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Abstract We present results from a new vertical de-
flection (VD) traverse observed in Perth, Western 
Australia, which is the first of its kind in the Southern 
Hemisphere. A digital astrogeodetic QDaedalus in-
strument was deployed to measure VDs with ~0.2” 
precision at 39 benchmarks with a ~1 km spacing. For 
the conversion of VDs to quasigeoid height differ-
ences, the method of astronomical-topographical lev-
elling was applied, based on topographic information 
from the Shuttle Radar Topography Mission (SRTM). 
The astronomical quasigeoid heights are in ±20-
30 mm (RMS) agreement with three independent gra-
vimetric quasigeoid models, and the astrogeodetic 
VDs agree to ±0.2-0.3” (north-south) and ±0.5-0.9” 
(east-west) RMS. Tilt-like biases of ~10 mm over ~10 
km are present for all quasigeoid models within ~20 
km of the coastline, suggesting inconsistencies in the 
coastal zone gravity data. The VD campaign in Perth 
was designed as a low-cost effort, possibly allowing 
replication in other Southern Hemisphere countries 
(e.g., Asia, Africa, South America and Antarctica), 
where VD data are particularly scarce. 
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1 Introduction 
Vertical deflections (VDs) are the angular difference 
between the direction of the plumbline and some ref-
erence direction (e.g., Jekeli 1999). The direction of 
the plumbline (true vertical) is defined through the 
gravity vector. In Molodensky’s definition of the VD, 
the normal plumbline (at the telluroid) serves as the 
reference direction. In Helmert’s definition, VDs are 
defined as angle between the direction of the gravity 
vector at the Earth’s surface and the ellipsoidal surface 
normal through the same point. Each definition differs 
by the curvature of the normal plumbline (e.g., Torge 
and Müller 2012, p 107). VDs in Helmert’s definition 
are directly obtained from astrogeodetic observations 
(e.g., Hirt et al. 2010a).  

Astrogeodetic VDs come from precisely timed ob-
servations to the fixed stars, where the resulting astro-
nomic coordinates are compared with co-located geo-

detic coordinates to provide the north-south (𝜉) and 
east-west (𝜂) VD components. Historically, photo-
graphic and geodetic surveying techniques were used, 
but over the past 15 years they have been replaced by 
CCD (charged coupled device) cameras and GPS 
(Global Positioning System) in fully digital systems 
(e.g., Hirt et al. 2010a; Guillaume et al. 2012).  

Astrogeodetic VDs have played several important 
roles in geodesy and geophysics. Astronomical level-
ling was the only means for geoid determination prior 
to gravimetric methods, though combined astrogra-
vimetric methods have also been used (e.g., Fryer 
1972, Marti 1997). VDs are needed for the reduction 
of geodetic surveying measurements to the ellipsoid 
(e.g., Featherstone and Rüeger 2000), have been used 
to assess high-resolution global gravity field models 
(e.g., Jekeli 1999), and can be applied to fit gravimet-
ric geoid models (Featherstone and Lichti 2009). As-
trogeodetic VDs also helped to confirm the principle 
of isostasy (e.g., Watts 2001, Chap. 1) and have been 
applied to geophysical studies of intracrustal mass-
density anomalies (Bürki 1989).  

With the advent of the digital zenith camera, astro-
geodetic VDs have been observed and used to com-
pute quasi/geoid profiles (e.g., Hirt et al. 2007; Hirt 
and Seeber 2007; Hirt et al. 2008; Hirt and Flury 2008; 
Voigt et al. 2009; Voigt 2013; Smith et al. 2013; Guil-
laume 2015; Wang et al. 2017), but only for Northern 
Hemisphere countries. In the aforementioned works, 
sub-mm, mm and cm precision was achieved for 
quasi/geoid height differences depending on the trav-
erse length, VD station spacing and instrument accu-
racy. These new VD datasets were not only used for 
independent quasi/geoid validation based on astro-
nomical levelling, but also error analysis of GNSS 
heighting (Hirt et al. 2011), and in the assessment of 
the high-frequency constituents of geopotential models 
(e.g., Hirt et al. 2010b; Voigt 2013; Voigt and Denker 
2013). Historical VD traverses have been conducted in 
Australia for astrogeodetic geoid determination (e.g., 
Fischer et al. 1968; Fryer 1972), but were analogue, 
and of lower precision than modern VD measure-
ments. 



 
Fig. 1. Study area in Perth, Western Australia. (a) Surface geology digitised from Davidson (1995) with elevations con-
toured from SRTM, (b) AGQG2017 quasigeoid heights in metres, showing the steep east-west gradient (~70 ppm) due to 
the juxtaposition of the Perth Basin and Yilgarn Craton along the north-south Darling Fault, (c) AGQG2017 north-south 
VD in arc-seconds, (d), AGQG2017 east-west VD in arc-seconds. The astrogeodetic traverse is shown by black circles.  
 
 

The objective of this study is to introduce a new 
VD dataset acquired with digital instrumentation in 
the Southern Hemisphere, and to exemplify the use 
of this dataset for validation of existing gravity field 
models. The digital QDaedalus instrument (Guil-
laume et al. 2012) was deployed in Perth, Western 
Australia in February 2017 to measure 39 astrogeo-
detic VDs along a ~38 km traverse (Fig. 1). This 

study area was deliberately chosen because 1) it hosts 
one of the steepest geoid gradients in the world due 
to the juxtaposition of the low bulk density Perth 
Basin and high bulk density Yilgarn Craton (topog-
raphic bulk density contrasts reach 480 kgm-3 (Mid-
dleton et al. 1993)) that are separated by the near-
vertical 15 km-deep Darling Fault, and 2) its close 
proximity to the ocean where problems associated 



with coastal marine gravity quality and the sea-land 
transition can affect the quality of gravimetric quasi-
geoid models. The acquired VDs are exemplarily 
used to assess global and regional gravimetric quasi-
geoid models in this “gravimetrically challenging” 
region.  
 
2 Datasets 
2.1 Astrogeodetic VDs and auxiliary measurements 
The measurement process and data processing of the 
QDaedalus system are explained in Hauk et al. 
(2017) and Guillaume et al. (2012), so not replicated 
here. From 15 February to 01 March 2017, weather 
conditions permitted QDaedalus observations of 
astronomic coordinates on 13 nights at 39 different 
benchmarks (BMs) along an east-west traverse (up to 
four BMs per night). The location of the astrogeo-
detic traverse is shown in Fig. 1 and together with 
surface geology (Davidson 1995) and AGQG2017 
(Featherstone et al. 2017) quasigeoid heights and 
AGQG2017 VDs. For the astronomical orientation of 
the system, stars of the Crux, Triangulum Australe or 
Carina constellations were targeted, depending on 
local time and sky visibility. A set of three consecu-
tive observation sessions were performed at or near 
each BM, each taking ~15 minutes and resulting in 
~300 angular measurements. The observations from 
all sessions were averaged to reduce random error 
sources (e.g., scintillation). 

For internal validation and evaluation of the re-
sults, observations were repeated at six BMs, on dif-
ferent nights. The quality assessment yielded stan-
dard deviations of ±0.17” for the north-south VD (𝜉) 
and ±0.23” for the east-west VD (𝜂). These numbers 
do not contradict the standard deviations of ±0.15” to 
±0.20”, which were determined based on repeat and 
comparison measurements in Germany prior to the 
campaign (Hauk et al. 2017).  

Geodetic coordinates (Geocentric Datum of Aus-
tralia 1994)) for the majority of BMs were available 
from the State’s register of surveying control marks, 
the majority of these having been previously coordi-
nated by relative carrier-phase GNSS surveys with a 
mean horizontal precision of ±7 mm at one-sigma. At 
BMs with less accurate geodetic coordinates (i.e., 
BMs with horizontal coordinates scaled from maps), 
or when the QDaedalus system had to be deployed 
eccentrically for better sky visibility, co-located 
short-occupation static GNSS baselines were ob-
served simultaneously with the astrogeodetic obser-
vations relative to two International GNSS Station 
(IGS) control stations (PERT and CUT0) in “fast-
static” mode, with fixed integer ambiguity solutions, 
and a mean horizontal precision of ±56 mm at one-
sigma. These STDs translate to an angular uncer-

tainty of 0.0002” and 0.002” in the geodetic coordi-
nates. 

Surface gravity measurements along the profile, 
with a mean precision of ±0.01 mGal at one-sigma, 
provide auxiliary data for the astronomical levelling 
(Section 3). They were collected during a relative 
gravity survey conducted in December 2015 using a 
Scintrex CG5 digital gravimeter, connected to a base 
station of the Australian Absolute Gravity Datum 
2007, but have not been used in any of the gravimet-
ric quasigeoid models tested here. 
 
2.2 Gravity field models for comparisons 
We use GGMplus (Hirt et al. 2013) as model for 
comparisons with (1) measured VDs, (2) modelled 
quasigeoid heights, and (3) for test computations in 
the remove-compute-restore (RCR) combination with 
measured VDs. GGMplus is a composite gravity 
model that relies on satellite (GRACE, GOCE) and 
EGM2008 (Pavlis et al, 2012, 2013) terrestrial grav-
ity information at spatial scales of ~10,000 km to ~10 
km and topography-implied gravity values at spatial 
scales of ~10 km to ~250 m. VDs (in Helmert’s defi-
nition) and quasigeoid heights from GGMplus are 
available at 
http://ddfe.curtin.edu.au/models/GGMplus/. 

We include AGQG2017 (Featherstone et al. 
2017), a regional gravimetric quasigeoid model 
based on EGM2008. It includes location-specific 
error estimates propagated from EGM2008 and the 
local gravity and terrain data. Over the study area, 
the uncertainty is ~90 mm. We also use the 
AGQG2009 regional gravimetric quasigeoid model 
(Featherstone et al. 2011), the predecessor to 
AGQG2017. Opposed to GGMplus, the two AGQG 
models are based on gravimetric information (marine 
and terrestrial) also at spatial scales less than ~10 km.  

We emphasise the different character of the astro-
nomical and gravimetric solutions. While the astro-
nomical solution is unbiased from a conceptual point 
of view, gravimetric solutions may suffer from biases 
(here via low-accuracy coastal marine gravity, cf. 
Sections 3 and 4) that propagate via the geodetic 
convolution integral (modified Stokes integration in 
case of the Australian models) into the quasigeoid 
solutions. The astronomical solution provides quasi-
geoid height differences along a profile (1D), while 
the gravimetric solution delivers a grid of quasigeoid 
heights (2D), cf. Torge and Müller (2012). 
 
3. Astronomical levelling 
3.1 Summarised theory 
Our astrogeodetic VDs follow the Helmert definition, 
i.e., the astronomical coordinates (astronomical lati-

http://ddfe.curtin.edu.au/models/GGMplus/�


tude 𝛷, longitude 𝛬) define the direction of the 
physical plumbline and the geocentric geodetic coor-
dinates (geodetic latitude 𝜑, longitude 𝜆) the direc-
tion of the ellipsoidal normal at the observation 
point. Astrogeodetic VDs were obtained using (e.g., 
Voigt 2013) 
𝜉 = 𝑠𝑖𝑛 𝛷 𝑐𝑜𝑠 𝜑 − 𝑐𝑜𝑠 𝛷 𝑠𝑖𝑛 𝜑 𝑐𝑜𝑠(𝛬 − 𝜆), 

𝜂 = 𝑠𝑖𝑛(𝛬 − 𝜆) 𝑐𝑜𝑠 𝛷 
(1) 

that avoid approximation errors (few 0.01” in moun-
tainous terrain, but smaller in flat terrain) associated 
with the often used first-order Taylor series 

𝜉 =  𝛷 − 𝜑, 
𝜂 = (𝛬 − 𝜆)𝑐𝑜𝑠 𝜑. 

(2) 

Following the theory of astronomical level-
ling (Helmert 1880/1884), VDs observed at the 
Earth’s surface are numerically integrated along a 
path to obtain quasigeoid height differences (Torge 
and Müller 2012, p. 298)  

∆𝜁𝐴𝐵 = −� 𝜀𝑑𝑠 − 𝑁𝐶
𝐵

𝐴
 

(3) 

where 𝐴 and 𝐵 denote the endpoints of the path, 
𝜀 = 𝜉 cos𝛼 + 𝜂 sin𝛼 is the VD component in geo-
detic azimuth 𝛼, 𝑑𝑠 is the geodesic distance between 
adjacent VD stations, and 𝑁𝐶 is the normal correc-
tion, used to obtain quasigeoid height differences 
(Torge and Müller, 2012, p. 254) 

𝑁𝐶 = �
𝑔 − 𝛾
𝛾

𝐵
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which depends on surface gravity values 𝑔, height 
differences 𝑑𝑛 between adjacent stations, mean nor-
mal gravity values �̅�𝐴 , �̅�𝐵 along the plumblines of the 
endpoints 𝐴 and 𝐵, and an arbitrary constant normal 
gravity value 𝛾 = 𝛾045 (𝛾045 is the normal gravity at 
45° geodetic latitude). GRS80 (Moritz 2000) has 
been used throughout. The combined and discretised 
form of Eqs. (3) and (4) is 
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(5) 

where indices 𝑖 and 𝑖 + 1 denote adjoining stations 
with VDs, gravity values and height differences. The 
𝑑𝑛 and 𝑔 values are needed for the numerical evalua-
tion of the 𝑁𝐶. 𝐻𝐴 and 𝐻𝐵 are normal heights from 
the levelling traverse or can be approximated through 
a digital elevation model (DEM). 
 
 

3.2 Practical evaluation 
The evaluation of Eq. (3) requires densely spaced 
VDs such that the deflection data of adjacent stations 
can be interpolated linearly. We applied the method 
of astronomical-topographical levelling (Bosch and 
Wolf 1974; Hirt and Flury 2008) using a RCR tech-
nique.  

The method of astronomical-topographical lev-
elling, as described e.g. by Hirt and Flury (2008), 
uses topographic reductions of VDs for the interpola-
tion between astrogeodetic stations. Different to the 
original description of Hirt and Flury (2008), we 
interpolate observed VDs with modelled VDs from  
(1) residual terrain model (RTM, Forsberg 1984) 

data instead of topographic forward modelling 
with a full-scale topography model truncated 
beyond a ~200 km integration radius. Our RTM 
is based on a 1 arc-sec SRTM model with a de-
gree-2160 spherical harmonic DEM reference 
surface removed. 

(2) GGMplus (Hirt et al. 2013) that merges 
GRACE, GOCE and EGM2008 gravity infor-
mation at long- and medium-wavelengths (har-
monic degrees 2 to 2190) with short-wavelength 
gravity information obtained from a RTM based 
on 7.2 arc-sec SRTM topography. 

The RTM forward modelling was done with the For-
tran software “TC” (Forsberg 1984), along with a 
~200 km integration cap radius and the residual 
SRTM topography. The height differences 𝑑𝑛 were 
interpolated from the SRTM model and the gravity 
values 𝑔 obtained through application of the RCR 
technique with observed gravity and SRTM-
predicted gravity. In this topographically low-lying 
region (max ~200 m; Fig. 1a), the 𝑁𝐶 term (Eq. 2) is 
less than 5 mm. 

Figure 2 shows the observed VDs along the Perth 
traverse, and their RCR-based combination with 
RTM-data and with GGMplus. The 𝜉-component 
shows a dominant linear behaviour and reaches val-
ues from -1.4” in the west to +3.1” in the east (Table 
1 and Fig. 2). Short-scale variations remain less than 
1”. The 𝜂-component exhibits a large decrease from -
7.0” to -32.5” (Table 1 and Fig. 2) from the west up 
to the Darling Fault (32-33 km along the profile), 
followed by a sharp peak and slowly increasing VD 
values eastward of the Fault. The deflections for the 
two variants (GGMplus and forward modelling based 
on 30 m SRTM) are very similar, with RMS differ-
ences of ±0.07” for 𝜉 and ±0.09” for 𝜂. The differ-
ences primarily reflect high-frequency signals asso-
ciated with the higher spatial resolution of the 1-arc-
sec resolution SRTM dataset.  
 



 
Fig. 2. VDs along the Perth traverse. Units in arc-seconds. Top: 
north-south component 𝜉, Bottom: east-west component 𝜂. As-
tronomically measured VDs (black circles), GGMplus RCR-
combination (magenta) and SRTM V3 RCR-combination (blue). 
The large east-west VDs reflect the steep quasigeoid gradient in 
the Perth region due to the Darling Fault. 

 
Table 1. Descriptive statistics of the VDs along the Perth trav-
erse - observations, GGMplus, AGQG2009 and AGQG2017, and 
differences between the observations and models. Units in arc-
seconds.  

 Source Min Max Mean RMS 
 
 
 
𝜉 

Observed -1.37 3.05 0.93 1.61 
GGMplus -0.98 3.44 0.96 1.62 
AGQG2009 -1.37 2.68 0.91 1.57 
AGQG2017 -1.15 2.51 0.78 1.45 
Observed-
GGMplus 

-0.63 0.40 -0.04 0.30 

Observed-
AGQG2009 

-0.41 0.79 0.02 0.23 

Observed-
AGQG2017 

-0.28 1.10 0.15 0.31 

 
 
 
𝜂 

Observed -32.47 -7.00 -20.08 21.88 
GGMplus -30.87 -8.08 -20.16 21.82 
AGQG2009 -30.64 -8.10 -20.04 21.62 
AGQG2017 -31.88 -7.79 -20.30 21.99 
Observed-
GGMplus 

-2.46 1.39 0.08 0.89 

Observed-
AGQG2009 

-1.89 1.22 -0.04 0.71 

Observed-
AGQG2017 

-1.30 1.21 0.22 0.56 

 
3.3 Precision and accuracy estimation 
The standard deviation of the VDs is at the level of 
±0.15-0.20” (Hauk et al. 2017), cf. Sect. 2. This ran-
dom error in the VD data translates into a 1 mm error 
in quasigeoid heights over 1 km, and accumulates 
(with the square root of the number of stations (e.g., 
Hirt and Flury 2008) to ~±4-6 mm standard deviation 
in the quasigeoid height differences (over 38 km). 
From Hirt and Flury (2008, Table 9), the impact of 

the signal omission error due to the ~1 km spacing is 
estimated to reach the ~1 mm level over the traverse. 
This simple precision assessment does not take into 
account errors associated with the topographic VDs 
used in the interpolation, which are at the mm level. 
The uncertainty of the 𝑁𝐶 computation is estimated 
not to exceed 1 mm. This estimate is based on em-
pirical results from other astronomic surveys in more 
rugged terrain and over longer traverses (Hirt et al. 
2008).  

More important than random errors, undetected 
systematic errors of the observed VDs propagate 
linearly with the length of the traverse into the quasi-
geoid heights. For instance, a systematic error of 
0.01” falsifies ∆𝜁𝐴𝐵 by 0.05 mm (over 1 km) and 
1.9 mm (over 38 km). Accordingly, a systematic 
error of 0.05” would cause a 10 mm bias in ∆𝜁𝐴𝐵 
towards the ends of the traverse. From the compari-
son against GGMplus (Table 1), possible biases in 
the VD data can be assumed not to exceed the ~0.06” 
level in the east-west direction.  

Regarding the source of biases or residual errors 
in the VD data, some possible effects are as follows. 
1) The effect of Earth tides on the direction of the 
physical plumbline may reach maximum values of 
0.01”-0.02” (cf. Jekeli 1999; Voigt et al. 2013). Earth 
tide corrections were not applied in this study be-
cause they remain mostly below ~5-10% of the ob-
servational accuracy. 2) The effect of anomalous 
atmospheric refraction might cause amplitudes of 
few 0.05” at time scales of hours (Hirt 2006), but 
smaller amplitudes at time scales of several days or 
weeks (e.g., 0.01”, Hirt and Seeber 2008). Explicit 
modelling of parts of the refraction effects through 
ray-tracing through 3D atmospheric weather models 
is possible in principle (Guillaume 2015, p241 ff), 
but was envisaged here due to the demanding re-
quirements in terms of temporal and spatial resolu-
tion of the atmospheric data that would be required. 
3) As far as instrumental systematic effects are con-
cerned, comparisons between VDs from QDaedalus 
measured at digital zenith camera sites (Hauk et al. 
2017) and at a control site of TU Munich before and 
after the campaign did not give evidence for observa-
tional biases (e.g., systematic instrumental errors).  

4) Another effect that can cause biases between 
gravity field observations and models is the underly-
ing reference frames (Kotsakis 2009, Featherstone 
1995). In the case of our observed VDs, the underly-
ing reference frame for the geodetic coordinates in 
GDA94 is ITRF92 (epoch 1994.0). This differs from 
ITRF2014 by ~2 m in a north-east direction, which 
would translate to a systematic ~0.06” in each deflec-
tion component if it were to be compared to a gravity 
model with ITRF2014 as the underlying reference 



frame. For satellite-only global gravity models, the 
reference frame is implicit from the tracking stations. 
For combined gravity models such as GGMplus, 
AGQG2009 and AGQG2017, it also depends on the 
underlying reference frames for the gravity data and 
terrain data used. For AGQG2009 and AGQG2017, 
the horizontal coordinates of the gravity and terrain 
data were GDA94 (ITRF92 epoch 1994.0), so the 
underlying reference frame of the high-frequency 
model constituents is compatible with the GDA94 
geodetic coordinates used to calculate our astrogeo-
detic VDs. In the case of GGMplus, the high-
frequency constituents depend on SRTM elevation 
data, which is assumed to refer to WGS84(G873) 
(Brown et al. 2005). The underlying reference frame 
is therefore ITRF94 (epoch 1997) and the effect on 
the VDs is estimated to be below 0.01”. However, in 
all models there is also a dependency on the underly-
ing reference frames of EGM2008, assumed to be 
GDA94 for Australian gravity data and ITRF94 for 
SRTM. In summary, the upper limit of the reference 
frame inconsistency can be constrained to ~0.06”, but 
is likely to be less because the epochs of the input 
datasets of the gravity models used in this study are 
closer to 1994.0 than 2014.0, or identical with 
1994.0. 

Based on all stochastic information available, we 
consider a standard deviation of ±10 mm to ±15 mm 
for ∆𝜁𝐴𝐵 over the 38 km traverse length to be realis-
tic. 
 
4 Model comparison results 
4.1 Vertical deflection comparisons 
Figure 3 shows the observed VDs together with 
AGQG2009, AGQG2017 and GGMplus-only, which 
are independent of the observed VDs and vice versa. 
Figure 4 shows the differences between the astrogeo-
detic VDs and those from the models; for the de-
scriptive statistics of the VDs and their differences, 
see Table 1. Astrogeodetic VDs can be directly com-
pared with GGMplus VDs, given both are in Helmert 
definition (Hirt et al. 2013, supplementary materials). 
For the comparison with VDs from the AGQG mod-
els, the model VDs were derived from horizontal 
quasigeoid gradients so transformed to the Helmert 
definition (𝜉, 𝜂)𝐻 as follows. 

In the first step, the gridded quasigeoid values 
were used to compute VDs in Molodensky definition 
(𝜉, 𝜂)𝑄𝐺𝑀  (cf. Heiskanen and Moritz 1967, p 313, 
Voigt 2013) 

𝜉𝑄𝐺𝑀 = −
1

𝑀 + ℎ
𝜕𝜁
𝜕𝜑

− 𝛥𝜉 

𝜂𝑄𝐺𝑀 = −
1

(𝑁 + ℎ) 𝑐𝑜𝑠 𝜑
𝜕𝜁
𝜕𝜆

− 𝛥𝜂 

(6) 

where 𝑀 is the meridian curvature radius, 𝑁 the 
prime vertical curvature radius (see Torge and Müller 
2012, p95), h the ellipsoidal height, and 𝛥𝜉, 𝛥𝜂 are 
terrain slope correction terms 

𝛥𝜉 =  
𝛥𝑔
𝛾

1
𝑀 + ℎ

𝜕ℎ
𝜕𝜑
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𝛥𝑔
𝛾

1
(𝑁 + ℎ) 𝑐𝑜𝑠 𝜑

𝜕ℎ
𝜕𝜆

 

(7) 

that take into account that the Earth’s topographic 
surface is not an equipotential surface. The terrain 
slope correction terms depend on the gravity anom-
aly 𝛥𝑔, normal gravity 𝛾 and the terrain slopes in 
north-south (𝑀 + ℎ)−1𝜕ℎ/𝜕𝜑 and east-west direc-
tion ((𝑁 + ℎ) 𝑐𝑜𝑠 𝜑)−1 𝜕ℎ/𝜕𝜆, respectively. In the 
second step, VDs are transformed from Molodensky 
(𝜉, 𝜂)𝑄𝐺𝑀  to Helmert (𝜉, 𝜂)𝑄𝐺𝐻  definition via 

𝜉𝐻 = 𝜉𝑀 + 0.17"𝐻 𝑠𝑖𝑛 2𝜑 
𝜂𝐻 = 𝜂𝑀 

(8) 

where 𝐻 is the normal height in km (Jekeli 1999) and 
the difference in 𝜉 is due to the curvature of the nor-
mal plumbline. VDs from Eq. (8) can then be com-
pared with the (Helmert) astrogeodetic VDs. 

 
Fig. 3. VDs along the Perth traverse. Units in arc-seconds. Top: 
north-south component 𝜉, Bottom: east-west component 𝜂. 
GGMplus-predicted deflections (blue), AGQG2009-predicted 
deflections (red), AGQG2017-predicted deflections (black), 
astronomically observed VDs (green). 
 

According to Voigt (2013, p 106), the terrain 
slope terms [Eq. (7)] are a “central problem” because 
the “limited accuracy of the terrain slopes, particu-
larly in rough topography, leads to systematic devia-
tions” in their computation. We attempted to calcu-
late the terrain slope correction terms with DEMs of 
different resolution, and gravity anomalies from 
high-resolution global models. However, because of 
the large amplitudes of gravity anomalies over most 
of the traverse (~100 mGal), errors of a few metres in 
the DEM were found to translate into several 0.1” 



errors in the Δξ, Δη correction terms, deteriorating 
the quality of the VDs in Eq. (7) along the traverse.  
 

 
Fig. 4. Differences between observed and modelled VDs. Units 
in arc-seconds. Top: 𝜉-component, Bottom: 𝜂-component. 

 
A principal problem appears to be the spectral in-

consistency between quasigeoid grids (e.g., 1 min 
resolution) and DEMs to consistently model the dif-
ference between the level surfaces and terrain sur-
face. Therefore, we decided not to apply the slope 
correction terms in this study. The encountered diffi-
culties suggest that the accurate prediction of Hel-
mert VDs from quasigeoid models using the formal-
ism of Eqs. (6)-(8) can be problematic where large 
gravity anomalies “amplify” errors in the terrain 
slopes. We note that the comparison of quasigeoid 
height differences from astronomical levelling with 
gravimetric quasigeoid information (Sect. 4.2) does 
not require slope correction terms, so avoids such 
difficulties with their computation.  

From Figs. 3 and 4 and Table 1, for all three mod-
els, the RMS of the 𝜉 differences is less than ±0.3”, 
which is close to the observational precision of the 
QDaedalus instrument (Guillaume et al. 2012; Hauk 
et al. 2017). There are larger discrepancies at the 
eastern end of the traverse (toward the right in Fig. 4) 
that coincides with the location of the Darling Fault, 
with larger differences exhibited in the 𝜂-component 
than in 𝜉. These differences exceed 2” and show an 
RMS ranging from ±0.5” to ±0.9”, reflecting the 
presence of large bulk density anomalies in the east-
west direction (cf. Fig. 1 a). The differences along 
the first 30 km are predominantly positive, at the 
level of +0.1” to +0.2”. This may indicate a bias, 
either in the observed VDs or in the VDs calculated 
from the three quasigeoid models (Sect. 4.3). Since 
no evidence for a bias was found in Hauk et al. 
(2017, Fig. 4), assessing the quality of QDaedalus 

measurements, it is more likely to be associated with 
the GGMplus, AGQG2009 and AGQG2017 models 
of the very steep east-west quasigeoid gradient in 
Perth, as well as the lower precision of the marine 
gravity data.  

The RMS values of the differences never exceed 
±1” for any of the three models (Table 1), which is 
commensurate with investigations using astrogeo-
detic VDs in Northern Hemisphere countries (e.g., 
Hirt et al. 2010b; Smith et al. 2013; Wang et al. 
2017). As such, our study corroborates the ability of 
global or regional models to predict VDs at the 1” 
precision level or better over topographically flat 
areas. Furthermore, the smaller RMS values of the 
AQGQ models in Table 1 indicate that the inclusion 
of local gravity observations is a preferable model-
ling technique in areas of steep gravity gradients and 
low-lying topography. 
 
4.2 Quasigeoid (height anomaly) comparisons 
Figure 5 (top) presents the height anomalies along 
the traverse for all three quasigeoid models and the 
new VD dataset. At the starting point (0 km), all 
height anomalies were set to zero. Towards the end 
of the traverse, the height anomaly differences reach 
~ 2.7 m, equating to a gradient of 71 ppm. The dif-
ferences in the quasigeoid heights are shown in Fig. 5 
(bottom). The RMS differences between the ob-
served and modelled height anomalies remain at the 
±20-30 mm-level (Table 2). The AGQG2017 differ-
ences reach their maximum value at the eastern end 
of the traverse, while the AGQG2009 and GGMplus 
reach their maximum, of up to ~50 mm, between 
25 km and 30 km along the traverse. Up to 15 km, 
the differences among the quasigeoid heights show 
little variation, but exhibit a steady decrease. This is 
a direct translation of any biases in the 𝜂-differences 
into the quasigeoid domain, which causes a trend in 
the quasigeoid height differences.  

From 15 km onwards, the curves start to diverge. 
From this point on, the GGMplus differences show a 
wave-like signal (10-20 mm amplitude), likely re-
flecting the impact of unmodelled bulk density across 
the Darling Fault. In contrast, the AGQG2017 curve 
is largely dominated by a trend and only shows short-
scale variations. Consequently, the VD traverse ex-
periment suggests AGQG2017 maps the quasigeoid’s 
fine structure properly, but contains a tilt of 1-2 mm 
over 1 km (1-2 ppm) in the Perth region. This tilt 
translates into a bias of ~0.2” in the 𝜂-component.  
 



 
Fig. 5. Top: height anomaly differences (in metres) along the 
Perth traverse from GGMPlus (blue), AGQG2009 (red), 
AGQG2017 (black) and VD survey (green). Bottom: Differences 
between height anomalies (in metres) from the astronomical-
topographical solution and from the models (GGMplus, 
AGQG2009 and AGQG2017). The height anomaly of each 
solution or model was set to zero at the beginning of the traverse. 

 
Table 2. Descriptive statistics of the quasigeoid height differ-
ences along the traverse. Units in mm. 
 

∆𝜻 Min Max Mean RMS 
Observed-GGMplus -49 0 -24 ±27 
Observed-AGQG2009 -33 1 -21 ±23 
Observed-AGQG2017 -52 1 -29 ±33 

 
Over the Darling Fault (~33 km along the profile), 

the gravity field models are not able to capture the 
geoid variations as consistently as in the western 
part, which is indicated by the larger discrepancies 
and the higher variability in the 𝜂-differences from 
~20 km to ~35 km (cf. Fig. 4). This may be attributed 
to the fact that GGMplus employs a constant topog-
raphic mass density in the forward modelling at spa-
tial scales of less than ~10 km, which prohibits a 
detailed description of the high-frequency gravita-
tional signature of the mass-density variations asso-
ciated with the Darling Fault.  

With formally propagated AGQG2017 gravim-
etric quasigeoid errors (Featherstone et al. 2017) 
ranging between ±83 mm and ±98 mm along the 
traverse, the differences in Fig. 5 (bottom) are within 
the expected error budgets. 
 

4.3 Discussion 
A plausible explanation for the tilts in the quasigeoid 
models is that the traverse is in a coastal area, where 
marine gravity field information derived from satel-
lite altimetry data is less reliable (e.g., Vignudelli et 
al. 2011). If the altimetry data are incorrect, the in-
troduction of a tilt in the quasigeoid of some 0.1” is 
entirely possible. Figure 6 shows a subset of the point 
gravity anomaly errors used in AGQG2017, compris-
ing formally propagated errors for land gravity ob-
servations and the error grids that accompany the 
Sandwell et al. (2014) marine gravity anomalies.  

 
Fig. 6. Gravity anomaly errors used in AGQG2017. Units 
in mGal. Rectangular projection. 
 

From Fig. 6, the advantage of the astronomical 
method becomes clear: While only local data along 
the traverse is needed to compute the astronomical 
solution, the numerical integration in two coordinate 
directions requires gravity data outside our study 
area. The degradation of the marine gravity data is 
the prime suspect for the tilts in the quasigeoid mod-
els, adding yet more evidence that airborne gravim-
etry should be used to bridge this deficiency (e.g., 
Schwarz and Li 1996, Li et al. 2016, Jamil et al. 
2017). AGQG2017 uses an integration cap of 55 km, 
so the extents of Fig. 6 correspond to the local grav-
ity data errors used in its computation.  

An unintended outcome of this study is that the 
QDaedalus instrument was proven capable of map-
ping the horizontal location of the Darling Fault. The 
Fault is obscured by weathered regolith that prevents 
accurate mapping from surface geology observations. 
The inflections in 𝜂 at 33 km (Fig. 4) indicate that 
this is the location of the near-vertical fault line. 
However, this is a dramatic density contrast, so 



QDaedalus may not be able to map other less promi-
nent faults. 
 
5 Summary and concluding remarks 
This study has presented results from the first digital 
VD measurements in the Southern Hemisphere. The 
observations were carried out in Perth with contem-
porary astrogeodetic QDaedalus instrumentation at 
the ~±0.2” accuracy level. The comparison between 
the newly measured and modelled VDs showed an 
RMS agreement between ~±0.5” and ~±0.9” for 𝜂 
and better than ~±0.3” for 𝜉, which is commensurate 
with results from Northern Hemisphere countries 
(e.g., Wang et al. 2017; Hirt et al. 2010a). 

Tilt-like biases of ~1 mm over ~1 km (1 ppm) are 
present for all quasigeoid models within ~20 km of 
the coastline, which might either point at inconsis-
tencies in the model-underlying coastal zone gravity 
data sets (e.g., offsets in the transition between al-
timeter and land gravity data), or remaining system-
atic errors in the VD observations. The latter expla-
nation is considered less likely because the instru-
mentation did not show such systematic behaviour 
against control data (Hauk et al. 2017) and repeat 
observations (Sect. 2). 

For our measurement campaign, the logistical re-
quirements were comparatively low. The measure-
ment equipment was transported by commercial 
commuter aircraft and moved between stations with a 
small car. Our VD campaign was designed as a low-
cost project (less than AU$10,000), potentially al-
lowing its replication in other countries (e.g., Asia, 
Africa or South America) or even Antarctica to im-
prove the global VD data coverage and rectify the 
current geographical VD imbalance between North-
ern and Southern Hemispheres. In turn, this will al-
low for improved global testing of high-degree grav-
ity field models (such as the anticipated EGM2020). 

As next steps, the new VDs collected in this study 
shall be used for testing of future gravity field mod-
els and modelling techniques in the Perth Basin, also 
with a focus on geophysical modelling of the fault. 
GPS/levelling data as another independent source for 
quasigeoid information should be collected along the 
traverse. An airborne gravity campaign, which would 
be desirable to improve the coastal gravity situation, 
is currently not planned. 
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