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Abstract: Unification of the global vertical datum has been a key problem to be solved for geodesy
over a long period, and the main challenge for unifying the global vertical datum system is to
determine the geopotential value W0 of the geoid and to calculate the vertical offset between the
local vertical datum and the global vertical datum W0. The geopotential value W0 can be calculated
using the grid mean sea surface (GMSS) data and the global geopotential model (GGM). In this
study, this GMSS data was measured with adjustment methods and 24 years of merged multi-satellite
altimetry data. The data of HaiYang-2A (HY-2A) and Jason-3 were first used to calculate W0. The
geopotential value W0 was determined to be 62,636,856.82 m2s−2 by combining the EIGEN-6C4
(European Improved Gravity Model of the Earth by New Techniques) and the GMSS data. Then,
the geopotential difference approach and geodetic boundary value problem (GBVP) approach were
used to determine the vertical datum parameters in this study. To compensate for the omission
error of the GGM, this study utilized the remove–compute–restore (RCR) technique and the residual
terrain model (RTM)-recovered high-frequency gravity signals. Finally, as a result of the GBVP
solution, the geopotential value of the Australian Height Datum (AHD) was 62,636,851.935 m2s−2,
and the vertical offset of the AHD relative to the global vertical datum W0 was 0.4885 m. As a result
of the geopotential difference approach, the geopotential value of the Chinese Height datum was
62636861.412 m2s−2, and the vertical offset of the Chinese Height datum was −0.4592 m.

Keywords: mean sea surface; satellite altimetry; geoid potential W0; geodetic boundary value
problem; vertical offset

1. Introduction

In the traditional method, the vertical datum is determined using the mean sea surface
observed with tide gauge stations [1]. Since the observation area of the tide gauge station is
the local sea area, the observation time of the obtained sea surface height data is different,
the processing methods of sea surface height data are different and there are regional differ-
ences in the vertical datum measured using the traditional method because of the presence
of the dynamic ocean topography. The maximum vertical offset between vertical datums in
different countries or regions is nearly 2 m [2]. The unification of the global vertical datum
is of great significance for the sharing and integration of global geographic information,
cross-border engineering construction and the study of the sea surface topography (SST) at
different tide levels [3]. The unification of global vertical datums has become a research
problem that is faced by the geodesy community and urgently needs to be solved [4]. The
main challenge for the unification of the global vertical datum is to determine the value W0
of the geoid and to calculate the vertical offset between the local vertical datum and the
global vertical datum W0.

The geoid is widely accepted as the proper datum for the global vertical reference
system [5]. According to the classical Gauss–Listing definition, a gravity equipotential
surface closest to the mean sea surface can be selected as the geoid, and the geoid can be
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represented by the potential W0 of this particular level surface [6]. This geoid potential W0
can be characterized by the Earth’s gravity field model, mean dynamic ocean topography
data and the mean sea surface data. With the improvement in the accuracy of the Earth’s
gravity field model, the updating of altimetry data and the rise of the global mean sea
level, it is necessary to constantly update the geoid potential W0 [7,8]. Multiple studies
revealed that the choice of GGM is unimportant but that the latitude domains of the mean
sea surface data are significant [9,10]. The difference between mean sea surface and geoid is
called the sea surface topography. When the latitude domains of the mean sea surface data
are greater than 70◦S–70◦N, the influence of the sea surface topography on the potential W0
can be slight [10]. Combined altimetry satellite data and adjustment methods can obtain
mean sea surface data [11–13]. Grid mean sea surface data with a resolution of 1 degree or
0.5 degrees are usually used to calculate the potential W0 [10,14,15]. Altimetry satellite data
include exact repeat mission (ERM) data and geodetic mission (GM) data; the continuous
ERM data can provide high-precision information of temporal oceanic variability, and GM
data can increase the mean sea surface data density and coverage [16]. In order to ensure
that the mean sea surface data is highly accurate, we only use ERM data to calculate the
grided mean sea surface data.

Several studies estimated the geoid constant W0 using different altimetry data. Burša
used Topex/Poseidon (T/P) altimetry data from 1993~2001 to calculate the global geoid
constant [17]. Some mean sea surface models are used to calculate the geoid constant, such
as DNSC08 and CLS01 [10,14]. These models do not include the latest altimetry satellite
data, such as Jason-3 and HaiYang-2A (HY-2A) [18]. Jason-1, Jason-2 and Jason-3 are the
successor satellites to T/P [19,20]. Combining the four satellites allows for obtaining long-
term continuous sea surface observations. Therefore, this study combined the T/P series
satellites to calculate the GMSS data and used some ERM altimetry data as a supplement.
At present, the Centre National d’Etudes Spatiales (CNES) and the space research center of
the Technical University of Denmark (DTU) are constantly updating and publishing new
mean sea surface (MSS) models. Among them, CNES_CLS15 (abbreviated to CLS15) and
DTU18 are the latest MSS models [21,22]. In addition, Yuan launched the mean sea surface
model named Shandong University of Science and Technology 2020 (SDUST2020) [11].
This study evaluated the GMSS data using CLS15, DTU18 and SDUST2020.

Methods for the unification of vertical datums can determine the vertical offset of local
vertical datums relative to the global vertical datum W0. These methods include the geopo-
tential difference approach and the geodetic boundary value problem approach [4,23–25].
The geodetic boundary value problem approach requires gravity anomaly data, residual
terrain data, GGM and GNSS/leveling data for the local elevation datum zone. The geopo-
tential difference approach requires GNSS/leveling data and GGM for the local elevation
datum zone. China’s gravity data are not publicly available, and thus, the geopotential
difference approach was used to experiment in China. The GBVP approach was used to
experiment in Australia in this study.

2. Data Sources
2.1. Satellite Altimetry Data

The altimetry data used in this study were from the along-track Level-2+ (L2P) prod-
ucts published by Archiving Validation and Interpretation of Satellite Oceanographic Data
(AVISO) [22]. The specific information about the altimetry satellite data used in this study
are shown in Table 1. In this study, altimetry satellite data from T/P, Jason-1, Jason-2,
Jason-3, T/P interleaved, ERS-2, Envisat, HY-2A and GFO were used. The fusion of nine
sets of altimetry data can solve the problem of the insufficient coverage of single-satellite
observation data on the sea surface and improve the spatial sampling rate of the altimetry
data. The distance between the ERS-2 and Envisat tracks is 80 km on the equator, which
can improve the resolution of the GMSS data. The T/P interleaved orbit is located in the
middle of the T/P satellite orbit, and T/P interleaved data has double the sea surface
observation coverage of altimetry data. Although the coverage and resolution of GM data
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on the ground are higher than that of ERM data, the accuracy is much lower than that of
the ERM data due to the non-repeated characteristics of the GM data and the process used
in the correction ocean variability method. When calculating the global geoid potential
constant W0, only 1◦ × 1◦ of the global ocean region of high-precision sea surface data is
required, and thus, this study only selected ERM data to ensure the accuracy of the results.
In order to reduce the interannual signal and the oceanic seasonal variability, the altimetry
data gathered over 24 years were used in this study. The altimetry data were unified to the
WGS-84 ellipsoidal reference system [22].

Table 1. Parameter information of the altimetry satellite data used in this study.

Mission Timespan Cycles

T/P 1 October 1997~15 January 2002 186~343
Jason-1 15 January 2002~26 January 2009 1~259
Jason-2 26 January 2009~2 October 2016 21~303
Jason-3 2 October 2016~10 August 2020 24~165

T/P Interleaved 14 August 2004~16 August 2005 439~475
ERS-2 3 June 1996~15 September 2003 12~88

Envisat 11 July 2005~5 July 2010 39~90
HY-2A 12 April 2014~27 February 2016 67~115
GFO 4 August 2004~10 August 2008 135~220

2.2. GNSS/Leveling Data

China’s vertical datum is the 1985 national height datum. The Chinese height datum is
determined using the mean sea surface observed with the tide gauges in Dagang, Qingdao.
A total of 1007 high-accuracy and evenly distributed GNSS/leveling data points are used
to calculate the offset of the Chinese height datum. Figure 1a shows the distribution of the
GNSS/leveling data in China.
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Australia’s official vertical datum is the Australian height datum (AHD). The AHD,
published in 1971, was determined using the mean sea surface observed with 32 tide gauges.
The Australian State and Territory geodetic agencies provide a set of 7545 GNSS/leveling
points. The data set consists of GNSS-based ellipsoidal heights in ITRF14 and leveling
heights relative to the AHD. Figure 1b shows the distribution of the GNSS/leveling data
in Australia.

2.3. Gravity Data

A total of 1835358 gravity observation data points distributed throughout Australia are
provided by Geoscience Australia’s national gravity database. Free-air gravity anomalies
are calculated by combining gravity observation data and the closed form of the 1980
international gravity formula. The bicubic interpolation method is used to grid the gravity
anomaly data into 1′× 1′ gridded gravity anomaly data. For offshore gravity data, we chose
the latest grav.img.32.1 model (https://topex.ucsd.edu/pub/global_grav_1min/, accessed
on 25 November 2022) derived from multi-mission satellite altimetry. The distribution of
1′ × 1′ gridded free-air gravity anomaly data is shown in Figure 1c.

3. Methods
3.1. Adjustment Approaches for Altimetry Satellite Data and the Approach to Calculate W0

Figure 2 shows the processing for calculating the geoid potential constant by using
satellite altimetry data. First, the L2P altimetry data products from 1997 to 2020 were
obtained from AVISO, and the altimetry data were preprocessed with error corrections. The
key steps involved a collinear adjustment, crossover adjustment, unified reference frame,
gridding and calculation of the geoid potential constant. Finally, the accuracy of the MSS
model and geoid potential W0 was evaluated.
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3.1.1. The Collinear Adjustment Approach

The removal of temporal oceanic variability is always a difficult problem in the pro-
cessing of altimetry data [11,13,22,26,27]. Exact repeat mission (ERM) data refers to the
observation of repeated points on the surface by altimetry satellites in repeated orbits.
After one operating cycle, the altimetry satellite returns to its original position. In fact, due
to factors such as the uneven distribution of the Earth’s gravitational field, the trajecto-
ries observed by satellites in different periods do not completely coincide. The collinear
adjustment method is as follows: first, a trajectory with the largest number of effective

https://topex.ucsd.edu/pub/global_grav_1min/
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observations is selected from multiple cycles as the reference trajectory; second, the sea
surface height data for all periods are then interpolated into the reference trajectory [28];
finally, the points with large errors are removed according to a certain rule and the multi-
year average sea surface height of all normal points on the reference trajectory is calculated.
The purpose of collinear processing methods is to reduce the sea surface time-varying error.

The method involves setting a square window with a side length of 15′ centered on
a normal point on the reference trajectory to search for nearby valid observations. If the
number of observations found is less than 3, the observation quality of this normal point
is considered to be poor and the point is deleted. The sea surface height SSH(P) at the
normal point P is

SSH(P) =
h1 p1 + · · ·+ hk pk

p1 + · · ·+ pk
(1)

where hk is the sea surface height of the search point and pk is the weight of the search
point, where pk = 1/sk and sk is the spherical distance from the search point to the normal
point. The closer to the normal point, the greater the weight of the search point. Then, the
residuals of all search points are calculated, and the search points where the residual vi is
greater than twice the standard error σP are deleted.

3.1.2. The Crossover Adjustment Approach

In the early stage of the development of altimetry satellite technology, the main source
of error in altimetry satellite data was the radial orbit error. At that time, the traditional
crossover adjustment method generally designed the adjustment model with the main
purpose of eliminating the radial track error. Traditional crossover adjustment methods
usually have rank loss problems in the solution process. Usually, methods such as the
rank loss net adjustment method and fixed arc segment method are used to solve the rank
loss problem, but these methods will increase the complexity of the algorithm and are not
conducive to engineering realization. With the rapid advancement of altimetry satellite orbit
determination technology, the influence of radial orbit error on altimetry data is effectively
reduced. At present, the magnitude of the radial orbit error of altimetry satellite data is
basically equivalent to the sea surface time-varying effect, instrument error and sea tide
model error. At present, the error source of satellite altimetry data is mainly the influence
of dynamic systematic error in many aspects, which is a comprehensive effect generated by
multiple errors. Therefore, in order to simplify the calculation process of the traditional
method and improve the stability and reliability of the calculation results, the traditional
method can be simplified to the two-step crossover adjustment method [11,27,29]. The
new method ignores the weak correlation between the intersecting arc segments during
the calculation process. The new method effectively solves the problem of incoordination
between satellite altimetry data and solves the problem that the traditional adjustment
method is too cumbersome and has many uncertainties in the implementation process.
The central idea of the new method is to assign the crossover differences of the sea surface
height (SSH) according to the accuracy of the intersecting arc segment itself, and the
crossover point where the higher accuracy satellite arc segment is located is assigned
smaller crossover differences. The crossover differences assigned to all intersections on a
certain arc segment are fitted with a suitable error function. The error model can exclude
noise interference from the assigned value that contains accidental errors and systematic
errors, and then isolate the changes in the systematic bias of the data. Finally, the systematic
deviations of other data points on the arc segment are further compensated according to
the fitted error function. Next, we introduce the specific process of the new method.

The sea surface height at an intersection has a unique value, and the following equation
can be created for an intersection point where two arcs intersect:

h2
i − v2

i = h1
i − v1

i (2)
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h1 and h2 are the sea surface heights interpolated at the intersection point of the target
arcs 1 and 2, respectively; v1 and v2 are corrected values for the sea surface height for target
arcs 1 and 2, respectively. To assign intersection discrepancies in bulk, Equation (2) can be
rewritten as a conditional equation:

BV−D=0 (3)

where V is the corrected number vector, B is the coefficient matrix and D is the crossover
difference value vector. di is the crossover difference value at intersection i. Then, the
matrix form of Equation (1) is as follows:


1 −1

· · · · · ·
· · · · · ·

1 −1

×


v1
1

v2
1
...

v1
i

v2
i

−
d1

...
di

 = 0 (4)

Let each measurement point on the altimetry trajectory be an independent observa-
tional measurement, and P is the weight matrix of the observation value vector. Then, P
can be expressed as

P =


p1

1
p2

1
. . .

p1
i

p2
i

 (5)

where p1
i and p2

i represent the weights of the sea surface heights “1” and “2” at the intersec-
tion point “i”, respectively. When the same satellite trajectory arcs cross, P is a unit weight
matrix. When different satellite trajectory arcs cross, p1

i and p2
i are determined using the ac-

curacy of the self-intersection of the target arc data points. Combining Equations (1) and (3)
gives the equation for V:

V=P−1BT
(

BP−1BT
)−1

D (6)

After correcting the number V according to Equation (4), the second step of the
intersection adjustment is to treat the V value as a virtual observational measurement.
Then, a suitable error function is selected to describe the systematic deviation variation of
the different altimetry arc data. Current satellite altimetry data is disturbed by dynamic
systematic errors in many aspects. The law of change of these combined effects is quite
complex, with linear changes and periodic changes. These complex variations of systematic
errors can be expanded into combinations of algebraic polynomials and periodic functions.
Based on the results of the study of satellite orbit error by Wagner [30], Rummel [31] and
others, the traditional altimetry error model was extended to a mixed polynomial model
based on the time of the observation point as an independent variable:

f (t) = a0 + a1t + · · ·+ antn +
m

∑
i=1

(bi cos iωt + ei sin iωt) (7)

where the variable t can be represented by T and T0, that is, t = T − T0; T represents
the observation time of the data point on the arc and T0 represents the observation time
of the starting data point on the arc; aj, bi and ei are the coefficients to be calculated;
ω = 2π/(T1 − T0) represents the angular frequency of the arc error change period; T1
represents the observation moment at the end of the altimetry arc data point; and n and m
are the total number of coefficients to be calculated, which are mainly determined by the



Remote Sens. 2023, 15, 912 7 of 17

total number of intersections on the altimetry arc. After determining the parameters of the
error function model, the error equation is

L=AX+δ (8)

AX means f (t), A is the matrix of known coefficients, X is the parameter vector of
the error function to be evaluated and L is a matrix composed of virtual observation
measurements. Let PL be the weight matrix of L. Taking the sea surface height observations
at the intersection as independent isoprecision observational measurements, the least-
squares adjustment solution for X is

X=(ATPLA)−1ATPLL (9)

After the error model parameters are estimated, the systematic deviation of each
point can be calculated based on the observation time of all observation points in the
altimemetric arc.

3.1.3. The Uniform Reference Frame Approach

The successful launch of many altimetry satellites has provided a wealth of sea surface
height data for geodetic research. If the data of multiple altimetry satellites are fused
and cross-used, the advantages of different altimetry satellites can be fully utilized. The
accuracy level of data from different altimetry satellites varies greatly, and most satellites
still have inconsistent reference ellipsoids and reference frames. Due to the inconsistent
radius and flatness of the reference ellipsoid, the sea surface height value at the same
location has different values on different reference ellipsoids. In addition, there is a certain
amount of systematic error in the mean sea level obtained by different satellite data due to
different observation times, instrument deviations of different altimeters and other factors,
and the difference in sea surface height and long-wave changes. The joint processing of
multiple generations of satellite altimetry data must consider the harmonization of the
reference ellipsoids and reference frames used for the altimetry satellite data, that is, the
harmonization of reference datums.

In order to eliminate the systematic differences caused by inconsistencies in the ref-
erence frame, differences in the models used for various corrective methods and residual
ocean time variations, a four-parameter model was used to unify all altimetry data to
the target frame. First, the position of the crossover points of different altimetry satellite
trajectories and target altimetry trajectories was calculated, and then the crossover differ-
ence at the intersection points was expressed using polynomials, and the crossover points
were used as common points for frame transformation. The formula for the conversion
framework is [32]

hobject = horiginal + ∆x cos B cos L + ∆y cos B sin L + ∆z sin B + d (10)

where B and L are the latitude and longitude of the intersection, horiginal is the sea surface
height of the frame to be rotated at the intersection and hobject is the sea surface height
under the target frame at the intersection. By combining the non-conforming values
of all intersections to perform the frame transformation, the solution of the conversion
parameters ∆x, ∆y, ∆z and d could be obtained. Finally, according to the transformation
framework model, the sea surface height data of all normal points under the transformation
framework were converted to the target framework.

3.1.4. Direct Determination of W0 from MSS Data and the GGM

According to the classical Gauss–Listing definition, the geoid is the equipotential
surface of the Earth’s gravity field that in a least-squares sense best fits the undisturbed
mean sea level. The equipotential surface potential constant W0 can be described using the
EGM. If the potential value of a point in the geoid is known, this potential value is the geoid



Remote Sens. 2023, 15, 912 8 of 17

constant. The difference between the average sea level height and the geoid height is called
the sea surface topography. When calculating the potential constant using the globally
evenly distributed gridded mean sea surface height data, the sea surface topography has
little effect on the calculation result [15]. Using spherical harmonic coefficients of the
EGM and by neglecting the atmosphere, the following equation can estimate the Earth’s
gravitational potential outside the topographic masses:

W(r, θ, λ) = V(r, θ, λ) + VT(r, θ) + Q(r, θ) (11)

where (r, θ, λ) is the spherical coordinates of the calculated point and Q(r, θ) represents
the centrifugal potential. The gravitational potential V(r, θ, λ) can be calculated from the
Earth’s gravity field model:

V(r, θ, λ) =
GM

r

[
1 +

N

∑
n=2

( a
r

)n n

∑
m=0

(
Cnm cos(mλ) + Snm sin(mλ)

)]
Pnm(cos θ) (12)

where a is the major semi-axis of the Earth’s ellipsoid; n and m are the degree and order,
respectively; N is the highest order of the coefficient; Cnm and Snm are the coefficients of the
Earth’s gravitational field model; and Pnm(cos θ) is the fully normalized Legendre function.
The formula for the gravitational tidal force of the Sun and the Moon is

VT(r, θ, λ) =
GM

r

[
1 + k

2

(
3
2

sin2 ε0 − 1
)[

GMm

GM

(
r

rem

)3
+

GMs

GM

(
r

res

)3
]]

P2,0(cos θ) (13)

where k is Loew’s constant; GM, GMs and GMm are the gravitational constant, heliocentric
gravitational constant and lunar gravitational constant, respectively; ε0 is the obliquity
of the ecliptic; res is the average distance between the Sun and the Earth; and rem is the
average distance between the Moon and the Earth.

The average gravitational potential of the grid’s average sea surface height data can
be approximated as the geoid constant W0. If the mean sea surface topography of the geoid
is determined by W0 and the global mean sea surface is close to 0, W0 is reasonable as the
geoid constant. The mean sea surface topography is calculated using

ζ =
1
M

M

∑
i=1

Wi −W0

γi (14)

where Wi and γi are the gravitational potential and normal gravity at the grid point,
respectively, and M is the total number of grid points.

3.2. Approaches for the Unification of the Global Vertical Datum
3.2.1. The Geopotential Difference Approach

The vertical offset δNP of the local vertical datum relative to the global vertical datum
W0 can be expressed as

δNP =
(W0 −Wlocal)

γl (15)

where Wlocal is the geopotential of the local vertical datum and γl is the normal gravity at
the leveling origin.

The geopotential of the local vertical datum Wlocal can be expressed as

Wlocal = WP + C (16)

where WP is the gravity potential at point P and C is the geopotential difference between
the point P and the leveling origin.
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WP can be expressed as

WP(r, ϕ, λ) = V(r, ϕ, λ) + Q(r, ϕ) (17)

3.2.2. The Geodetic Boundary Value Problem Approach

According to the generalized Burns’ formula, the geoid height NP at point P can be
expressed as

NP =
TP + δWLVD

0 − ∆W0

γ
(18)

where TP is the disturbing potential, δWLVD
0 is the geopotential difference between the local

vertical datum and the global vertical datum W0 and4W0 is the geopotential difference
between the ellipsoid surface and the global vertical datum.

TP can be expressed as

TP =
δGM

R
+

R
4π

x

Σ

4gS(ψ)dσ (19)

where R is the average radius of the earth, δGM is the geocentric gravitational constant
difference between the Earth and the ellipsoid, S(ψ) is the Stokes kernel function and4g
is the gravity anomaly based on the global vertical datum.

4g can be expressed as

4 g = 4gl +
2
R

δWLVD
0 (20)

where4gl is the gravity anomaly based on the local vertical datum.
Combining Equations (16)–(18) produces the following:

NP = N0 + δH + NP
stokes +

1
2π

x

Σ

S(ψ)δHdσ (21)

where the zero-degree term of the geoid height N0 = δGM/Rγ − ∆W0/γ; δH is the
vertical offset between the local vertical datum and the global vertical datum, where
δH = δWLVD

0 /γ; and NP
stokes is the Stokes integration term of the geoid height, where

NP
stokes = (R/4πγ)

s

Σ
S(ψ)4 gldσ.

Using the RCR and RTM technique, NP
stokes can be computed from GGM, RTM and

the Stokes integration with the residual gravity anomalies. Equation (19) can be written
as follows:

δHP = NP − N0 − NP
GGM − NP

RTM − NP
res − Nind (22)

where Nind is the indirect bias effect of the geoid height; it was shown [33] that the effect of
the Nind is equal to 1 mm when higher degree GGMs (300 degrees and orders) are used.
Therefore, Nind can be ignored. NP

res is the residual geoid height. NP
res can be computed using

the Stokes integration with the residual gravity anomalies. The residual gravity anomaly
4gres = 4g f ree −4gGGM − ∆gRTM. 4g f ree is the free-air gravity anomaly. 4gGGM is
the GGM gravity anomaly and ∆gRTM is the RTM gravity anomaly. NP

RTM is the RTM
geoid height. The RTM geoid height and RTM gravity anomaly can be calculated using
forward-modeling gravitational potential formulas for prisms [34–36]. NP can be calculated
from GNSS/leveling and NP = hP − HP − 2πGρHP

2/γ, where hP is the ellipsoidal height.
Equation (20) can be written as follows:

δHP = (hP − HP −
2πGρHP

2

γ
)− N0 − NP

GGM − NP
RTM − NP

res (23)
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3.2.3. Adjustment Method for Systematic Error

The vertical offset of the vertical datum is theoretically constant. Due to the sys-
tematic error of the GNSS/leveling data, the vertical offset of the calculation of different
GNSS/leveling data is different. To reduce systematic errors, the vertical datum offset
can be estimated by applying a parametric model [33,37]. For the vertical offset calculated
using each GNSS/leveling point P, the parametric model can be formulated as

δNP = δN + a1(L− L0) cos(B) + a2(B− B0) (24)

where a1 and a2 are the east–west tilt and north–south tilt, respectively; L0 and B0 are
the mean value of the geodetic coordinates of all GNSS/leveling data; L and B are the
geodetic coordinates of all GNSS/leveling data; and δNP is the vertical offset calculated
using GNSS/leveling data at point P.

When the vertical offset of the vertical datum is calculated using the parametric model,
the geopotential value of the height datum can be formulated as

WLVD
0 = W0 − δH · γ (25)

where γ is the mean value of the normal gravity of all the GNSS/leveling benchmarks.

4. Results
4.1. Determination of W0 Based on the Altimetry Data

In order to effectively eliminate the influence of tidal model error on the altimetry
satellite data, this study calculated the global mean sea surface height by combining 24 years
of multi-satellite altimetry data from 1997 to 2020. The process of transmitting compressed
pulses from the satellite altimeter to the Earth’s surface is affected by various objective
factors, which leads to the distance from the satellite to the sea surface calculated directly
from the observation being time biased. According to the data-editing standards provided
in the L2p user manual [22], this study corrected the geophysical and environmental
errors of the satellite altimetry data. These corrections included the ionospheric correction,
tropospheric correction, solid tide correction, polar tide correction, sea tide correction,
sea state deviation correction and dynamic atmospheric pressure correction. In order
to eliminate invalid or inaccurate observations, data editing and quality control of the
altimetry satellite data were also required.

The preprocessed altimetry satellite data still contained certain errors, such as geophys-
ically corrected residuals and environment-corrected residuals, satellite orbit determination
errors and sea-level time-varying signals. Different satellite altimetry data have certain
differences in data coverage, spatiotemporal resolution, accuracy level and other aspects.
Therefore, the preprocessed sea surface height data required further data fusion processing
and adjustment to obtain the relative steady-state average sea surface height data.

In order to weaken the long-wave signal of sea surface changes in the altimetry satellite
data, the altimetry satellite data was first adjusted using a collinear adjustment approach.
The Jason series of satellites is the successor to the T/P satellite. The Jason-1, Jason-2
and Jason-3 satellites have the same ground trajectory as the T/P satellite. Therefore,
the altimetry data of the three altimetry satellites under the Jason series were selected to
supplement the sea surface height data missing from the T/P satellite in the period after
the operation stopped. Globally, the mean sea surface of the T/P satellites is about 15 cm
lower than that of Jason-1 [38]; the average sea surface of the Jason-1 satellite is about
8 cm lower than that of the Jason-2 satellite [19]; and the average sea surface height of the
Jason-2 satellite is about 3 cm lower than that of the Jason-3 satellite [20]. The systematic
differences between sea surface height data should be eliminated before the fusion of the
T/P, Jason-1, Jason-2 and Jason-3 satellite altimetry data. T/P and Jason-1, Jason-1 and
Jason-2, and Jason-2 and Jason-3 have the same period of repeated observation data of the
same orbit, which is called the observation data accompanying the flight phase. Using the
data from this stage, the T/P altimetry satellite data was used as the basis to systematically
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correct the differences in the data of the Jason-1, Jason-2 and Jason-3 satellites. To do
this, the data of the T/P satellites and Jason series altimetry satellites were set up as a
group for common collinear processing. Other altimetry satellite data were individually
adjusted via collinear processing. This resulted in six sets of altimetry satellite data. The
reference trajectories of six sets of altimetry satellite data were determined, all periodic
sea surface height data were interpolated into the reference trajectory according to the
collinear processing method, and then the average sea surface height data were obtained.
Table 2 shows the results of the crossover difference between the six groups of altimetry
satellite data before and after collinear processing. The crossover difference is the difference
between the sea surface heights of two altimetry arcs interpolated at the intersection. The
mean and standard deviation of the crossover difference of the sea surface height data
of different satellites decreased significantly after the collinear processing, which showed
that collinear processing was feasible and effective at weakening the time-varying error
and random characteristics of sea surface height data. After the collinear processing of the
data of T/P satellites and Jason series satellites, the standard deviation of the crossover
difference decreased by about 9 cm, and the standard deviation was 1.73 cm; the absolute
value of the mean of the crossover difference decreased by about 0.04 cm.

Table 2. The results of crossover differences of SSH before and after the collinear adjustment.

Mission
Before Collinear Adjustment After Collinear Adjustment

Mean (m) STD (m) Mean (m) STD (m)

T/P, Jason-1, Jason-2, Jason-3 −0.0005 0.1031 −0.00018 0.0173
ERS-2 0.0004 0.1442 0.0001 0.0384

Envisat 0.0013 0.1312 −0.0005 0.0420
T/P Interleaved −0.0018 0.1188 0.0004 0.0284

GFO 0.0026 0.1285 0.0018 0.0315
HY-2A −0.0030 0.1745 0.0025 0.0378

After the collinear processing of the six sets of altimetry data, the long-wave signal
of the sea level change in the altimetry data was effectively eliminated, but there was
still some residual error in the average sea surface height data. These residuals were
mainly radial orbit errors, short-wave signals of sea-level changes, and residuals corrected
for various geophysical and environmental errors. Therefore, the crossover adjustment
approach was required to further improve the accuracy of the altimetry data. In this study,
the new crossover adjustment method was used to further adjust the altimetry data of six
groups. The results of altimetry satellite data after the crossover adjustment are shown in
Table 3. The mean value and standard deviation of the crossover differences of SSH of all
satellite altimetry data were decreased by at least one order of magnitude, among which
the satellite altimetry data as a combined T/P and Jason series had the highest accuracy,
and the standard deviation of the crossover differences of the SSH values had decreased to
0.0002 m. The crossover adjustment method could effectively weaken various residuals in
the altimetry satellite data and further improve the systematic bias between multi-source
satellite altimetry data.

Table 3. The results of crossover differences of SSH before and after the crossover adjustment.

Mission
Before Crossover Adjustment After Crossover Adjustment

Mean (m) STD (m) Mean (m) STD (m)

T/P, Jason-1, Jason-2, Jason-3 −0.00018 0.0173 0.000002 0.0002
ERS-2 0.0001 0.0384 0.000013 0.0013

Envisat −0.0005 0.0420 0.000017 0.0024
T/P Interleaved 0.0004 0.0284 −0.000038 0.0008

GFO 0.0018 0.0315 0.000047 0.0010
HY-2A 0.0025 0.0378 −0.00007 0.0004
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After various forms of data processing, the altimetry data still contained a residual
error, radial orbit error, altimeter instrument deviation and inconsistency of different
satellite reference frames. In order to integrate all altimetry satellite data, the T/P series
mean sea surface data with the highest accuracy was taken as the benchmark, the data
quality of other satellite data was controlled, the systematic deviation and various residual
errors in the data were eliminated, and the global mean sea surface data were obtained.
See Table 4 for the parameter results of different satellites converted to T/P satellites.
The deviations of all satellite data in the x, y and z directions were small, which was at
the millimeter or sub-millimeter level. The overall deviation of satellite data was at the
decimeter level, and the systematic deviation of ERS-2 data was the largest. This was
because the observation time of ERS-2 was quite different from that of the T/P satellite,
which introduced the influence of the overall time change of the mean sea surface.

Table 4. The parameter results of different satellites converted to the T/P satellite (unit: cm).

∆x ∆y ∆z ∆h

ERS-2 −0.0402 0.0229 0.0628 55.14
Envisat −0.0128 −0.0267 0.0013 −18.15

T/P Interleaved −0.0753 −0.0214 −0.0452 −16.96
GFO −0.0538 0.0621 0.0772 −16.17

HY-2A 0.0345 0.0015 −0.0005 −2.16

Altimetry satellite data were highly accurate after the collinear processing, cross-
adjustment processing and unification of the reference frames. Figure 3 shows the
distribution of the average sea surface height data in the oceanic region after the adjust-
ment approach.
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Figure 3. Mean sea surface model in the oceanic region.

The CLS15, DTU18 and SDUST2020 mean sea level models were used to evaluate
the accuracy of the mean sea surface height data. The statistical results of the difference
are shown in Table 5. The standard deviation of the difference between the mean sea
surface height data obtained in this study and the mean sea level model was in the order of
centimeters. This result showed that the mean sea surface height data in this study were
reliable and could be used to calculate the geoid constant. The mean value of the difference
between the average sea surface height data obtained in this study and MSS models was
in decimeters. This was because the continuous observation time of the data used in this
study was 24 years and the global mean sea surface rose by about 3.7 mm every year. Based
on the continuously observed T/P and Jason satellite altimetry data, an overall difference
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between the average sea surface height data and other models was caused. This difference
was reasonable and acceptable.

Table 5. The comparison results of the difference between the grid mean sea height data and
MSS models.

MSS Model Mean (m) STD (m)

CSL15 −0.1202 0.0611
DTU18 −0.1139 0.0605

SDUST2020 −0.1555 0.0608

In this study, the geoid constant was calculated using grid-averaged sea surface height
data with a resolution of 1 degree in the global ocean area. The Shepard grid method
was used to grid the average sea surface height data of the oceanic region with latitudes
ranging from 80◦ S to 80◦ N. The result of calculating the geopotential value W0 of the
geoid by combining GMSS data and EIGEN-6C4 model was 62,636,856.8200 m2s−2. Table 6
summarizes the findings of some studies that aimed to estimate the geopotential value W0.
As can be seen, the choice of input data had an impact on the estimation of W0.

Table 6. W0 and MDT values calculated using GSSS data and MSS models.

MSS Data GGM Model W0 (m2s−2)

This study GMSS data EIGEN-6C4 62,636,856.8200
Sánchez et al. (2016) [39] DTU10 EGM2008 62,636,853.4000

Chu et al. (2012) [14] CNES_CLS10, CLS01, WHU2009,
DNSC08

EGM2008
EGM96 62,636,858.3333

Dayoub et al. (2012) [15] DNSC08 EGM2008 62,636,854.2000
IERS Standards. (2010) [40] / / 62,636,856.0000
Čunderlík et al. (2009) [41] CLS01 EIGEN-GC03 62,636,857.9500

Sánchez et al. (2007) [9] KMS04 EGM96 62,636,854.4000
Bursa et al. (2007) [42] T/P EGM96 62,636,854.6000
Bursa et al. (1998) [43] T/P (1993~1996) EGM96 62,636,855.6100
Rapp et al. (1995) [44] T/P / 62,636,856.8800

4.2. Determination of the Chinese Height Datum Parameters Based on the Geopotential
Difference Approach

The geopotential difference approach does not require gravity anomaly data. Chinese
gravity anomaly data are not available. We used the geopotential difference approach and
GNSS/leveling data to calculate the vertical offset of the Chinese height datum relative
to the global vertical datum W0. The EIGEN-6C4 model was used as the Earth’s gravity
field model. The distribution of vertical offsets calculated using GNSS/leveling data at
the GNSS/leveling data points is shown in Figure 4a. Vertical offsets calculated using
GNSS/leveling data showed significant systematic errors. The systematic errors included
systematic errors and distortions in the leveling network and random errors in the com-
putation of the ellipsoidal and geoidal heights. The maximum value of the vertical offsets
calculated using GNSS/leveling data was 1.6146 m, and the minimum value of the vertical
offsets calculated using GNSS/leveling data was −0.7479 m.

To weaken the systematic error in the vertical offset results, we further processed
the results with a parametric model. The parameter results of the parametric model are
shown in Table 7. The vertical offset of the Chinese height datum relative to the global
vertical datum was 0.3939 m. The geopotential value of the Chinese height datum was
62,636,861.412 m2s−2.
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Table 7. The parameter results of the parametric model were calculated using vertical offsets of the
Chinese height datum (CHD) and the Australian height datum (AHD) (unit: m).

Offset East–West Tilt (m/◦) North–South Tilt (m/◦)

CHD 0.3939 0.0019 −0.0019

AHD 0.4885 −0.0005 0.0388
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Figure 4. (a) The distribution of the vertical offsets of the Chinese height datum relative to the global
vertical datum at the GNSS/leveling data points. (b) Distribution of the residual terrain model
elevations in Australia. (c) Distribution of residual gravity anomaly in Australia. (d) The distribution
of the vertical offsets of the Australian height datum relative to the global vertical datum at the
GNSS/leveling data points.

4.3. Determination of the Australian Height Datum Parameters Based on the Geodetic Boundary
Value Problem Approach

The combined GNSS/leveling data, gravity anomaly data and GBVP approach could
calculate the AHD parameters. The vertical offset is related to the deviation between the
geometric geoid and the gravimetric geoid. The gravimetric geoid can be determined
based on the RCR technique. In this technique, EIGEN-6C4 and the RTM provide the
long and short wavelength parts of the gravity field spectrum, and the residual gravity
field spectrum is provided by the residual gravity anomaly. We used 1′ × 1′ Shuttle Radar
Topographic Mission (SRTM) data and the topographic reference model to build the RTM.
The topographic reference model adopts DTM2006 [36]. The distribution of residual terrain
model elevations in Australia is shown in Figure 4b.

The RTM and forward-modeling gravitational potential formulas for prisms were
used to calculate the RTM geoid height and the RTM gravity anomaly, and the radius of
integration was 2 degrees [33,36]. Combining the RTM gravity anomaly, GGM gravity
anomaly and free-air gravity anomaly data allowed for determining the residual gravity
anomaly. The distribution of the residual gravity anomaly in Australia is shown in Figure 4c.
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Stokes integration with the residual gravity anomalies can determine the residual geoid
height. We used EIGEN-6C4 to calculate the GGM geoid height and used GNSS/leveling
data to calculate the geometric geoid height. Combining the GGM geoid height, geometric
geoid height, residual geoid height and RTM geoid height allowed for determining the
vertical offset of the Australian height datum relative to the global vertical datum W0.
Figure 4d shows the vertical offsets of the AHD calculated using GNSS/leveling data.

The vertical offsets of the AHD include an obvious inclination phenomenon in the
north–south direction. Systematic errors in the result were absorbed using a parametric
model, and the parameter results of the parametric model are shown in Table 7. The
vertical offset of the AHD relative to the global vertical datum W0 was 0.4885 m, and the
geopotential value of the Australian Height Datum was 62,636,851.935 m2s−2.

5. Conclusions

The unification of the global vertical datum has been an important problem to be
solved in geodesy for a long time. The main goal for unifying the global vertical datum
system is to determine the geopotential value W0 of the geoid and to calculate the vertical
offset between the local vertical datum and the global vertical datum W0.

First, we combined GMSS data and the EIGEN-6C4 model to determine the geopoten-
tial value W0. The GMSS data were obtained based on multi-star altimetry data from the
past 24 years. After collinear adjustment and crossover adjustment, the intersection mis-
match of altimetry data was reduced to millimeters. The GMSS data accuracy was evaluated
using the CLS15, DTU18 and SDUST2020 models, and the result showed that the GMSS data
accuracy was reliable. As the result, the geopotential value W0 was 62,636,856.82 m2s−2.

Using the unified vertical datum method allowed for determining the vertical offset of
the local elevation datums relative to the global vertical datum W0 identified in this study.
We evaluated the vertical datum parameters of the Australian height datum using the
GBVP approach, and the Chinese height datum using the geopotential difference approach.
The GBVP approach utilized the remove–compute–restore (RCR) technique to recover high-
frequency gravity signals, which can compensate for the omission error of the GGM. As a
result of the GBVP solution, the geopotential value of the AHD was 62,636,851.935 m2s−2,
and the vertical offset of the AHD relative to the global vertical datum W0 was 0.4885 m.
As a result of the geopotential difference approach, the geopotential value of the Chinese
height datum was 62,636,861.412 m2s−2, and the vertical offset of the Chinese height datum
was −0.4592 m.
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