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Abstract

Gravity field modelling in coastal region faces challenges due to the degradation of the quality of altimeter data and poor
coverage of gravimetric measurements. Airborne gravimetry can provide seamless measurements both onshore and offshore
with uniform accuracies, which may alleviate the coastal zone problem. We study the role of airborne data for gravity field
recovery in a coastal region and the possibility to validate coastal gravity field model against recent altimetry data (Cryo-
Sat-2, Jason-1, and SARAL/Altika). Moreover, we combine airborne and ground-based gravity data for regional refinement
and quantify and validate the contribution introduced by airborne data. Numerical experiments in the Gippsland Basin over
the south-eastern coast of Australia show that the effects introduced by airborne gravity data appear as small-scale patterns
on the centimetre scale in terms of quasi-geoid heights. Numerical results demonstrate that the combination of airborne
data improves the coastal gravity field, and the recent altimetry data can be potentially used to validate the high-frequency
signals introduced by airborne data. The validation against recent altimetry data demonstrates that the combination of air-
borne measurements improves the coastal quasi-geoid, by ~5 mm, compared with a model computed from terrestrial and
altimetry-derived gravity anomalies alone. These results show that the recently released altimetry data with relatively denser
spatial resolutions and higher accuracies than older altimeter data may be beneficial for gravity field model assessment in
coastal areas.
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1 Introduction

Accurate knowledge of coastal gravity field is of importance
for geodetic mean dynamic topography (MDT) modelling,
which is useful for studying coastal ecosystem processes
and sea level change, as well as facilitating other offshore
activities (Pugh and Woodworth 2014; Rio et al. 2011,
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2014). Improvements to coastal quasi-geoid/geoid model
also facilitate the use of geodetic MDT for height datum
unification (Featherstone and Filmer 2012; Filmer and
Featherstone 2012; Filmer et al. 2018). However, coastal
zones often present multiple challenges for quasi-geoid/
geoid recovery (e.g. Hwang et al. 2006; Hirt 2013; Ophaug
et al. 2015). First, the satellite altimeter-derived data contain
larger errors in coastal zones than in open seas, due to the
land and calm water contamination on the return waveforms
and degradation of the applied corrections (e.g. atmospheric
signals and tides) (Deng and Featherstone 2006; Cipollini
et al. 2010; Andersen and Scharroo 2011). The poor data
coverage in coastal boundary exacerbates this problem,
which remains a barrier on coastal quasi-geoid/geoid deter-
mination (e.g. Claessens 2012; Featherstone 2010; Huang
2017). Moreover, inconsistency problems remain among the
measurements on land, coastal zone, and open sea, in terms
of accuracies and spatial resolutions (e.g. Hipkin et al. 2004;
Woodworth et al. 2012; Wu et al. 2017a).
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Due to the lack of sufficient data, it is difficult to improve
the coastal gravity field in terms of accuracy and reliability,
especially in narrow and shallow water areas, where marine
surveys are almost inaccessible (e.g. Olesen et al. 2000;
Forsberg et al. 2012a; Jekeli et al. 2013). This coastal zone
problem may be allayed with the use of airborne gravimetric
survey, which fills the data gap in this area (e.g. Schwarz and
Li 1996; Forsberg et al. 2000; Olesen et al. 2002; Barzaghi
et al. 2009). The airborne survey supplies seamless gravity
measurements over land and sea with uniform accuracies,
which is valuable for coastal gravity field modelling (e.g.
Forsberg and Kenyon 1995; Andersen and Knudsen 2000;
Fernandes et al. 2000; Forsberg et al. 2001, 2012b). Previous
investigations showed that airborne measurements had great
potential in coastal gravity field refinement (e.g. Kearsley
et al. 1998; Bastos et al. 2000; Olesen 2003; Hwang et al.
2006); however, the lack of control data remains a problem
for validating the additional signals introduced by airborne
data (e.g. McCubbine et al. 2018).

On the other hand, the recent satellite altimetry missions
(e.g. CryoSat-2, Jason, and SARAL/Altika) provide much
denser and more accurate sea surface heights (SSHs) than
traditional radar altimetry ones (e.g. Geosat and ERS-1) (e.g.
Sandwell et al. 2013, 2014; Garcia et al. 2014; Verron et al.
2015). In particular, the CryoSat-2 mission with synthetic
aperture radar (SAR) and SAR interferometric (SARIn)
measurements provides accurate SSH data up to several kilo-
metres from the coast (e.g. Abulaitijiang et al. 2015; Passaro
et al. 2016; Bonnefond et al. 2018). As a result, the coastal

geodetic MDTs derived from these data approximately agree
at several centimetres level with the ocean models and tide
gauge-derived MDT data (Ophaug et al. 2015; IdZanovié¢
et al. 2017; Andersen et al. 2018). This shows that recent
altimetry data may serve as an additional source for coastal
gravity field and MDT modelling and validation. Thus, the
aim of this study is twofold: first, to investigate the possibil-
ity to validate the coastal quasi-geoid/geoid models against
recent altimetry data; second, to combine airborne gravity
data and heterogeneous terrestrial gravimetry and altimetry
measurements for regional quasi-geoid/geoid refinement and
quantify and validate the contribution introduced by airborne
data.

2 Study area and data

The study area is located over the Gippsland Basin along the
south-eastern coast of Victoria in Australia, where a high-
resolution airborne gravimetric survey was contracted by the
Victoria State Department of Primary Industries as part of
studies for a carbon capture and storage project (Martin et al.
2011), see Fig. 1. This airborne survey covers both onshore
and offshore areas, so it provides reasonable data coverage
for coastal gravity field refinement; see the blue lines in
Fig. 1. Besides, surface gravity data are available, derived
from the recent land measurements over the mainland of
Australia and newly released satellite altimetry-derived grav-
ity anomalies (Featherstone et al. 2018a), see the red dots in
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Fig. 1. Shipborne gravity measurements are excluded since
they are sparse and unreliable (Featherstone 2009).

2.1 Surface gravity anomalies

Terrestrial gravity data used in this study are consistent
with that used for computing the recent Australian gravi-
metric quasi-geoid 2017 (AGQG2017), where the addi-
tional ~ 280,000 land gravity observations were incor-
porated, compared with the data used for computing
AGQG2009 (Featherstone et al. 2018a). Marine gravity
data were extracted from the recently released altimetry-
derived gravity anomalies (include Jason-1 and CryoSat-2
data), which were computed by the Scripps Institution of
Oceanography (University of California) (Sandwell et al.
2014). These gravity data improved the marine gravity field
derived from the older altimeter data (e.g. Geosat and ERS-
1), by a factor of 2—4 (Sandwell et al. 2013, 2014). The
altimetry-derived gravity data are generally accurate to sev-
eral mGal in open oceans, while this value may decrease to
tens of mGal in coastal regions (Sandwell et al. 2014). Land
gravity data and altimetry-derived gravity anomalies were
merged through the procedures discussed in Featherstone
et al. (2011), and the merged grid has a spatial resolution
of 1'x1".

2.2 Airborne gravity measurements

An airborne gravimetric survey was conducted by sander
geophysics limited (SGL) during November and December
2011 using the airborne inertially referenced gravimeter
(AIRGrav) system. This survey area composed of approxi-
mately 1/3 onshore area and 2/3 offshore area. This survey
contained 11 flights in total to complete 10,523 line km. The
traverse lines were northeast-southwest oriented and spaced
at 1 km, and a nine km wide strip along the coast was flown
at 500 m line spacing, while the tie lines were northwest-
southeast oriented and spaced at 10 km. The flight heights
ranged from 143 to 362 m above the mean sea level, with
an average velocity of approximately 55 m/s (Martin et al.
2011).

Gravity anomalies were calculated by subtracting the
GPS-derived aircraft accelerations from the inertial accelera-
tions and corrected for the E6tvos effect. The normal gravity
values were removed, and the data were provided at a sample
rate of 2 Hz. Off-level corrections were applied to compen-
sate for the instrument tilt, and high-frequency noises were
reduced by applying a 35 s half-wavelength cosine tapered
low-pass filter (Martin et al. 2011). The gravity data were
referenced to the existing Australian Absolute Gravity
Datum 2007 (AAGDO07) (Tracey et al. 2007), and the geo-
detic coordinates were referenced to the GRS80 reference
ellipsoid and Geocentric Datum of Australia 1994 (GDA94).

The ellipsoidal heights were converted to heights above the
Australian height datum (AHD) using AUSGeo0id09, which
is a hybrid gravimetric—geometric model (Featherstone et al.
2011). Nine repeat lines were conducted for quality control,
and the overall standard deviation (SD) of the variations
of repeat lines was estimated as 0.36 mGal. Moreover, the
SD of the differences between measured gravity values at
the intersections of tie and traverse lines was computed as
0.35 mGal, which was commensurate with the statistics of
the repeat lines (Martin et al. 2011). These airborne grav-
ity data were not used in the recently computed Australian
gravimetric quasi-geoid 2017 (AGQG2017) (Featherstone
et al. 2018a).

2.3 Satellite altimetry data

The altimeter-derived data are used to assess the coastal
gravity field models and validate the additional signals
introduced by airborne data. The altimetry data are extracted
from radar altimeter database system (RADS, Scharroo
et al. 2013) and include seven and half years (2010-2017)
of CryoSat-2 data, one full 406-day repeat cycle of Jason-1
geodetic mission data and one year of SARAL/Altika drift-
ing phase data. Cryosat-2 operated in the low-resolution
mode (LRM) in this study area, which was identical to the
conventional altimeters such as Jason-1. The altimeters on
CryoSat-2 and Jason-1 operated in the Ku-band, while it
was operating in the Ka-band for SARAL/Altika. Ka-band
radar altimeter was proved to give better range precision
compared with Ku-band altimeter (Smith 2015; Zhang and
Sandwell 2017).

In RADS, 1 Hz observations were derived from the ele-
mentary 20 Hz (40 Hz for SARAL) measurements. Each of
the altimetry waveform was retracked using the modified
Brown retracker (Brown 1977). Contaminated waveforms
near the coastal zone that were hard to fit an analytical wave-
form were discarded and not used for the derivation of 1 Hz
observations. For CryoSat-2 and Jason-1, at least 16 of the
20 Hz observations were used to obtain a 1 Hz observation.
For SARAL, at least 33 of the 40 Hz observations were used
to produce a 1 Hz observation. In addition, range biases
between satellites were corrected in RADS. Therefore, the
altimetry data obtained from RADS are reliable and of high
quality near the coastal zone, although there may be data
gaps close to the coastal lines. In the process of deriving
the 1 Hz observation, the standard deviation of the incon-
sistencies between the finally computed 1 Hz observation
and original observations provides the estimated error infor-
mation of altimeter data. The maximum/minimum value of
the estimated errors of these data over the local region (the
distribution of altimeter data is shown in Fig. 2) is 8/0.6 cm,
with a mean magnitude of 4.6 cm.
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In this study, the altimeter-derived quasi-geoid heights
are computed for validation purpose. It is worth to men-
tion that we focus on the short wavelength features of
local gravity field. Hence, after retrieving the SSHs from
RADS, we remove the EGM2008 quasi-geoid (Pavlis et al.
2012, 2013) up to degree and order (d/o) 1080 and the full
dynamic topography signals from the EGM2008 dynamic
ocean topography [DOT, or known as mean dynamic topog-
raphy (MDT)] model (d/o 180) from the SSHs to derive
the residual geometric quasi-geoid heights. It is noticeable
that oceanic MDT may be used instead of geodetic MDT
to derive independent quasi-geoid heights. However, the
focus of this study is on the validation of local gravity field
at short wavelengths (<20 km), while the commonly used
MDTs have relatively low resolutions and mainly reflect the
spectral contents at longer wavelengths. Thus, the choices
of MDTs may have less impact on the validation results.
Besides, another reason for using EGM2008 DOT is to be
consistent with what has been removed at long wavelengths,
i.e. EGM2008 up to d/o 1080 is removed. In this way, the
spectral consistency of reference model and MDT used for
data preprocessing is ensured, and aliasing problem may be
avoided. Further, the data are reduced by the residual terrain
model (RTM) corrections (Forsberg and Tscherning 1981;
Forsberg 1984), though they are quite small over the local
area. Then, the crossover adjustment is applied to reduce the
tilts and biases in the geometric quasi-geoid heights. The
outliers in the data are removed based on the 3-sigma rule.
Finally, a Gaussian filter with a correlation length of 3 km
is applied to reduce the high-frequency noises. The residual
altimeter-derived quasi-geoid heights are shown in Fig. 2,
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which range from — 8.4 to 8.5 cm, with a standard deviation
of 2.65 cm. The mean value of these data is approximately
0.6 mm, which indicates the tilts and biases are successfully
removed.

3 Data preparation
3.1 Terrain effects

Coastal gravity field is recovered within the framework of
remove—compute—restore (RCR) methodology (Sjoberg
2005; Omang and Forsberg 2000), where a global geopoten-
tial model (GGM) and terrain effects are removed from the
surface and airborne gravity data to decrease the signal cor-
relation length and smooth the local gravity signals. Fol-
lowing Featherstone et al. (2018a), EGM2008 is selected as
the reference model, and we truncate the d/o of this model
to 1080. RTM is applied for recovering the signals that have
the shorter wavelengths than the mean distance between
the measured gravity data. Shuttle radar topography mis-
sions (SRTM) and General Bathymetric Chart of the Oceans
(GEBCO) are combined to derive a uniform digital terrain
model (DTM) with a spatial resolution of 3” X 3" over land
and sea, see Fig. 3a. A moving average filter with a window
width of approximately 18.33 km is applied to the com-
bined DTM to derive the mean elevation surface (MES)
for RTM reduction. In this manner, the constructed MES
(Fig. 3b) is in agreement with the spherical degree of the
adopted GGM (Hirt 2010). Tesseroids are chosen instead of
prisms as the integral elements considering the curvature of
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Fig. 3 Digital terrain model (a) and mean elevation surface (b) over the Gippsland Basin

the earth (Heck and Seitz 2007). Figure 4 shows the point-
wise residual gravity anomalies at the altitude of airborne
survey, and the introduction of RTM reduction more sig-
nificantly reduces the high-frequency signals in land than
in ocean. We observe smoothness in the northeast parts of
ocean, see the red signals around (147.9°E, 38.1°S), while in
other regions the incorporation of RTM corrections does not
significantly smooth the local gravity field (even intensify
the local signals, e.g. see the blue signals in the southwest
parts around (147.1°E, 38.6°S)). From the statistics, we can
hardly see significant differences, where the SD of residual
data changes from 3.5 to 3.4 mGal with RTM reductions.

This may be attributed to the poor quality and low resolution
of the bathymetry model as well as the relatively flat local
bathymetry.

3.2 Data combination

The airborne observations and surface gravity data are
located at different altitudes with heterogeneous spatial
coverage and resolutions; thus, prior to gravity field mod-
elling, we need to downward continue (DWC) airborne
data to the quasi-geoid and merge them with the ground-
based measurements to derive data with a uniform spatial
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Fig.4 Residual point-wise airborne gravity anomalies. The left and right figures represent data without and with RTM corrections, respectively.
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resolution. Following Mccubbine et al. (2018), we use the
three-dimensional least squares collocation (LSC) with
the logarithmic covariance function for DWC, since it can
downward continue airborne measurements and merge them
with ground-based data in a single step (e.g. Forsberg 1987,
2002). For DWC, the Bouguer gravity anomaly is chosen
for interpolation (Amos and Featherstone 2004), and the
residual gravity data are derived by subtracting the GGM
components and RTM effects, which are used for computing
the empirical spatial covariance. Different data are assumed
to be independent, and the scaled diagonal matrices are used

to design the full variance—covariance matrix of LSC model.
The detailed procedures for DWC and data merging can be
referred to Mccubbine et al. (2018).

The merged grid with the airborne, terrestrial, and alti-
metric gravity data is shown in Fig. 5a, which maps the local
gravity field with a spatial resolution of 1’ X 1'. To investi-
gate the contribution of airborne data to the merged gravity
anomalies, we also implement the LSC interpolation proce-
dures to derive the grid without the airborne gravity data, see
Fig. 5b. Figure 6 shows the difference between the gridded
data computed with and without the airborne data, indicating
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Fig.5 Merged gravity anomalies a with and b without airborne gravity data. Note that EGM2008-derived gravity anomalies up to d/o 1080 and
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the contribution of airborne data. The additional signals
introduced from the airborne data reach a level of roughly
10 mGal, with a SD of 1.3 mGal, displaying more signifi-
cant signals in coastal areas than in onshore areas. Possible
reason may be due to the degradation of quality of altimetry
data in coastal areas, whereas airborne gravimetry does not
suffer from the coastal zone problem and may provide more
accurate gravity field information than altimeter data. On the
other hand, the recently surveyed terrestrial gravity data are
of high quality and cover onshore regions over the Gippsland
Basin, and the additional signals introduced by the airborne
data become less significant in land.

4 Results and discussions
4.1 Regional quasi-geoids modelling

We parameterize the coastal gravity field with Poisson
wavelets, which are radially symmetric basis functions that
have localizing properties both in the spatial and frequency
domains; they have been widely used for local gravity field
modelling (e.g. Chambodut et al. 2005; Schmidt et al. 2006;
Panet et al. 2011). The full definition of Poisson wavelet
can be seen in, e.g. Holschneider et al. (2003), Holschnei-
der and Iglewska-Nowak (2007), and Wittwer (2009). The
method for gravity field recovery from Poisson wavelets can
be referred to, for example, Klees et al. (2008) and Wu et al.
(2017b). The order of Poisson wavelets is fixed at three to
achieve a balance between fitting the data and obtaining a
smooth solution (Chambodut et al. 2005; Panet et al. 2011).
The target region extends from 37.5°S to 39.5°S latitude and
146°E to 149°E longitude. We place the Poisson wavelets on
a Fibonacci grid on a surface under the topography and keep

it parallel with the topography (Tenzer and Klees 2008).
The mean distance between Poisson wavelets is chosen as
2.5 km, and the depth of the grid is fixed as 5 km. Since the
regional solution derived from Poisson wavelets suffers from
the edge effects, the boundary limits of the target area are
contracted by 0.25° in all the directions to extract the effec-
tive signals. Due to the heterogeneous spatial resolutions and
noise properties of different data as well as the inappropri-
ate network design of Poisson wavelets (i.e. the depth and
number of Poisson wavelets), the associated normal matrix
may become highly ill-conditioned (Wittwer 2009; Panet
et al. 2011). The first-order Tikhonov regularization is used
to tackle the ill-conditioned problem (Kusche and Klees
2002), and the convergent regularization parameter is esti-
mated by using the Monte Carlo variance component esti-
mation (MCVCE) method (Koch and Kusche 2002; Kusche
2003). Details of regularization parameter estimation can be
referred to Wu et al. (2018).

In order to quantify the contribution of airborne gravity
data, we compute two regional solutions; the first one is
modelled with the merged grid with the airborne gravity data
(Fig. 5a), which is denoted as QGland_TSA (gravimetric
quasi-geoid over the Gippsland Basin modelled with ter-
restrial (T), satellite altimetry (S), and airborne (A) grav-
ity data), while the solution modelled only with the surface
gravity data (Fig. 5b) is denoted as QGland_TS. The dif-
ference between QGland_TSA and QGland_TS shows the
contribution of airborne gravity data in terms of quasi-geoid
heights, see Fig. 7. These additional signals stemmed from
airborne data display as small-scale features on the centi-
metre scale, which mainly locate in coastal regions. This is
consistent with the results from, for example, Forsberg et al.
(2012a) and McCubbine et al. (2018). These results show
that the airborne data contain signals that cannot be resolved
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from the surface gravity data alone, which may contribute to
local gravity field recovery. Moreover, we observe more sig-
nificant signals occurring in coastal areas than in land, and
the possible reason may be due to the degradation of quality
of altimetry-derived gravity anomalies in coastal areas.

4.2 Validation and comparison
4.2.1 Validation against GPS/levelling data

Local GPS/levelling data are firstly introduced for model
validation and comparison, and the detailed information
of local GPS/levelling data can be referred to Featherstone
et al. (2018b). The original GPS/levelling data were referred
to the Australia height datum (AHD) (Roelse et al. 1971).
However, AHD is known to contain systematic errors, where
a north—south tilt and regional distortions exist (Featherstone
and Filmer 2012). Thus, heights from readjustments of the
Australia national levelling network (ANLN) were imple-
mented, which served as an updated version of the level-
ling data used in 1971 AHD adjustment (Featherstone et al.
2018a). Heights derived from a least square adjustment of
ANLN are used, which were corrected for the MDT, derived
from the Commonwealth Scientific and Industrial Research
Organisation Atlas of Regional Seas 2009 (CARS2009)
(Dunn and Ridgway 2002; Ridgway et al. 2002). These data
are suitable for quasi-geoid assessment in Australia (Feath-
erstone et al. 2018a).

Validation results with local GPS/levelling data are
shown in Fig. 8 and Table 1. Note that we removed the mean
values of the misfit between the gravimetric models (both for
regional models and GGMs) and local GPS/levelling data.
These models deviate from the local GPS/levelling data by
tens of centimetres in this area, due to the commission errors
of the GGMs and uncorrected systematic errors in gravity
data and height systems. Thus, if the mean biases are not

Table 1 Statistics of evaluations of different gravimetric quasi-geoids
using CARS2009-constrainted GPS/levelling data (units: m)

Max Min SD
QGland_TSA 0.206 -0.193 0.096
QGland_TS 0.213 -0.200 0.097
AGQG2017 0.342 -0.219 0.103
EGM2008 0.346 -0.192 0.104
EIGEN-6C4 0.329 —0.169 0.098
GECO 0.296 —0.200 0.099
SGG-UGM-1 0.304 -0.172 0.098
GOCOO05¢ 0.437 —0.309 0.132

Note that the mean values of the misfit between different gravimetric
quasi-geoid models and GPS/levelling data are removed

removed, the inconsistencies between these models and
GPS/levelling data are dominated by the systematic errors,
which are undesirable for model comparison. The validation
results with GPS/levelling data can hardly demonstrate the
contribution of airborne data, and the possible reasons are
twofold. First, the GPS/levelling data are sparsely distributed
in onshore areas, and consequently, the high-frequency sig-
nals introduced by airborne data can be hardly detected by
the GPS/levelling data. Moreover, we observe most signifi-
cant signals concentrate in coastal regions (Fig. 7), e.g. see
the red signals in south of Rotamah Island around (147.8°E,
38.0°S) and blue ones located around (147.65°E, 38.2°S),
while less significant signals are observed in onshore areas.
We notice that the terrestrial gravity data used for comput-
ing AGQG2017 have good spatial coverage in onshore areas
over the Gippsland Basin (Featherstone et al. 2018a). As a
result, terrestrial data alone may be sufficient for local small-
scale signals recovery in land, and the contribution from air-
borne data may become less significant. The existing models
are introduced for further comparisons, namely AGQG2017
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Fig.8 Validations of a QGland_TS and b QGland_TSA against CARS2009-constrainted GPS/levelling data. Note that the mean value of the
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and five high-order GGMs, i.e. EGM2008, EIGEN-6C4 (d/o
2190) (Forste et al. 2014), GECO (d/o 2190) (Gilardoni
et al. 2015), SGG-UGM-1 (d/o 2159) (Liang et al. 2018),
and GOCOO05c (d/o 720) (Fecher et al. 2017). The statistics
in Table 1 show that most gravimetric quasi-geoid models
except GOCOO05c show comparable accuracies, i.e. approxi-
mately between 9.7 and 10.4 cm. Due to the limited accu-
racy of local GPS/levelling data, these models cannot be
discriminated (Featherstone et al. 2018a, b). The accuracy of
GOCOO05c¢ decreases by approximately 3 cm compared with
other models, and this may be due to the unrecovered small-
scale signals of this model, since the full d/o of GOCOO05¢
is truncated to 720.

4.2.2 Validation against altimeter-derived data

The satellite altimeter-derived quasi-geoid heights can be
used to assess the performance of quasi-geoid model in
oceanic areas, e.g. see Lieb et al. (2016). The validation
of coastal gravity field using altimeter-derived data may
be more challenging than that in open seas, since the qual-
ity of satellite altimetry data is typically suspicious close
to coast. However, the recent altimetry data are denser and
more accurate than the traditional data, which may be used
as the validation data in coastal areas. The additional sig-
nals introduced from airborne data are validated against the
CryoSat-2, Jason-1, and SARAL/Altika data, where only
the signals located inside the airborne survey are assessed,
and 1701 point-wise altimeter-derived quasi-geoid heights
are used. The maximum/minimum value of the estimated
errors of these 1701 point-wise altimetry data is 7/1 cm,
with a mean magnitude of 3.9 cm. It is noticeable that we
find a mean value approximately of 0.97 m when comparing
AGQG2017 with altimetry data, which is due to the applied
zero-order term in computing AGQG2017, and we remove
this value for model comparison. The validation results
are shown in Fig. 9 and Table 2, and the SD of the misfit
between altimeter-derived quasi-geoid heights and gravimet-
ric quasi-geoid decreases from 0.028 to 0.023 m, when vali-
dating QGland_TS and QGland_TSA, respectively. Moreo-
ver, the combination of airborne data reduces the max/min
value of the misfit between the altimeter-derived data and
gravimetric quasi-geoid, by a magnitude of several centi-
metres, see Table 2. Figure 9 shows that the incorporation
of airborne data prominently improves the quasi-geoid in
coastal areas, especially in areas around (147.5°E, 38.2°S)
and (147.6°E, 38.5°S), which is in line with the contribution
of airborne data to local gravimetric quasi-geoid.

The validation results show that the recent altimetry
data can be potentially used to validate the high-frequency
signals introduced by airborne data. Moreover, these altim-
etry data can be used to distinguish the qualities of differ-
ent models, which may be beneficial for coast gravity field

model assessment, especially in regions lack of control
data. These results also demonstrate that the combination
of airborne data improves the coastal gravity field, which
is consistent with the previous study, e.g. see Hwang et al.
(2006). However, we observe undesirable edge effects that
affect the quality of QGland_TSA, see the red signals around
(148.0°E, 38.3°S) and (148.2°E, 38.0°S) in Fig. 9a. This
demonstrates the quality of solution computed with airborne
gravity data may become less reliable close to the edge of
airborne survey; even we used DWC for merging hetero-
geneous data at various altitudes to derive the data with a
uniform resolution.

The comparisons with other existing models show
that QGland_TSA is of highest quality. QGland_TS,
AGQG2017, and EGM2008 have comparable accuracies,
and all these three models are worse than QGland_TSA, by
the magnitudes of approximately 5—-8 mm. We introduce the
propagated error information of EGM2008 and AGQG2017
(see Fig. 10) for validation. The EGM2008 commission
errors are composed of low- and high-degree errors. The
low-degree ones were estimated using a satellite-only model
through error propagation, while the high-degree errors
were computed through a surface integral formula using
the calibrated gravity anomalies (Pavlis et al. 2012). The
error information of AGQG2017 was computed by using
the EGM2008 commission errors and estimated errors of
ground-based gravity data (Featherstone et al. 2018a). As
shown in Fig. 9a, c, the comparison between QGland_TSA
and AGQG2017 shows the former is particularly better in
coastal areas, e.g. in regions around (147.4°E, 38.3°S) and
(147.1°E, 38.6°S), where larger misfit between the altimeter-
derived quasi-geoid heights and AGQG2017 are observed.
The associated errors of AGQG2017 range from 4.2 to
5.9 cm in this area, with a mean value of 4.7 cm (Fig. 10a).
The validation results are shown to be in general agreement
with the estimated errors of AGQG2017, where the promi-
nent errors concentrate along the coastline. Different data
preprocessing procedures and methods for parameterization
partly account for the differences between QGland_TSA and
AGQG?2017. For instance, QGland_TSA is recovered from
Poisson wavelets, while AGQG2017 was computed from
a modified Stoke integral. However, the incorporation of
airborne data may be the main reason that QGland_TSA
outperforms AGQG2017, since AGGA2017 was computed
without combining the airborne data in this region, while
the comparison between EGM2008 and QGland_TSA shows
that the latter has significant better performances over areas
around (147.5°E, 38.5°S) and (147.7°E, 38.3°S). The asso-
ciated errors of EGM2008 range from 4.3 to 6.4 cm, with a
mean value of 4.9 cm. The validation results of EGM2008
using altimeter-derived quasi-geoid heights agree with
the estimated errors of EGM2008 (Fig. 10b), where the
significant errors are observed along coastal regions. The
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Fig.9 Evaluations of different gravimetric quasi-geoid models
with the altimeter-derived quasi-geoid heights only located within
the boundary of airborne survey. a QGland_TSA, b QGland_TS, ¢
AGQG2017, d EGM2008, e EIGEN-6C4, f GECO, g SGG-UGM-1,

Table 2 Statistics of validations of different gravimetric quasi-geoids
with the altimeter-derived quasi-geoid heights (units: m)

Max Min SD
QGland_TSA 0.136 -0.169 0.023
QGland_TS 0.163 -0.189 0.028
AGQG2017 0.148 -0.179 0.031
EGM2008 0.171 —0.165 0.029
EIGEN-6C4 0.214 —0.127 0.037
GECO 0.150 —0.157 0.037
SGG-UGM-1 0.178 —0.138 0.034
GOCO05¢ 0.155 —0.194 0.048

Note that the mean values of the misfit between gravimetric quasi-
geoid models and altimeter-derived data are removed

@ Springer

and h GOCOO5c. Note that the mean values of the misfit between
gravimetric quasi-geoid models and altimeter-derived data are
removed

combination of local airborne gravity data significantly
reduces these errors in coastal zones. Similarly, the differ-
ence between QGland_TSA and EGM2008 is mainly attrib-
uted to the different modelling techniques and the additional
signals introduced from the incorporation of recently sur-
veyed ground-based data and airborne measurements.

The accuracies of EIGEN-6C4, GECO, and SGG-UGM-1
are between 3.4 and 3.7 cm, all of which are worse than the
four models discussed above. EIGEN-6C4 shows prominent
discrepancies with the altimeter-derived data over the coastal
areas. The results derived from GECO and SGG-UGM-1
show similar patterns, where large errors occur at south of
38.4°S. We notice that the mean bias between EIGEN-6C4
and altimeter-derived quasi-geoid heights is approximately
10 cm, while we do not observe this bias from the compari-
sons with EGM2008 or models developed with EGM2008
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Fig. 10 Associated errors of a AGQG2017 and b EGM2008

(i.e. QGland_TSA, QGland_TS, AGQG2017, GECO, and
SGG-UGM-1). Possible reason may be due to the selection
of reference model in altimeter data preprocessing, where
we use EGM2008 as the reference model. Consequently,
the computed altimeter-derived data may show more similar
properties as EGM2008 than as EIGEN-6C4. Those devel-
oped by combining GOCE data and EGM2008 (i.e. GECO
and SGG-UGM-1) do not demonstrate comparable perfor-
mances as EGM2008 alone. This is particularly prominent in
the southwest parts, see Fig. 9f, g. The accuracies of GECO
and SGG-UGM-1 decrease by 0.8 and 0.5 cm, respectively,
compared with EGM2008. GOCOO05c is of worst quality,
and its accuracy decreases to 4.8 cm.

4.3 Coastal mean dynamic topography
determination

Further, we investigate the possibility to improve the coastal
MDT using the quasi-geoid computed with airborne grav-
ity data. The geodetic MDT is computed as the difference
between mean sea surface (MSS) and geoid/quasi-geoid.
The DTU15MSS is chosen as the MSS, provided as the
gridded data with a spatial resolution of 1'x 1" (Andersen
et al. 2015). Considering that QGland_TSA, QGland_TS,
AGQG2017, and EGM2008 have better performances than
other models when validated against the altimeter-derived
data, we compute local MDTs based on these four mod-
els. We notice that the gridded gravity data for computing
QGland_TSA, QGland_TS, and AGQG2017 have the spatial
resolutions of 1'x 1’, which are consistent with the resolu-
tion of DTU15MSS. Moreover, considering that the appli-
cation of dedicated filtering to smooth the raw MDT may
be not entirely satisfactory because of the unclear loss of

1470 "E 1473 'E 1476 E 1479 E 1482 'E

signals (e.g. Becker et al. 2014), we do not apply the filter-
ing procedure and the raw MDTs are used for comparison.

The MDTs computed based on QGland_TSA, QGland_
TS, AGQG2017, and EGM2008 are denoted as MDTQG-
land_TSA, MDTQG]land_TS, MDTQGland_AGQG2017,
and MDTQGland_EGM2008, respectively, see Fig. 11.
These MDTs show similar patterns over the Gippsland
Basin, although observable differences appear among dif-
ferent MDTs, especially in the northern parts. However,
because of the lack of in situ observations, the accuracies
of different MDTs cannot be quantified. These MDTs show
considerably smooth patterns in most areas, indicating the
small change of local sea surface topography. However,
extreme values are observable along the coastal areas; see
these features like mass blocks in Fig. 11. These values are
typically identified as errors due to the poorly modelled
coastal quasi-geoid and uncorrected errors in the MSS,
e.g. see Hipkin et al. (2004) and Wu et al. (2017b). These
extreme values are nearly unchanged even when the air-
borne data are used for coastal quasi-geoid improvement.
Thus, the computed MDTs may significantly suffer from the
uncorrected errors in the adopted MSS, especially in regions
close to coast (Andersen et al. 2010; Andersen and Scharroo
2011). The errors in MDTs are generally consistent with
the DTU15MSS error information shown in Fig. 12, where
significant errors concentrate along the coast and reach the
magnitude of several centimetres. It is noticeable that the
displayed DTU15MSS error in Fig. 12 is only the interpola-
tion error and cannot be regarded as the formally propagated
error, and the actual MSS error is likely larger than the inter-
polation error (e.g. Andersen and Knudsen 2009).
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Fig. 11 Geodetic MDTs determination over the Gippsland Basin. a MDTQGland_TSA, b MDTQGland_TS, ¢ MDTQGland_AGQG2017, and d

MDTQGland_EGM2008. For all profiles, the mean values are removed

It is noticeable that the altimeter-derived data in
Sect. 2.3 may be used for refining the coastal geodetic
MDT. In fact, the incorporation of recent altimeter data
may improve the consistency between coastal MDT and
tide gauge-derived MDT data and ocean MDT (Ophaug
et al. 2015; Idzanovi¢ et al. 2017). However, the altimeter-
derived data that are very close to coast were screened out
since the waveforms of these data are highly contaminated.
As a result, data gaps exist close the coastal lines, see
Fig. 2. Thus, the altimeter-derived data in Sect. 2.3 cannot
be directly used for MDT refinement over the regions that
are close to coastlines. Moreover, due to the limited reso-
lutions of these recent altimeter data, these data alone may
be not enough for high-resolution MDT determination.

@ Springer

5 Conclusions

We investigate the role of airborne gravity data in coastal
gravity field modelling, in particular, the possibility of
validating the coastal quasi-geoid/geoid through the recent
altimetry data (CryoSat-2, Jason-1, and SARAL/Altika) is
investigated. Moreover, we combine airborne gravimetric
measurements and heterogeneous ground-based gravity data
for regional refinement and quantify and validate the contri-
bution introduced by airborne data.

A coastal region in the Gippsland Basin over the south-
eastern coast of Australia is chosen as a case study, where
a high-resolution airborne gravimetric survey that covers
both onshore and offshore areas is available. Numerical
experiments show that the effects introduced by airborne
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Fig. 12 The interpolation error
of DTUI5MSS
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gravity data display as small-scale patterns on the centi-
metre scale in terms of quasi-geoid heights, which mainly
locate along the coastal areas. Evaluation of the model
computed with airborne measurements using local GPS/
levelling data can hardly detect the high-frequency signals
introduced by airborne data, due to the sparsely distribu-
tion of local GPS/levelling data. On the other hand, the
validations of different models against the recent altimeter-
derived quasi-geoid heights demonstrate that the incorpo-
ration of airborne data improves the local quasi-geoid in
coastal areas, compared with the one derived from ground-
based data alone. By combining airborne data for model-
ling, the SD of the misfit between the altimeter-derived
data and modelled gravimetric quasi-geoid decreases from
2.8 to 2.3 cm. These results indicate that the recent altim-
eter data may be useful for gravity field model assessment
in coastal areas, especially in regions lack of control data.
Further comparisons with the existing models show that
the solution computed by merging airborne, terrestrial, and
altimetric gravity data is of highest quality, which indicate
that the combination of airborne gravity data improves
coastal gravity field.

The computed geodetic MDTs based on different gravi-
metric quasi-geoids demonstrate that errors are still promi-
nent along the coastal areas, even when airborne data are
incorporated for local quasi-geoid refinement. This indi-
cates that local coastal MDTs may substantially suffer from
the errors in the MSS. Thus, the further work involves for
coastal MSS refinement by incorporating recent altimeter
data and other data sources (e.g. the mean sea level records
derived from tide gauge observations).
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