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ABSTRACT

We construct the 2021 gravimetric and hybrid geoid models that cover the is-
land of Taiwan and the offshore islands of Kinmen, Matzu, Penghu, Liuqiu, Lyudao,
and Lanyu, where new gravity data and observed geoidal heights are available. The
mean sea levels around Matzu, Penghu, and Lanyu are re-defined by better tidal re-
cords, resulting in new gravity anomalies. The gravity measurements from airborne,
shipborne, and terrestrial gravimeters and from altimeters are combined to form a
30” x 30” grid of free-air gravity anomalies. The terrain corrections are computed
using updated land DEMs and ocean depths and then used to generate Faye gravity
anomalies. A gravimetric geoid is created by the remove-compute-restore technique
using the 1-D FFT implementation of Stokes’ integration with a modified kernel. A
hybrid geoid is then created using the gravimetric geoid and the observed geoidal
heights. The means and the standard deviations of the differences between the model
geoidal heights from the gravimetric geoid and from the observations are up to few
dm and to less than 10 cm, and are reduced to few cm and 0 — 6 cm respectively
when the model values are from the hybrid geoid. The hybrid geoid in the Taiwan
Strait is assessed against the sea surface heights from the DTU18 mean sea surface
model and the TOPEX-Jason series of altimeters. The hybrid geoid is one essential
surface in a seamless vertical datum around Taiwan that define land elevations and
ocean depths in a unified way. We discuss the potential application of the hybrid
geoid to orthometric heighting in the TWVD2001 system in offshore wind farms in
the Taiwan Strait.

1. INTRODUCTION

A geoid model is one of the most important infra-
structures in modern geodetic surveys. It is needed for
converting GNSS-derived ellipsoidal heights to orthomet-
ric heights. This modern method of orthometric heighting
can reduce the cost of mapping projects and contribute to
economic development. Many countries have invested sig-
nificant resources on constructing high-precision and high-
resolution geoid models. For instance, in the United States,
the National Geodetic Survey (NGS) has released several
gravimetric-only geoid and hybrid geoid models since 1990

(https://geodesy .noaa.gov/GEOID/). Recent US gravimet-
ric-only geoid models have been enhanced by new gravity
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data from the Grav-D program over 2008 — 2022. The latest
gravimetric-only geoid model (USGG2012) was released in
2012, while the latest hybrid geoid model (GEOID18) was
released in 2018 (https://geodesy.noaa.gov/GEOID/models.
shtml). In 2014, Taiwan released a geoid model (Hwang et
al. 2020), which was derived from many gravimetric datas-
ets, including those from terrestrial, airborne, shipborne and
satellite altimetry measurements. Many scholars and institu-
tions around the world have been developing geoid models.
For example, the Chinese Academy of Surveying and Map-
ping has released various geoid models for defining normal
heights in China. In one study, Li et al. (2015) determined
a quasi-geoid model for the mainland China and its vicin-
ity areas based on the Molodensky theory. Huang and Vé-
ronneau (2013) developed the 2013 Canadian Gravimetric
Geoid (CGG2013), which is expected to be updated in 2024
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(https://reurl.cc/3NQE19). Miyahara et al. (2014) presented
the latest geoid model for Japan, GSIGE2011. Gatchalian

et al. (2016) upgraded the Philippine Geoid Model 2014
(PGM2014) to PGM2016 using re-processed and densi-
fied land gravity data. Saadat et al. (2018) and Ramouz et
al. (2019) separately determined a regional geoid model of
Iran (IRG2016; IRG2018) based on radial basis functions
and the least squares collocation method. Featherstone et al.
(2018) have been continuously improving the geoid model
for Australia, with the latest geoid model being released
in 2018 and it contains the error estimates for the geoidal
heights in the model. Yildiz et al. (2021) released a hybrid
geoid model for Turkey, called Turkish Geoid Model-2020
(TG-20), computed by using a modified Stokes’ kernel with
an additive correction method. Isik et al. (2021) published
the latest geoid model for the US state of Colorado using
a least-squares modification of Stokes’ and Hotine inte-
gral formulations. Furthermore, there have been a number
of geoid projects in the EU (Denker et al. 2009), Africa,
Southeast Asia, and South America (see http://www.isge-
oid.polimi.it).

A land vertical datum is the zero surface from which
an elevation (typically orthometric height) is defined. On
the main island of Taiwan, the zero surface for land corre-
sponds to a vertical datum called TWVD2001 (Yang et al.
2003) and is at the mean sea level of Keelung in northern
Taiwan based on 50 years of tide gauge records. In 2014 and
for height modernization, the surface of TWVD2001 was
released and specifically defined by a hybrid geoid on a 30”
x 307 grid containing gridded geoidal (ellipsoidal) heights
of the hybrid geoid covering only for the island of Taiwan
(Hwang et al. 2020). On the offshore islands of Taiwan and
mainland China, the earlier zero surfaces (before 2010) were
the mean sea levels defined by short (few years) tide gauge
records at the key tide gauge stations of these islands, but
were updated in the 2010s using longer and better tidal re-
cords. On the other hand, the zero surface for ocean depths
is normally a surface defined by the lowest astronomical
tide (LAT), which is used and needed for marine navigation
safety. The difference between the zero surfaces for land
elevations and ocean depths poses a significant challenge
for managing marine resources. As such, a seamless vertical
datum has been proposed for managing spatial information
over a region covering both land and seas (Zhao et al. 2006;
Ziebart et al. 2007; Slobbe et al. 2014). A seamless vertical
datum consists of a set of models for the geoid, the LAT
surface, the mean sea surface (MSS) and many other needed
surfaces around a given region (see also section 5). In prac-
tice, all such models contain ellipsoidal heights on a regular
grid with the same ellipsoidal parameters (semi-major axis
and flattening). If the ellipsoidal height of an object is mea-
sured (typically by GNSS), the object’s vertical distance to
any of the surfaces in the seamless vertical datum can be
determined. Obtaining the vertical distance of the object to

a new surface requires only the difference between the el-
lipsoidal heights of the original surface and the new surface
at the position of the object.

In view of the unique role of a geoid model in a seam-
less vertical datum for Taiwan, and the newly collected
gravity data on some of the offshore islands of Taiwan and
mainland China, the objective of this study is to (1) update
the geoid model on the island of Taiwan, and (2) extend the
geoid model to the Taiwan Strait and offshore islands. The
offshore islands in this paper include Kinmen, Matzu, Pen-
ghu, Liuqiu, Lyudao, and Lanyu (from west to east), where
we have collected new GNSS/leveling data to validate our
new gravimetric and hybrid geoid models. We will also use
ocean depths and land elevations around Taiwan and the
offshore islands to compute the terrain corrections needed
for Faye gravity anomalies. All the GNSS/leveling data are
used to construct a hybrid geoid that covers the listed is-
lands and the Taiwan Strait. The role of the 2021 hybrid
geoid model in a future seamless vertical datum of Taiwan
will be discussed, with a special emphasis on orthometric
height determination in offshore wind farms.

2.DATA
2.1 New Gravity Anomalies for Offshore Islands

The current official gravimetric and hybrid geoid mod-
els of Taiwan were released in 2014. The two models have
been used for height modernization, cross-island height da-
tum connection and LiDAR mapping of orthometric heights
(Hwang et al. 2020). The two models cover the island of
Taiwan and were computed using land-based and airborne
gravity observations on the island of Taiwan, which are used
for the new geoid models presented in this paper. In order
to extend the coverage of the geoid to Kinmen and Matzu
(offshore mainland China), Penghu (in the Taiwan Strait),
Liuqiu (offshore Taiwan), and Lyudao and Lanyu (in the
Pacific Ocean east of Taiwan), we obtained gravity data
over these offshore islands. Figure 1 shows the distributions
of the gravity sites where relative gravity measurements
were collected. These gravity sites are on the first-order and
second-order leveling benchmarks (Table 1). Except Liu-
giu, an absolute gravity site was established for each of the
islands. For each island, the relative gravity measurements
were adjusted using the program “gravnet” (Hwang and
Hsiao 2003) by holding fixed the gravity value at the ab-
solute gravity site. Table 1 shows the information about the
point gravity measurements at the offshore islands.

In 2019, the height datums of Penghu, Lanyu, and Mat-
zu defined in 2004 were changed to new datums based on
newly defined local mean sea levels. The gravity anomalies
collected before 2004 were corrected for the changes in the
height datums as follows. At a given gravity site (bench-
mark), the relation between the gravity anomalies deter-
mined under the 2004 and 2019 height datums is
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Fig. 1. Distribution of point gravity anomalies on (a) Kinmen, (b) Lanyu, (c¢) Penghu, (d) Liuqiu, (¢) Lyudao, and (f) Matzu.

Table 1. Numbers of benchmarks (gravity points) and standard errors of gravity values at offshore islands.

Island Kinmen Lanyu Penghu Liuqiu Lyudao Matzu
Absolute gravity 1 1 1 0 1 1
First-order benchmarks 9 3 14 10 1 6
Second-order benchmarks 79 31 98 0 14 32
Total 89 35 113 10 16 39
Mean standard error of gravity value (mgal) 0.022 0.138 0.028 0.043 0.051 0.053
Max standard error (mgal) 0.028 0.182 0.041 0.094 0.075 0.078
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AgFAzow = AgFA2004 +0.3086 X (H e,y - Ho1) (D

where gr004 and gra2010 are the gravity anomalies in the 2004
and 2019 height datums, respectively and H,,,, is the new or-
thometric height (under the 2019 height datum), and H,, is
the old orthometric height (under the 2004 height datum).
Table 2 shows the changes in gravity anomalies (a constant
for each island) due to the changes in height datums.

2.2 Gravity Anomalies in Offshore Waters

The marine gravity anomalies for our geoid model-
ling are from the latest global gravity grid of Sandwell et
al. (2021), constructed from the sea surface height measure-
ments of the Geosat, ERS-1, Jason-1, Jason-2, Cryosat-2,
and ALtiKa altimeters (Fig. 2a). We compared the altim-
eter-derived gravity anomalies (Sandwell et al. 2021) with
the gravity anomalies from shipborne gravity surveys made
between 2006 and 2011 (Hwang et al. 2014). Figure 2b
shows the differences between the gravity anomalies from
Sandwell et al. (2021) and those from shipborne measure-
ments around the coast of Taiwan. The root-mean-squared
difference is 3.58 mgal. In addition to the land and altimeter-
derived gravity anomalies, we also used gravity anomalies
from three airborne surveys in Taiwan (Hwang et al. 2020).
Figure 2c shows the gridded gravity anomalies from all
possible gravity data sources, which were used for the FFT
computation of the new geoid models in this paper (section
3). The gravity field in Fig. 2c is largely correlated with the
terrains of land and the ocean topography (see section 2.3).

2.3 Digital Elevation Model and Depth Model

A digital elevation model (DEM) is needed for com-
puting terrain corrections in this paper (see section 3). This
paper uses the same DEM as that used for the island of Tai-
wan (Hsiao and Hwang 2010; Hwang et al. 2020) and adds
DEMs for the offshore islands as follows.

(1) The DEMs for the five offshore islands (Figs. 3a - e) are
from a new release of DEMs for these islands with up-
dated heights in response to the vertical datum changes
in Penghu and Lanyu (Table 2). These offshore island
DEMs were constructed from data based on several

years of photogrammetric surveys. The original DEM
database was in the .tif image format, which was con-
verted to the .txt format using QGIS. Their spatial reso-
lution is 20 m.

(2) The DEM for Matzu is from the satellite mission Tan-
DEM-X, which has a spatial resolution of 50 m (Fig. 3f;
Martone et al. 2016, 2018). There is no photogramme-
try-based DEM for Matzu.

Our terrain correction computation also requires ocean
depths. In this paper, the needed ocean depths are from the
Ocean Data Bank, Ministry of Science and Technology,
Taiwan and the depths are given on a 500-m grid. Figure 4
shows the land topography and ocean topography from these
elevation and depth data around Taiwan. The terrains over
Penghu and Matzu are smooth with the largest elevations
below 100 m. The terrain over Kinmen is somewhat rugged
in a small part of this island. The terrains of Liuqiu, Lanyu,
and Lyudao are typical of a volcanic island and can result
in rapid geoidal variations over a short distance. The RMS
differences between the elevations from leveling and from
the DEMs at the offshore islands (except Matzu) range from
0.473 to 0.862 m.

2.4 Observed Geoidal Heights at Leveling Benchmarks

An observed geoidal height at a leveling benchmark is
the difference between a GNSS-derived ellipsoidal height
and the orthometric height defined in a local vertical datum.
Geoidal heights can be used to assess the accuracy of a ge-
oid model and can be used to create a hybrid geoid model
from a gravimetric geoid model. On the island of Taiwan,
we used the same observed geoidal heights as those used
in the 2014 geoid models (Hwang et al. 2020). On the off-
shore islands, we obtained new observed geoidal heights by
differencing the ellipsoidal heights and orthometric heights
at the first and second-order benchmarks (see Table 1). As
stated in section 2.21, the orthometric height at a benchmark
in an offshore island is the vertical distance from the bench-
mark to the zero surface defined by the island’s mean sea
level. As shown in Table 2, in 2019 the islands of Matzu,
Penghu, and Lanyu underwent a vertical datum change.
When determining the observed geoidal heights, we have
considered such datum changes for these three islands.

In Taiwan, the first-order leveling requires a 2.5 mm

Table 2. The orthometric heights of the benchmarks near the main tide gauges that define the 2004 and 2019 height datums and the resulting

changes in gravity anomalies at Lanyu, Penghu, and Matzu.

Area Benchmark Orthometric heights in 2004 Orthometric heights in 2019 Height change (m) Gravity anomaly change
(m) (m) (mgal)
Lanyu TG75-1 2.29628 2.80728 0511 0.157
Penghu TG73 1.83852 2.24652 0.408 0.126
Matzu (Nangan) TG71-1 2.44951 3.32651 0.877 0.271
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Fig. 2. (a) Marine gravity anomalies from Sandwell et al. (2021) and point gravity data on Taiwan. (b) The differences between the gravity anomalies
of Sandwell et al. (2021) and those from shipborne measurements. (c) The 30” x 30” gridded anomalies from all gravity data.
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Fig. 3. Elevations over five offshore islands from a 20-m DEM model of Taiwan. For Matzu, the elevations are from a 50-m TanDEM-X global
DEM. The islands are (a) Kinmen, (b) Lanyu, (c) Penghu, (d) Liuqiu, (¢) Lyudao 20-m DTM for land, and (f) Matzu.
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Fig. 4. Land and ocean topography around Taiwan for the computation of terrain corrections.

vk misclosure for a double-run leveling session, where k
is the distance (in km) between two neighbouring bench-
marks. The leveling of the offshore islands in this paper
was carried out using a Dini 12 precision electronic level.
The differential heights from the precision leveling were
corrected for the effect of orthometric correction and then
adjusted by holding fixed the height at a benchmark near
the tide gauge that defines the local mean sea level. As such,
the typical standard error of an orthometric height is few
mm. In addition, the session lengths for the GNSS data vary
from one station to another. A typical formal error in the
ellipsoidal heights is about one cm or less. Figure 5 shows
the observed geoidal heights over Taiwan and the offshore
islands. The observed geoidal heights over the high moun-
tain region of Taiwan (Fig. 5) are distributed only along the
major cross-island roads, but they provide a crucial contri-
bution to the geoid accuracy assessment and the creation of
the hybrid geoid.

3. METHOD AND STEPS FOR CONSTRUCTING
THE 2021 GRAVIMETRIC AND HYBRID GEOID

The method for constructing the gravimetric and hy-
brid geoid is the method that was presented in Hwang et
al. (2020). The method is based on Helmert’s condensation
theory and uses the procedure of remove-compute-restore
(RCR). A summary of the computational steps and related
formulae are given below.

Step 1: Compute the terrain corrections for the gridded free-
air anomalies (Fig. 2c)

e GpRaﬁ(H']ﬂ i

@

3

where H’, H are the elevations at the computational point
and at the contributing point (both from the DEMs in sec-
tion 2.3, including depths), [, is the horizontal distance be-
tween the points with H” and H, G is the gravitational con-
stant, o is rock bulk density (2.67 g cm™), dp is differential
spherical surface area and R is the mean earth radius (about
6371 km).

Step 2: Compute the residual gravity anomaly

dAgFA = Ag - Agref 3)

where Ag is full gravity anomaly and given in Fig. 2c, and
Ag, is the gravity anomaly from the EGM2008 model to

harmonic degree 2160 (Pavlis et al. 2012).
Step 3: Compute the residual Faye gravity anomaly

dAgFaye = dAgFA + TC (4)
Step 4: Compute the residual height anomaly
Cres - 471”}/ ff dAgFayeSM(l//)do-

&)

RAGAA

any iy PV ZFASu (W)} {dAgry.cos 1]

=

where ¥ is the spherical distance ¢ is latitude, S, is the
modified Stokes’ kernel (Wong and Gore 1969), with M =
180 and F, and F," are the direct and inverse one-dimen-
sional fast Fourier transform each operating over a latitudi-
nal band. We have experimented with different M values for
Sy in Eq. (5). The use of M = 180 leads to the best agreement
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Fig. 5. The observed geoidal heights over Taiwan and offshore islands for geoid accuracy assessment (using part of them) and for creating the hybrid

geoid.

between the modelled gravimetric geoidal heights and the

observed geoidal heights (section 4; Table 3 and Fig. 5).

Step 5: Compute the quasi-geoidal heights corrected for the
indirect effect

C = gl‘e/' + {rm + 6{[ndi;~ (6)

where (., is height anomaly from the EGM2008 model to
degree 2160 and the last term is the indirect effect, which is
a function of the elevation (H) and normal gravity .

Step 6: Compute the gravimetric geoidal heights on a 30”

x 30” grid
A
Ngeoidzé/' )%BH (7)

where Agj is the Bouguer anomaly.
Step 7: Use the observed geoidal heights to construct a hy-
brid geoid

In this step, the differences between the observed geoidal
heights (Fig. 5) and the gravimetric geoidal heights at the
leveling benchmarks are first computed. Then, the differ-
ences are interpolated onto a 30” x 30” grid using the “sur-
face” command of GMT (Wessel et al. 2019) with a tension
factor of 0.25. This difference grid is added to the gravimet-
ric geoid grid to form the hybrid geoid grid.

Figure 6a shows the gravimetric geoid created in Step
6 and Fig. 6b shows the hybrid geoid created in Step 7. Both
models cover 118 — 125°E and 21 — 27°N and are on a 30 x
30” grid. On a visual inspection, the two models are similar
in pattern and magnitude. However, the two models can dif-

fer by few dm in several parts of Taiwan due to the use of
the reference geoidal surface (EGM2008), varying gravity
data densities and a number of other reasons. Section 4 will
show a quality assessment of these two geoid models, and a
comparison between the geoidal heights and selected altim-
eter-derived mean sea surface heights in the Taiwan Strait.

4. ASSESSING THE QUALITY OF THE GEOID
MODELS

4.1 Assessment on Land

For the assessments of the two geoid models on the is-
land of Taiwan, we used the observed geoidal heights along
14 leveling routes (Fig. 7). The expected accuracies of these
observed geoidal heights are at the cm level because the ses-
sions of the related GNSS observations are 12 to 24 hours
(Hwang et al. 2020). On the six offshore islands, we inspect-
ed the documents of GNSS measurements and leveling data
to choose the best observed geoidal heights for the assess-
ment. The numbers of the chosen observed geoidal heights
are as follows (Fig. 7): 7 for Kinmen, 3 for Lanyu, 12 for
Penghu, 3 for Liugqiu, 3 for Lyudao, and 4 for Matzu. First,
the difference between the observed (N™%) and the mod-
eled (N7"*") geoidal height at the ith leveling benchmark is:

di — N,-GNSS _ N:nodel (8)

The mean, standard deviation root-mean-squared (RMS)
value of the differences for n benchmarks are:

Z:lzldi

n

X = €))
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" (d; - X)?
o= /212—1) (10)
n 2
RMSa/% (11)

The statistics of the differences between the observed
geoidal heights and the model values from the gravimetric
geoid and the hybrid geoid are shown in Table 3a (Taiwan)
and Table 3b (offshore islands) and Table 4a (Taiwan) and
Table 4b (offshore islands). Table 3a (Taiwan) shows that,
the mean differences vary from 2.92 to 28.86 cm along
the 14 leveling routes, despite just few cm of standard
deviations in the differences between the geoidal heights

from the observations and from the gravimetric model.
On the six offshore islands (Table 3b), the magnitudes of
the mean differences and standard deviations are similar
to those on Taiwan. This suggests that the gravity data
density, terrain steepness and other factors can introduce
biases in the gravimetric geoid, which cannot be directly
used for GNSS determination of orthometric heights. On
the other hand, Tables 4a and b show that the means and
the standard deviations of the differences between the ge-
oidal heights from the observations and from the hybrid
geoid are only few cm, suggesting that the blending of the
gravimetric geoid with the observed geoidal heights has
resulted in a hybrid geoid suitable for direct orthometric
heighting at the cm-level on the island of Taiwan and the
six offshore islands.

Table 3. Statistics of the differences between the geoidal heights from GNSS/leveling and from the gravimetric geoid model (unit: cm).

(a) Taiwan (b) Offshore islands
Route Minimum Maximum Mean Std.dev. RMS Island Minimum Maximum Mean Std.dev. RMS
12_Tai20 7.40 31.80 18.51 7.98 20.00 Kinmen -12.90 -6.10 -8.10 235 8.39
12_Tai3 21.30 32.30 26.56 2.99 26.71 Liuqiu 36.70 37.20 36.87 0.29 36.87
12_Tai8 4.10 25.30 16.08 6.92 17.37 Lyudao 17.10 18.50 17.93 0.74 17.94
Central -7.00 13.90 2.92 6.52 6.84 Lanyu 33.50 37.60 35.67 2.06 35.71
East 15.90 29.60 22.59 402 2291 Matzu 32.00 33.70 32.68 0.73 32.68
North 9.30 15.10 12.52 201 12.67 Penghu 23.40 29.20 26.68 1.56 26.73
South 26.40 32.20 28.86 223 28.93
24_mountain -3.30 20.40 9.65 7.68 12.09
24_Ecoast -3.30 24.10 11.25 6.74 13.06
Tail8 6.30 22.40 15.38 5.11 16.15
Tai3 18.90 28.10 24.16 2.32 24.27
Tai9 6.80 24.50 20.27 4.40 20.71
NW 0.80 19.60 13.03 425 13.68
SW 7.20 27.00 17.24 5.55 18.07
270 J 270 U 270 J
26° 26° 26°
25° 25° 25°
24° 24° 24°
23° 23° 23°
22° 22° 22°
21° 21° 21° H
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Fig. 6. (a) The new gravimetric geoid model of Taiwan and offshore southeast China, and (b) the new hybrid geoid created in this paper. (c) The

difference between hybrid geoid model and gravimetric geoid model.
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Table 4. Statistics of the differences between the geoidal heights from GNSS/leveling and from the hybrid geoid model (unit: cm).

(a) Taiwan (b) Offshore islands
Route Minimum Maximum Mean Std.dev. RMS Island Minimum Maximum Mean Std.dev. RMS
12_Tai20 -1.60 3.10 0.03 1.27 1.20 Kinmen -1.60 0.50 -0.77 0.82 1.08
12_Tai3 -2.40 1.50 -0.59 0.86 1.02 Liugiu -1.80 -0.70 -1.43 0.64 1.52
12_Tai8 -6.50 4.40 0.05 3.06 2.90 Lyudao -0.60 0.70 -0.20 0.70 0.61
Central -22.10 -0.80 -6.84 7.54 9.90 Lanyu -0.20 0.20 0.07 0.23 0.20
East -7.10 0.40 -2.05 2.13 2.88 Matzu -0.50 -0.30 -0.35 0.10 0.36
North -2.50 240 -0.48 143 143 Penghu -1.80 0.50 -0.54 0.70 0.86
South 1.10 290 2.16 0.69 2.25
24_mountain -22.40 -0.10 -4.18 6.64 7.56
24_Ecoast -4.50 3.00 -0.13 1.55 1.52
Tail8 -7.30 0.10 -2.57 1.95 3.19
Tai3 -0.70 5.30 0.79 1.21 142
Tai9 -1.50 4.90 0.74 1.58 1.70
NwW -5.40 1.90 -0.30 147 147
SW -3.40 2.10 -0.20 1.34 1.32
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4.2 Assessment the Hybrid Geoid in the Taiwan Strait

The hybrid geoid will be used for determining the or-
thometric heights of infrastructures in the Taiwan Strait un-
der the TWVD2001 system, thus its accuracy is of a great
concern for users such as builders of offshore wind farms
in the Taiwan Strait. Unlike a geoid model on land, there
are no observed geoidal heights at sea for assessing the ac-
curacy of a given geoid model. However, a Baltic Sea geoid
model (Nordman et al. 2018) has been evaluated by ship-
borne GPS measurements. In this case, the dynamic oceanic
topography (DOT) was removed from a Baltic Sea DOT
model from the ocean-tide-corrected sea surface heights
from GPS to determine geoidal heights at the Baltic Sea,
which were compared with the model geoidal heights. In the
Taiwan Strait, we carried out two assessments for the 2021
hybrid geoid as follows.

In the first assessment, we determined the differenc-
es between the ellipsoidal heights from the geoid models
and from the DTU 2018 mean sea surface model (DTU18)
(Andersen et al. 2018), as shown in Fig. 8. The differences
are mostly between 0 to 20 cm in the Taiwan Strait. Off
the coast of southeast mainland China, a region centered
at 24.8°N and 119.1°E contains relatively large differenc-
es up to 50 cm. East of Taiwan at 24°N (coastal Hualien
County), there are large negative differences (up to -20 cm).
The large positive differences east of 122°E probably re-
sult from the oceanic dynamic topography generated by the
north Pacific oceanic gyre and altimeter data errors. In a
spot off southwest Taiwan and another spot off northwest
Taiwan, there are also relatively large differences. The dif-
ferences in Fig. 8 suggest that, if the DTU18 model is to be
the starting model for a best mean sea surface model around
Taiwan, there is a need to investigate the causes of the large
difference in Fig. 8.

In the second assessment, we compared the along-track
mean sea surface heights (MSSHs) from the TOPEX-Jason
altimeters (1993 — 2020) with the geoidal heights from the
2021 gravimetric and hybrid geoid models and the geoid
models released in 2014 (Hwang et al. 2020), as shown in
Fig. 9a (the various ellipsoidal heights) and Fig. 9b (the dif-
ferences between ellipsoidal heights). Pass 164 (a descend-
ing track) crosses the Taiwan Strait from the east coast of
Fujian Province of mainland China to offshore Taichung.
Because the coastal observed geoidal heights on Taiwan and
its offshore islands were used for constructing the hybrid
geoid and because the fact that the vertical datums are the
mean sea levels at the respective main tide gauge stations
on Taiwan and offshore islands, the geoidal heights (specifi-
cally ellipsoidal heights) from the hybrid geoid should be
consistent with the mean sea surface heights around Taiwan
and the offshore islands. Figure 9a shows that, along Pass
164 the ellipsoidal height differences in all cases increase
with latitude, suggesting increasing inconsistences between

the sea surface heights from DTU18 and the model values
from the four geoid models (2021 gravimetric geoid, 2014
gravimetric geoid, 2021 hybrid geoid, and 2014 hybrid ge-
oid). The differences (blue line in Fig. 9b) between DTU18
and the 2021 hybrid geoid are the least, particularly near the
west coast of Taiwan. The comparisons in Figs. 9a and b
point out potential improvements for a global mean sea sur-
face model like DTU18, which has benefited the construc-
tions of seamless vertical datums world-wide (Andersen et
al. 2018; see also section 5).

5. THE HYBRID GEOID FOR A SEAMLESS
VERTICAL DATUM AND HEIGHTING IN
OFFSHORE WIND FARMS

The hybrid geoid developed in this paper is part of a
seamless vertical datum that provides various reference sur-
faces for elevations on land and depths at sea (Ziebart et al.
2007; Slobbe et al. 2014). Figure 10 shows the various sur-
faces that constitute such a seamless datum over land and
seas. Numerically, any surface in Fig. 10 is represented by
ellipsoidal heights at regular intervals along the latitude and
longitudinal directions. For example, the grid intervals for
the hybrid geoid in this paper are 30”. As explained in section
4.2, the hybrid geoid is also applicable to the waters in the
Taiwan Strait because it incorporates the observed geoidal
heights on the island of Taiwan and the six offshore islands.

It can be difficult to construct a numerical mean sea
surface model that provides accurate ellipsoidal heights near
coastal areas (see the mean sea level in Fig. 10). This is be-
cause the largest source of measurements for a coastal mean
surface is satellite altimeters, which normally have poor
height measurement accuracies near coasts due to wave-
form contaminations and large footprints (at few hundreds
of meters or larger) that allow only low-resolution coastal
height observations (see Fig. 9). Such poor radar altimeter
measurements are worsened by low-accuracy corrections
for the effects of ocean tides and wet tropospheric delays.

The surface of the lowest astronomical tide (LAT) in
Fig. 10 is commonly used as the chart datum, which is the
zero surface of ocean depths. A numerical chart-datum mod-
el is formed by a numerical mean sea surface model and a
numerical model of gridded lowest tides, whose accuracies
can be affected by the low-accuracy data for the model con-
structions. The depth of seafloor is the difference between
the ellipsoidal height of the chart-datum model and the el-
lipsoidal height of the seafloor; the latter can be obtained by
differencing the GNSS-determined ellipsoidal height of the
ship and the range from the ship to the seafloor. Figure 10
also shows a sample picture of a GNSS RTK base station,
where a continuous GNSS receiver is installed. The broad-
casting device at this base station sends GNSS signals to a
receiver on a ship, helping to guide the machine on the ship
to install a wind turbine. In Taiwan, the required vertical
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accuracy in the machine guidance is at the cm level in the
TWVD2001 system (Yang et al. 2003).

In Taiwan, it is required that the orthometric height of a
man-made structure such as the RTK base station in Fig. 10
over the waters around Taiwan is based on the same vertical
datum as that used on land, i.e., TWVD2001. If a target at
sea is visible from a leveling benchmark, its TWVD2001-
based orthometric height can be measured by trigonometric
leveling from this benchmark, but the error of this height
can easily exceed 10 cm. If a target is not visible from land,
its TWVD2001-based orthometric height can be obtained
by subtracting the geoidal height (from the hybrid geoid)
from a GNSS-measured ellipsoidal height. If both the accu-
racies of the geoidal height and the GNSS-measured ellip-
soidal heights are at the cm level, the resulting orthometric
height will have a cm-level accuracy.

In Taiwan, wind is an emerging source of green energy.
In 2020, the power generated by wind is 2289.3 Giga-watt-
hour (GWh; https://en.wikipedia.org/wiki/Wind_power
in Taiwan). Figure 11a shows the wind farms under con-
struction and under plan, and four GNSS RTK stations in
offshore Taiwan and in the Taiwan Strait. Figure 11b shows
some of the installed wind turbines off the coast of Hsinchu
County and Miaoli County. The horizontal and vertical co-
ordinates of all wind turbines, RTK base stations and future
man-made structures related to the wind farms in Fig. 11

should be given in the horizontal coordinate frame of Tai-
wan (TWD1997) and in the vertical datum TWVD2001.
The hybrid geoid is the unique model that can be used for
determining TWVD2001-based orthometric heights using
GNSS devices (see also Fig. 10).

6. CONCLUSION

The 2021 Taiwan geoid models on a 30” x 30” grid
have been developed in this paper to update the previous
2014 Taiwan geoid models. The 2021 models are based on
the existing gravity data used for the 2014 geoid models
on the island of Taiwan, and the new gravity data on the
offshore islands Kinmen, Matzu, Penghu, Liuqiu, Lyudao,
and Lanyu. A notable example of re-computation of free-air
gravity anomalies using a new vertical datum is given in
this paper using the gravity data and vertical datum changes
on the islands of Penghu, Matzu, and Lanyu. The vertical
datum updates result in 0.1 — 0.2 mgal of gravity changes.
However, such gravity changes are inconsequential for a
better match between the geoidal heights from the gravimet-
ric geoid and the observations. Still, a hybrid geoid from a
combination of the gravimetric geoid and sufficiently dense
observed geoidal heights is the optimal model that can
be directly used to determine an orthometric height from
GNSS at a new point. Such an orthometric height is directly

1210700 1220”00

(b)

1210"00% 1220700

Fig. 11. (a) The locations of four GNSS RTK base stations and wind farms under construction and under plan. (b) Wind turbines installed off the

coast of Hsinchu County and Miaoli County in Taiwan (status May 2021).
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in the vertical datum that defines the orthometric heights
at the points where the observed geoidal heights have con-
tributed to the hybrid geoid. For example, the 2021 hybrid
geoid in this paper can be used to determine orthometric
heights in the TWVD2001 vertical datum of Taiwan and in
the updated vertical datums of the six offshore islands.

In addition to the assessments on land, the 2021 hy-
brid geoid is also assessed in the Taiwan Strait where we
compare the geoidal (ellipsoidal) heights from the hybrid
geoid and those from the DTU18 mean sea surface model
and TOPEX-Jason altimeters. The assessment result indi-
cates increasing discrepancies between these three sets of
ellipsoidal heights from the west coast of Taiwan toward the
southeast coast of mainland China. The 2021 hybrid geoid
has blended the newly observed mean sea levels (via the
observed geoidal heights) in Taiwan and the six offshore
islands, so it should result in model sea surface heights that
conform to the true sea surface around these islands. Thus,
the assessment result in the Taiwan Strait may provide a
clue for advancing a global model like DTU18 to benefit
the construction of a seamless vertical datum over regions
covering both land and sea.
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