelling data. However, tilts, caused by accu-
mulated systematic levelling errors and land subsidence, are known
to have affected the GNSS/levelling data in Vietnam. The latter
effects have been partly corrected through modelling based on the
land subsidence derived from InSAR, but residual effects, due to
the inconsistency between levelling and GNSS measurements [e.g.
differences in accuracy level and tide systems (Sanchez 2012)], re-
main in the GNSS/levelling data. Based on the Geodetic Boundary
Value Problem (GBVP) approach (Hofmann-Wellenhof & Moritz
2006), the geopotential value on the surface can be directly de-
termined using the gravity data without height anomalies derived
from GNSS/levelling data. As a result, the inconsistency that ex-
isted between the levelling and GNSS measurements is completely
removed.

In this study, we first perform direct determination of the zero-
height geopotential value of the LVD on the GNSS/levelling points
using the GBVP approach to validate the proposed method as
well as to show its advantages by comparing with the results de-
rived from the GNSS/levelling data and gravimetric-only quasi-
geoid in Vu et al. (2020). Then the GBVP approach will be
used for determination of the geopotential values including vari-
ations in time on the GNSS-CORS stations. This work aims to
prepare the integration of the existing national height and grav-
ity systems of Vietnam into the IHRS/IGRS. It also contributes
to enhancing the density and distribution of reference stations in
this part of the world, where the IHRF/IGRF has few reference
stations.
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2 DETERMINATION OF THE
GEOPOTENTIAL VALUE

2.1 A review of approaches used for determination of the
geopotential value

The realisation of the IHRS, that is the determination of the geopo-
tential value of a reference point on the Earth’s surface, is studied
extensively in the geodetic literature. There are basically three dif-
ferent approaches for this realisation (Sanchez 2019). In this section,
these approaches are briefly reviewed:

(1) Using levelling and gravity reductions, the geopotential of
the point P on the surface can be determined as follows (Fig. 1):

Wp =W;VP —Cp, )

where Wp and W, VP are the geopotential values on the Earth’s
surface and the LVD, respectively, Cp is the geopotential number
which can be estimated by combining spirit levelling with gravity
measurements along the levelling line between the two benchmarks
(Hofmann-Wellenhof & Moritz 2006).

To determine Wp using eq. (1), it is necessary to know WP,
which refers to the equipotential surface of the Earth’s gravity field
realised by a conventional value (W) and can be determined using
GNSS/levelling data as follows (Tocho & Vergos 2016; Vergos et al.
2018):

m

WOLVD — W0 _ i=rf;'I C' — Wg —5W LVD (2)
where C; isthe geopotential number of the GNSS/levelling points,
relative to the Wy, and m is the number of the GNSS/levelling points.

C; is given hy the differences between height anomalies from
GNSS/levelling measurements and those derived from quasigeoid,
and the mean normal gravity value.
The accuracy of this approach depends on the quality of the lev-
elling data (Sanchez 2012; Sanchez 2019). Additionally, it cannot
determine the variation in geopotential because continuous level-
ling measurements to determine the variation in levelling height
are unavailable. It is well known that levelling contains distortions
caused by vertical crustal movement, and systematic cumulative er-
rors when levelling over long distances (Entin 1959; Vanicek et al.
1980). Moreover, to determine the geopotential of the point P on
the Earth’s surface (Wp) using eq. (1), the potential difference (Cp)
determined using levelling data is once again affected by the er-
rors of these levelling data. Therefore, this approach is unsuitable
for the precise determination of geopotential on the surface, that is
the realisation of the IHRS. It is suitable to determine the differ-
ence (W VD) as well as the zero-height geopotential value of LVD
(WEVP) to integrate existing local height systems into the IHRS.

(2) The availability of high-resolution Global Gravity field Mod-
els (GGMs), such as EGM2008 (Pavlis et al. 2012) or EIGEN-6C4
(Forste et al. 2014), which makes it possible to directly compute the
geopotential of the ITRF coordinates X of any point via the spher-
ical harmonic expansion equation (Hofmann-Wellenhof & Moritz
2006). However, biases in the LVDs lead to biases in the grav-
ity data that were used in computing the GGMs For this reason,
GGMs cannot be used to directly compute the geopotential value.
More specifically, according to Rummel et al. (2014) these mod-
els have the expected mean accuracy of about 0.4 to 0.6 m? s?
(equivalent to +4 to 6 cm) in well-surveyed regions, and about
+2 to +4 m?s? (%20 to 40 cm) with extreme cases of +10 m? s
(1 m) in sparsely surveyed regions. Vietnam is a representative of
the sparsely surveyed regions, where fill-in data were used, and the

estimated accuracy of EGM2008 and EIGEN-6C4 is 19 and 29 cm
in standard deviation (STD) when compared to the GNSS/levelling
data, respectively (Vu et al. 2019). These accuracies are insufficient
to estimate the geopotential value in Vietnam.

(3) Directly determine the potential value using the normal po-
tential (Up) and the disturbing potential (Tp) as follows (Hofmann-
Wellenhof & Moritz 2006):

Wp =Up + Tp. (3)

The normal potential is computed with the reference level el-
lipsoid (Hofmann-Wellenhof & Moritz 2006), and the disturbing
potential is determined based on the GBVP approach using the
gravity data. In this approach, the core is to determine the disturb-
ing potential value by the GBVP approach applying the Remove-
Compute-Restore (RCR) technique (Sanso & Sideris 2013; Barza-
ghi 2016), which will be described in Section 2.2. Thanks to the
Gravity field and steady-state Ocean Circulation Explorer (GOCE)
mission (Drinkwater et al. 2003), global geoids with an accuracy
of 1-2 cm and gravity field models with an accuracy of 1 mGal
at a spatial resolution of approximately 100 km are available to
compute potential values. In this study, terrestrial gravity data are
used to reduce the omission error of the GOCE model by increasing
its resolution. Using the modern theory of Molodensky (Moloden-
sky et al. 1962) in the GBVP approach, the determination of W5 is
straightforward on the Earth’s surface, and is unaffected by levelling
errors or inconsistency between levelling and GNSS measurements.
Additionally, from the potential values (Wp) on the reference points
we can determine the zero-height geopotential value of LVD (WE'P)
based on the physical height of these reference points.

From the geopotential values on the surface (W;) of each point
i, the zero-height geopotential value for the LVD on this point
(WgVP); can be determined based on physical height (H; ) as fol-
lows:

WOLVD = Wi + Hi \7i, (4)

where y is the mean normal gravity value along the plumb line
from the reference ellipsoid to the telluroid (Hofmann-Wellenhof
& Moritz 2006, egs 4-60), and H is the normal height. For each
GNSS/levelling point we calculate a geopotential value, and the
mean zero-height geopotential value for the LVD is obtained by:
wo _ s Wi+ H Vi

WevP = - , (®)
where m is the number of the GNSS/levelling points. The zero-
height gravity potential value is calculated from the physical heights,
but not the height anomalies. This is advantageous since only the
normal heights (H ) are taken into account, thereby avoiding any er-
rors due to inconsistency in the difference between GNSS ellipsoidal
height (h), physical height derived from levelling and quasigeoid
height (). Moreover, this approach is impervious to the effects
of land subsidence which occurred during the temporal separation
between GNSS and levelling measurement.

2.2 Determination of the disturbing potential based on
the GBVP approach

As described in Section 2.1, in the GBVP approach, the disturbing
potential needs to be estimated. The spherical approximation of the
fundamental boundary condition is as follows (Hofmann-Wellenhof
& Moritz 2006):

2
4+ ST+ g=0 6
ST rRTH 0=0, ©)
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Figure 1. Relation between global and local gravity potential.

where r is the radius vector; R is the reference radius. Stokes’
formula is used to determine the disturbing potential from gravity
data:

T=66M+£

=+ 9SW)do ™

where S() is the Stokes function. 6 M is the difference between the
mass of the Earth and that of the ellipsoid.

The Free-air terrestrial gravity anomalies are derived from mea-
sured gravity (g) and normal gravity (y). The Free-air reduction in
spherical approximation is calculated from the normal height (for
the purpose of gravity reduction from the surface to the quasigeoid)
according to Hofmann-Wellenhof & Moritz (2006) as follows:

_ ay _ 2y C _ 2C
9=9—g5H —v=9+- goYTerT v ®)
The normal height (H ) is biased due to datum offset (3H )

between LVD and the global equipotential surface, so the gravity
anomalies will also be biased by:

vi LVD LVD
gb:ﬂaH :_Zléw_ :_26W
oH r y r
= 0.30860H . 9)
So, it should also be pointed out that
20W LVD
g°= g— ¢°= g+———= g—030863H (10)

.
is the unbiased (ub) gravity anomaly after correction for the datum
offset.
Insertion of (10) into (7) gives:
_ d(GM) . R

R 4n 5

T ( g—0.30865H )S (y)do. (11)

Setting To = 2C™ s called the zero-degree term of the dis-
turbing potential (Hofmann-Wellenhof & Moritz 2006), T Stokes =
R gS(W)do,andTind = & 2W2 gy)dg is called the

mn o o

indirect bias term on the disturbing potential (hereinafter referred to
as indirect potential bias term), which is affected by the offset from
local (WgVP) to global datum (Wo). Eq. (11) can now be expressed
as follows:

T= TO + TStOkeS + Tind' (12)

The datum offset dH is unknown prior to height unification and
only the biased anomalies g can be used to determine disturbing
potential from terrestrial gravity data. So we cannot calculate T,
Amos & Featherstone (2009) have solved this issue by determining
and correcting datum offsets for different local datums in New
Zealand in an iterative manner. In this study, the effect of the indirect
potential bias term will be assessed for Vietnam and its surrounding
areas through simulation, presented in Section 4.

The RCR technique is used to calculate TS©kes, It is realised by
summation of three terms:

TS = Toom + Trrm + Tres, (13)

where Tggwm is computed usinga GGM, Trrw expresses the Residual
Terrain Model (RTM) effect (Forsberg 1984) and T, is computed
from residual gravity anomalies using the Stokes’ integral eq. (7).
The residual gravity anomalies for determining T,,s are computed
as follows:

Ores = 9— Jeom —  OrTM, (14)

where g is the Free-air gravity anomaly, gcem is the gravity
anomaly computed with a GGM and  grrwm IS the RTM effect on
the gravity anomaly. Stokes’ formula requires that gravity data are
used over the whole Earth. However, in the RCR technique, Stokes’
integral is evaluated using regional gravity data over a spherical cap
of limited radius around the computation point and a selected GGM
is used for the outer zones. This causes truncation errors. Therefore,
when computing the residual disturbing potential obtained from
Stokes’ integral the Stokes kernel should be modified to reduce
these truncation errors (Molodensky et al. 1962; Witte 1967; Wong
& Gore 1969; Meissl 1971; Heck 1987; Vanicek & Sjoberg 1991;
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Featherstone et al. 1998). According to Wong & Gore (1969) the
modified Stokes kernel should not contain degrees lower than N (N
is usually chosen smaller than Nmax of the GGM used in the removal
procedure) by removing of the low-degree Legendre polynomials:

S (p) = S () — SN (W). (15)

A smoother Wong-Gore (WG) modification is commonly used
by completely removing low harmonics up to degree N, that is
the influence of the long wavelengths in the local data is elimi-
nated, and then linearly tapered to N,. We have developed a code
for computation of the disturbing potential by means of Stokes’
integration using the WG maodification of the Stokes’ kernel func-
tion using Free-air gravity anomaly data on the surface according
to Molodensky’s theory.

3 DATA FOR THE DETERMINATION OF
POTENTIAL VALUES

3.1 Grid of residual gravity anomalies

In Vu et al. (2019), a 5 x 5 grid of residual gravity anomalies
was computed for Vietnam and its surrounding areas to estimate
the gravimetric quasigeoid over this region based on new terrestrial
gravity data. A set of 29 121 land gravity measurements provided by
the Institute of Geophysics (IGP)-Vietnam Academy of Science and
Technology (VAST), the Vietnam Institute of Geodesy and Cartog-
raphy (VIGAC) and the Bureau Gravimétrique International (BGl;
Bonvalot 2020), was used in combination with fill-in data where no
gravity data existed, for example mountainous or coastal areas. A
mixed model [GOCE DIR5 (Bruinsma et al. 2014) plus EGM2008
(Pavlis et al. 2012)], called the mixed DIR/EGM model, up to de-
gree/order 2159, plus Residual Terrain Model (RTM) effects, and
gravity field derived from altimetry satellites, were used to pro-
vide the fill-in information over land and marine areas, respectively.
The mixed model up to degree/order 719 was also used for the re-
moval of the long and medium wavelengths in the RCR procedure,
whereas the short ones were removed using the RTM effects. The
90-m resolution SRTM3arc_v4.1 (Farr et al. 2007) was used as the
detailed Digital Terrain Model (DTM) over land areas in comput-
ing the RTM effects, while the 15 resolution Digital Bathymetry
Model (DBM) SRTM15arc_plus (Becker et al. 2009) was used
over sea, together called the mixed SRTM model (see Vu et al.
2021, for details). After the remove procedure, the residual height
anomalies were interpolated to grid nodes using GRAVSOFT GE-
OGRID (Forsherg & Tscherning 2008) based on the Least-Squares
Collocation (LSC) method. In order to avoid step-like discontinu-
ities when merging the fill-in and measurement grids, a transition
procedure was applied (see Vu et al. 2019; Vu 2020, for details).
Fig. 2(a) shows the merged gravity grid which was used in this
study for the computation of the residual disturbing potential on
the Earth’s surface. Similar to Vu et al. (2019), both mixed mod-
els, DIR/EGM and SRTM, are used in the RCR procedure in this
study.

3.2 GNSS/levelling data

From 2001 to 2003, the Vietnam national levelling network was
remeasured, and then it was readjusted in 2007 using the local
MSL over 1950 to 2005 at the Hon Dau tide gauge station (Pham
2009). From 2009 to 2010, the Vietnam Department of Survey-
ing and Mapping (VDSM) carried out GNSS observations on the

levelling points. The GNSS baselines were observed using dual-
frequency instruments in static mode with a minimum measure-
ment time of 6 hr per session. The GNSS data were processed
with the Bernese software to obtain WGS84 ellipsoidal heights.
A total of 812 GNSS/levelling observations was produced in that
study. The GNSS/levelling data include horizontal coordinates
(latitude, longitude) and the computed height anomalies. Of the
812 GNSS/levelling points, 428 points are first- and second-order,
and 384 points are third-order of the national levelling networks.
First-, secongr and third-order, Jevelling in Vietnam allows mis-
closure of 5 k, 12 k and 25 k mm over a distance of k (km),
respectively. Normal height is currently used in the national height
system of Vietnam. In Vu et al. (2020), assuming a normal dis-
tribution of the residuals, 33 observations were rejected. The
779 good quality points, which are relatively well distributed
over the entire country as shown in Fig. 2(b), are used in this
study.

4 EFFECTS OF INDIRECT POTENTIAL
BIAS AND OMISSION ERROR

Several recent studies have been done on the effects of indirect
potential bias on the HSU for different regions in the world, for
example in Europe (Gerlach & Rummel 2013) and North America
(Amjadiparvar et al. 2016). Its effect on the estimated disturb-
ing potential for Vietnam is also determined. In Vu et al. (2020),
the datum offset (6H ) was estimated at about 69 cm with the
global equipotential surface realised by the conventional value
W, = 62636853.4 m?s2. We used this offset value in a simu-
lation, in which terrestrial gravity anomalies are biased according
to: ¢ = 0.3086 0H = 0.2 (mGal). The simulation data are
made as follows: the gridpoints derived from the land gravity points
(red dots on Fig. 2a) are set to 0.2 (mGal), while the remaining
gridpoints (fill-in and tapered grids) are set to 0 (mGal). Here, we
assume that the fill-in gridpoints derived from a global model do
not have a datum offset. It should be noted that the red dots lying on
the surrounding areas, that is Thailand, China, Laos and Cambodia
(Fig. 2a) are also set to 0. First, the indirect potential bias term is
computed using the Stokes integral (eq. 7) with the original Stokes
kernel. The results are shown in Fig. 3(a) and listed in Table 1.
The effect computed using the original Stokes kernel is significant
and ranges from 0 to 0.386 m? s~2. Secondly, the indirect potential
bias term is computed with different modified-degree kernels. The
results are listed in Table 1 and shown for two cases in Figs 3(b)
and (c). The effect decreases for higher degrees of truncation. The
indirect potential bias term is on average less than 0.1 m? s (equiv-
alent to 1 cm) for all truncation degrees higher than 60. Therefore,
with the aim of determining the height reference system with cm
level accuracy, the indirect potential bias term value can be safely
neglected if the GGM is used in the computation of the disturbing
potential to degree higher than 60. According to the study done by
Gerlach & Rummel (2013) for Europe, this value is smaller than
1 cm when a GGM s used in the RCR technique and the residual
geoid undulation is computed using a modified Stokes kernel with
degree of GGM n > 200. Similarly for North America, Amjadi-
parvar et al. (2016) recommended using n > 180. The degree of
truncation in this study can be smaller because the offset value of
our study region is smaller, for example for Alaska it is 148 cm,
for Belgium 232 cm, while for Vietnam it is 69 cm. Furthermore,
here we use the smoother WG modification for the Stokes’ kernel
(Amjadiparvar et al. 2016).
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Figure 2. (a) Data sources of the gravity grid and (b) GNSS/levelling data: yellow inverted triangles are first- and second-order levelling benchmarks, purple

dots denote third-order ones whereas red triangles are the GNSS-CORS stations.

A GOCE GGM is used for the computation of the geopoten-
tial values, and its omission error is estimated here. Degree/Order
(D/0O) 260 of GOCE DIR-R5 (Bruinsma et al. 2014) was found to
be optimum for this study region (Vu et al. 2019), so we estimate
the omission error of the model for that D/O. It is evaluated on
779 GNSS/levelling points, for GOCE DIR-R5 at D/O 260, and af-
ter extending with EGM2008 from D/O 261-2190, as well as for the
gravimetric-only quasigeoid GEOID_LSC (Vu et al. 2019). Table 2
shows the gravity potential offset value for the LVD with respect
to Wy = 62636853.4 m?s? calculated on 779 GNSS/levelling
points (see Vu et al. (2020) for details). The potential offset
value computed with mixed DIR/EGM up to its full resolution is
6.64 m?s7? and that computed with GEOID_LSC is 6.68 m?s2,
while the GOCE DIR-R5 only and mixed DIR/EGM up to D/O

719 yield 6.12 and 6.45 m?s?, respectively. Thus, the effect of
the GOCE GGM omission error on the offset value is estimated at
0.5 m? s (equivalent to 5 cm) and that of the mixed DIR/EGM to
D/O 719 to about 0.2 m? s2 (equivalent to 2 cm). These results in-
dicate that the contributions of the smaller scales of the gravity field
are important when evaluating the potential as well as the datum
offset. The offset values computed with DIR/EGM at full resolution
and the GEOID_LSC model are very close. This does not neces-
sarily mean that omission errors of both models are equal over the
entire country. It may be due to the locations of the GNSS/levelling
points, most of which are in lowland areas where the effect of omis-
sion error is smaller when compared to mountainous areas (Hirt
et al. 2010). To clarify this issue for the study region, we have done
tests using different subsets of the GNSS/levelling points according
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