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Highlights

e Astrogeodetic vertical deflections (observed geoid slopes) are rare in South America

e Aclassical vertical deflection dataset exists for Cordillera de Mérida (Venezuelan Andes)
e Transformation to current reference frames to be compatible with modern geo-products
e Deflections reach amplitudes of ~60 arc-seconds in this rugged mountain area

e RMS-agreement of 2 arc-seconds with predictions from GGMplus. Data freely available.

Abstract

Astrogeodetic vertical deflections (VDs) are gravity field functionals which are independent from any
other field observation such as gravity accelerations from gravimetry or geoid undulations from GPS
and geometric levelling. They may be useful for the validation of global geopotential models or
height transfer via GPS and astronomical levelling. VDs are sensitive to the local mass-distribution, so
can be used in geophysical studies, too. Over Southern Hemisphere continents in general and South
America in particular, VDs are exceptionally rare. This paper describes the reactivation of a unique
VD data set that extends over parts of the Andes Mountains in Venezuela. The VD data was acquired
1983 and 1985 with classical astrogeodetic instrumentation at 24 field stations along a ~80 km
traverse crossing the Cordillera de Mérida with observation site elevations as high as ~4,500 m. To be
compatible with modern geocentric gravity field products, the geodetic coordinates of the VD sites
were transformed from the historic (non-geocentric) Venezuelan reference system to the geocentric
ITRF2014, with residuals smaller than ~1 m. In the ITRF, the measured VDs have RMS signal
strengths of ~20 arc-seconds (North-South) and ~14 arc-seconds (East-West), with magnitudes
exceeding 60 arc-seconds at one benchmark. The observed VDs were compared against VDs from
GRACE, GOCE and EGM2008 data and from the ultra-high resolution GGMplus gravity maps. The
GGMplus model was found to capture ~85 to 90% (in terms of root-mean-square signals) of the
measured VD signals. Both VD components are in ~2 arc-sec agreement with GGMplus. Overall, the
agreement between observed VDs and modelled VDs is considered satisfactory, given the VDs were
measured in a topographically rugged region, where residual signals may be large and global models
are not well supported through regional terrestrial gravity data. The VDs may be useful, e.g., for the
assessment of high-frequency constituents of present and future high-degree gravitational models
(e.g., EGM2020) and calibration of model commission errors. The Venezuelan VD data is freely
available.
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1 Introduction

Vertical deflections (VDs) are angular differences between the direction of the plumb line and some
geometric reference direction. With the ellipsoidal normal as reference direction at the Earth’s
surface, VDs in Helmert definition are obtained (Jekeli 1999). Global Navigation Satellite Systems
(GNSS), such as the Global Positioning System GPS (e.g., Seeber 2003) deliver geodetic coordinates
that define the ellipsoidal normal. The direction of the plumb line can be determined with
astrogeodetic instrumentation for star observation and precise timing equipment (e.g., Torge and
Miller 2012, p162ff).

Before the advent of satellite surveying techniques, regional best-fitting ellipsoids were often used as
reference for the geodetic coordinates. In that case, VDs are defined in a regional reference frame.
Opposed to this, VDs are globally consistent when a global geocentric ellipsoid aligned to the axes of
the International Terrestrial Reference System (ITRS) is used. When referred to a regional ellipsoid,
VDs are sometimes denoted as relative VDs, and, conversely, in case of a global geocentric ellipsoid
as absolute VDs (e.g., Featherstone and Rieger 2000, Featherstone and Oliver 2013).

The primary value of astrogeodetic VDs is their independence from any other gravity field observable
(e.g., gravity accelerations from gravimetry, gravity gradients from gradiometry, or geoid undulations
from GPS heights and geometric levelling), making them suitable for validation of gravity field models
(e.g., Jekeli 1999). As another benefit, astrogeodetic VDs can be used for economic transfer of height
differences by combining the classical technique of astronomical levelling with GPS heighting (Hirt
2004). They are also suitable for geophysical study of the local mass-density distribution (e.g.,
Tugluoglo 1971, Wildermann 1988, Birki 1989, Somieski 2008).

Historically, classical instrumentation such as theodolites or astrolabes were used for VD
measurements. In the ~1970s, photographic zenith cameras were developed to accelerate the field
observation (e.g., Wissel 1982, Wildermann 1988, Biirki 1989). Since the beginning of the 21
century, astrogeodetic observations are mostly carried out with efficient and automated digital
instruments such as digital zenith cameras (e.g., Kudrys 2009, Hirt et al. 2010a; Abele et al. 2012,
Halicioglu et al. 2012, Hanada et al. 2012, Wang et al. 2014, Guillaume 2015) or imaging theodolites
(Guillaume et al. 2012, Téth and Volgyesi 2016, Hauk et al. 2017, Schack et al. 2018).

Today, available VD data sets concentrate on North America (Pavlis et al. 2012, Smith et al. 2013, van
Westrum 2016, Wang et al. 2017) and Europe (e.g., Birki 1989, Kiihtreiber 2003, Hirt 2004, Miiller et
al. 2004, Birki et al. 2007, Somieski et al. 2007, Somieski 2008, Hirt et al. 2010b, Voigt 2013, Bucha et
al. 2016), and also cover parts of Australia (Claessens et al. 2009, Schack et al. 2018). However, most
countries of Asia, Africa and South America are still devoid of VD observations. An exception is
Venezuela, where dedicated VD measurement campaigns have been carried out in 1983 and 1985
along a geo-traverse crossing the Merida Mountains (Wildermann 1988). The VD data has been
collected with a photographic zenith camera and astrolabe at 24 field stations and utilized in a case
study of the rugged gravity field of the Andes (Wildermann 1988).

The goal of the present paper is to reactivate the Venezuelan VD data set for modern gravity field
studies. We start by giving a brief review of the VD campaigns and instrumentation deployed in the
Merida Mountains (Section 2). Then, the transformation of the original geodetic station coordinates
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from the local network to the ITRS is described. This is crucially important to make the VDs
compatible with modern gravity field data that implicitly relies on global geocentric reference frames
(Section 3). The transformed VDs are then compared with VDs derived from two global gravity field
models of different spatial resolution, showing relatively good agreement between both data sets
(Section 4). Error sources affecting the quality of the VDs are discussed in Section 5 before an outlook
is given in Section 6.

The VD data set discussed in this paper can be rated as exceptionally rare. To the knowledge of the
authors, the Venezuelan VD data is one of the few — if not the only VD traverse data set — that is
available over the Andes in particular and South America in general. The data set covers one of the
topographically most rugged regions in the world, and extends over an elevation range of ~4500 m.
Opposed to other parts of the world, terrestrial gravity data sets are not very dense over Venezuela.
Consequently, global gravity field models are not very well supported by ground observations at
short spatial scales, and VD data set might be valuable for model validation. Because of the current
political situation of Venezuela, new VD measurements cannot be expected to be taken anytime
soon over the Merida Mountains, underlining the importance of reactivating already existing data.
Related to our work is a study by Featherstone and Olliver (2013) who reactivated a historic VD data
set over Great Britain.

For readers not so familiar with general geodetic concepts and physical geodesy, we refer to the text
book by Torge and Miiller (2012). A focus on satellite geodetic concepts and coordinate frames is
given by Seeber (2003). For an overview on astronomical geodesy, see, e.g., Torge and Miiller (2012,
Chapter 5.3). Applications for astrogeodetic vertical deflections are discussed, e.g., in Jekeli (1999),
Hirt et al. (2010a) and Featherstone and Olliver (2013).

2 Field measurements

The purpose of this section is to give a brief account of the (historic) astrogeodetic field
measurements, as documented in detail in Wildermann (1988). As study area, the central part of the
Merida Mountains (Cordillera de Mérida), bounded by 8° and 10° Northern latitude and -72° to -70°
Western longitude was chosen (Fig. 1). The Merida Mountains, located in the collision zone between
the South American and Caribbean Plates (e.g., Gregory-Wodzicki 2000, Avé Lallemant and Sisson
2005) form the North-Eastern end of the Andes, and reach elevations of up to ~4,900 m. The
geodetic network established for the astrogeodetic field measurements consists of 24 benchmarks
(BMs) with ellipsoidal elevations from ~25 m to ~4,525 m. The main motivations of the geodetic field
works by Wildermann (1988) were to establish an extended geodetic control network for a)
deformation monitoring and b) determination of astrogeodetic VDs that enabled accurate physical
heighting and study of local gravity field and mass-density structures. The geodetic control network
(named “geotraverse”) begins near Lake Maracaibo (BM 33 in Fig. 1), widens over the High Andes
network and ends near Ciudad Bolivia (BM 70), with a total length of ~80 km. The High Andes
network covers an area of ~25 km x ~15 km in the North-Western and South-Eastern Mountain
chains (highlighted in Fig. 1).

For the measurement of the direction of the plumb line (defined through the astronomical
coordinates latitude @ and longitude A), the transportable zenith camera TZK2 (Wissel 1982, Torge
2001, p161) by University of Hanover and an astrolabe (type Zeiss Ni2, cf. Torge and Muller 2012,
p164) were available. The zenith camera TZK2 was deployed in February and March 1983 at 16
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benchmarks, and the Ni2 in January to March 1983 and February 1985 at 11 benchmarks along the
geotraverse (see Fig. 1).

e Zenith camera observations took place mostly in the Northern part of the Geotraverse (Fig.
1), where the equipment could be transported along mountain roads with a suitable all-
terrain vehicle (Wildermann 1988, p22). Because of the semi-automated photographic star
observation, up to 4 stations were observed per night. The AGK3 catalogue was used for the
astrometric reduction of the photographs (Wildermann 1988, p18).

e Astrolabe observations were taken at field sites that were inaccessible for the zenith camera
equipment, mostly in the central and Southern part of the traverse (Fig. 1). Depending on the
site location, the comparatively light-weight equipment was moved by car, mules or even by
foot (Wildermann 1988, p27), and mostly one station could be measured per night.
Processing of the Ni2 observations relied on the FK4 star catalogue (Wildermann 1988, p18).
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Fig.1 Topographic map of the North-Eastern extension of the Venezuelan Andes, known as Cordillera
de Meérida (Merida Mountains), and location of the 16 zenith camera measurements (green circles, BM
4 and BM 11 observed with zenith camera, too) and 11 astrolabe measurements at 10 sites (blue
squares). Topography from the MERIT DEM.
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For time-tagging of all astrogeodetic observations, the YVTO time signal broadcasting service of
Caracas, Venezuela, was used (satellite-based time tagging was not yet a mature technique back in
1983). The determination of geodetic coordinates (latitude ¢, longitude 4) of the benchmarks was
based on a combination of terrestrial network measurements (distances, angle measurements) mostly
applied to connect the BMs in the central part of the traverse, and satellite Doppler measurements
(e.g., Torge and Miiller 2012, p131ff), linking 14 BMs across the entire traverse. The geodetic
coordinates were adjusted with respect to the (non-geocentric) national terrestrial reference frame of
Venezuela valid in 1983 (cf. details in Section 3.1).

3. Transformation of original network coordinates to ITRF2014

In principle, there are different avenues for obtaining the geodetic coordinates of the (historical) BMs
in a current International Terrestrial Reference Frame (ITRF), such that absolute VDs can be computed:

e The first, ideal way is to transform the original network from a historical national reference
system to ITRF via a set of identical points that are also coordinated in a geocentric system.

e The second option is to utilize Google Earth or similar platforms to measure BM coordinates
directly in the digital imagery or vectorized maps (cf. Potere 2008 and Mohammed et al.
2013).. This, however, requires reliable knowledge to identify original observation sites (e.g.,
near road junctions). The accuracy of orthorectified satellite imagery needs to be considered
over the highly mountainous terrain of the study area.

e The third option is to approach the transformation task as optimization problem, whereby
gravity field residuals (between ITRF-transformed field observations and predictions from
high-resolution models such as GGMplus, Hirt et al. 2013) are minimized as a function of the
transformation parameters “regional system—ITRF”. This idea conceptionally extends
analyses of gravity field residuals done by Featherstone and Olliver (2013).

e As a forth option, height residuals between ITRF-transformed BM coordinates (latitude,
longitude and height) and a sufficiently high-resolution digital elevation model (DEM) could be
minimized in a similar way as gravity field residuals in the previous option.

In this study, the first option (use of identical points) is fortunately applicable for most stations and the
second option (Google Earth) is used only at very few stations under specific topographic conditions
and as an additional check. The other variants could be useful in the future for the re-activation of
other historic gravity data sets without a sufficient number of identical points coordinated in historical
and modern coordinate frames.

3.1 The original network

Designed mainly for geodetic analysis, deformation purposes and monitoring plate motions at the
Caribbean South American tectonic plate boundary, the original first-epoch observations of the
terrestrial network were only very loosely connected to the former Venezuelan national terrestrial
reference frame (Provisional South American Datum of 1956, abbreviated to PSAD56) that is based on
the Hayford ellipsoid (semi-major axis of 6,378,388 m and flattening of 1/297) and the fundamental
point La Canoa (¢ = 8°34'17.17",1 = 296° 8’ 25.12"). In the sequel we use the acronym PSAD56-
La Canoa as a synonym for the terrestrial reference frame used for the geo-traverse.

Recognizing the need of geodetic coordinates for all VD stations, efforts were made in 1985 to organize
a dedicated Doppler-Transit satellite observation campaign in translocation mode with Canadian
Marconi Transit Doppler equipment (Torge, 1985). Three points of the conventional terrestrial network



192
193
194
195
196
197
198
199
200
201
202

203
204

205

206

207
208
209
210
211
212
213
214

215
216
217
218
219
220
221
222
223

were included. Beside the central network station at the astrophysical observatory (BM 4 in Fig. 1) one
point situated in the northern network periphery (BM 8) and the third one in the eastern part, near
the Mucubaji-Lagoon (BM 27) were occupied covering most of the local network and allowing the
determination of Doppler-WGS72 geocentric coordinates for the whole local network. Back then, a
three parameter transformation approach was applied, yielding three translations components
between WGS72 minus the PSAD56-La Canoa (Table 1, middle column). This allowed the
transformation of the geodetic coordinates from Doppler measurements in WGS72 to the PSAD56-La
Canoa, such that the BMs of the entire network could be coordinated in the national reference system
and relative VDs were obtained. Residuals after transformation at the three datum points were found
at the £10m level, approximately satisfying the requirements for VD determinations at the £0.5” level
in 1985 (Wildermann, 1988).

Table 1. Transformation parameters between Cartesian geocentric coordinates of the adjusted
terrestrial network (PSAD56-La Canoa) and WGS72.

Parameter \ Transformation direction =~ PSAD56-La Canoa > WGS72 PSAD56-La Canoa > WGS72
(Wildermann 1988) (this work)

dXx 264.65 m 51.96 m

dy -113.28 m 201.08 m

dz 371.80 m -504.63 m

rotX 0.0 -0.8856D-03 [rad]
rotY 0.0 0.2487D-02[rad]
rotZ 0.0 -0.4593D-03[rad]
scale 1.0 1.0

3.2 New transformation

Considering the rather simplistic three-parameter connection between the original terrestrial network
and WGS72, it was decided for this paper to re-adjust the geodetic network coordinates using not only
translations, but also rotation components (rotX, rotY and rotZ). Because of the rather small network
extension of ~30 km, the scale factor between WGS72 and terrestrial local coordinates is fixed to 1.0.
This approach reduces the residuals well below the 0.5 m level. Table 1 (right column) lists the
transformation parameters that resulted from a re-adjustment using three identical points of the local
geodetic network. The large differences (few 100 m amplitude) between the original and newly
determined translation components reflect the local character of the network.

Applying the six transformation parameters in Table 1 (right column), all points of the local geodetic
network were newly transformed to the geocentric WGS72-Doppler coordinate system. In the second
step, these points - together with all other WGS72 translocation-Doppler stations observed in 1985 —
were converted from WGS72 to WGS84 using the National Geospatial-intelligence Agency (NGA)
standardized transformation factors (NGA, 2014). Third, this approach was followed by applying the 7
parameter transformation from (ITRF, 2013) in an inverse ITRF90—>WGS84 Doppler data
transformation sense. Finally, an inverse 14 parameter ITRF2014—ITRF90 — transformation (ITRF,
2017) yielded coordinates compatible in the International Terrestrial Reference Frame 2014
(ITRF2014) valid today (cf. Altamimi et al. 2016).
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The described multi-step transformation method was applied to convert geodetic coordinates (latitude
@, longitude A, height h) of the 24 BMs of our network from the PSAD56-La Canoa (used in 1983-1985)
to the (geocentric) ITRF2014. At the beginning and the end of the transformation chain, Helmert

projections (as described in Torge and Miller 2012, p97) were applied to transform between the

curvilinear geodetic and 3D Cartesian geocentric coordinates. Fig. 1 displays and Table 2 lists the

geodetic coordinates of all 24 BMs in ITRF2014 together with the site names used in Wildermann

(1988, p101).

Table 2. ITRF2014 geodetic coordinates of the 24 benchmarks (BMs) of the geotraverse “Merida
Mountains”. BM numbers and names correspond to Table 7.1 in Wildermann (1988)

BM BM Geodetic Geodetic Geodetic

Nr name latitude [°] longitude [°] height [m]

4 Observatorio 8.78551491 289.13177818 3571.60
6 Antena 8.85632008 289.17657553 4258.92
8 Ventana Grande 8.88818814 289.10528139 4502.15
11 Cuenca Chama 8.85897669 289.08902705 4396.26
12 Punto Central 8.85710614 289.11912816 4457.59
13 Pico Observatorio 8.81044946 289.11107514 4352.59
14 Punta Colorada 8.81391240 289.16738913 4012.34
17 Aguila Nueva 8.82843863 289.16610775 4196.41
18 Ventana Pequena 8.89087047 289.12127961 4389.11
19 Puente 8.87349261 289.15259779 4379.25
22 Ventana Cruz Se 8.73196938 289.18582263 4157.52
24 Aguila Viejo 8.82689996 289.16701279 4142.54
27 Mucabaji 8.80210124 289.17454978 3592.32
33 Caja Seca 9.17655113 288.90063861 25.53
34 Torondoj 9.03554444 288.98531445 1108.17
41 Aguila Condor 8.84161827 289.17211960 4047.69
42 San Isidro 8.79546941 289.14111390 3327.49
43 Apartaderos 8.80053053 289.14786390 3422.03
44 Gregorio Paso 8.85461108 289.09895279 4524.99
51 Ventana Cruz Val 8.76103774 289.16261196 3584.93
52 Gavidia Pueblo 8.68759377 289.06976741 3245.63
70 Cuidad Bolivia 8.36693552 289.40603447 174.47
71 Catalina 8.48393136 289.26205668 645.34
80 Laguna Canoa 8.68884524 289.14499056 3793.07

After the transformation, the sets of geodetic coordinates (PSAD56-La Canoa from Wildermann 1988,
Table 7.1 ibid, and ITRF2014 coordinates from Table 2) were compared. ITRF2014 latitudes are
smaller than PSAD56-La Canoa latitudes. Depending on the location, latitude differences range
between —11.24” and —12.18". Likewise, ITRF2014 longitudes are smaller too, with differences
varying between —5.78” and —7.31”, and ellipsoidal heights in both systems differing by ~5 m or less.

Not surprising, this shows the direct dependence of VD components on the terrestrial reference

frame (ellipsoid parameters and geodetic datum) the geodetic coordinates refer to. We note that for

high-precision height transformation, the consideration of the so-called scale-induced indirect effect

(Kotsakis 2008) may be relevant.
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3.3 Verification

Fortunately, one of the BMs, BM 41, occupied with the zenith camera has been included into the
current national fundamental SIRGAS/REGVEN (Sistema de Referencia Geocéntrico para América del
Sur - Red Geodésica Venezolana) GPS network, named officially Pico El Aguila (IGVSB, 2017a), along
with the central network point, BM 4, named now officially Observatorio (IGVSB, 2017b). Defined in
SIRGAS/REGVEN, only one transformation into ITRF2014 is needed. Comparing at Observatorio the
transformed coordinates, originally coming from the Doppler-technique approach, with these new
GPS network values, differences in latitude of +0.149” (about 4.6 m) and in longitude of —0.204”
(about 6.3 m) were obtained. These indicate that the geodetic coordinates of the BMs — coordinated
in ITRF2014 — are accurate to few 0.1”.

As another plausibility check on the BM coordinates, we compared the ITRF2014 geodetic heights of
the 24 BMs with those interpolated from a high-resolution digital elevation model (DEM). As DEM, the
3 arc-sec resolution MERIT (Multi-Error Reduced Improved Terrain) DEM by Yamazaki et al. (2017) and
the 1 arc-sec resolution SRTM v3 model by NASA (NASA, 2017) were used which are primarily based
on data from the Shuttle Radar Topography Mission (SRTM), cf. Farr et al. (2007). The EGM96 geoid
model (the SRTM height reference surface) was subtracted from the DEM to yield geodetic heights
that can be compared with the ITRF2014 geodetic heights of our BMs. The differences between the
ITRF station heights and DEM heights range between -14.8 m and +44.3 m, with a RMS (root-mean-
square) agreement of 17.7 m. When the 1-arcsecond resolution SRTM v3 model by NASA is used, the
agreement improves — because of the higher DEM resolution and better representation of terrain
features —to 13.5 m RMS (min =-14.4 m and max =30.8 m). Over our rugged test area, large residuals
(e.g., several 100 m) would have indicated a mismatch between the DEM-modelled topography and
the 3D geodetic coordinates (particularly when there were remaining shifts in latitude and longitude,
virtually moving the BM away from the DEM 3D surface), but are not observed here. This provides
additional evidence of the ITRF2014 coordinates being plausible. We note that similar DEM
comparisons might provide a useful check on the transformation of other gravity field data sets from
historic to modern reference frames.

Mainly due to logistical reasons, only 4 original astronomical observation stations (BMs 22, 41, 42 and
43) have neither been incorporated in the terrestrial network 1983, nor included in the 1985 Doppler
measurements campaigns. In the original calculations in the 1980s, their geodetic coordinate
estimations have been based on well-defined topographic details identified in official Venezuelan
topographic maps. Fortunately, all four BMs could be well identified in Google Earth (mountain crest
(BM 22), road junctions (BMs 42 and 43) or visible monument (BM 41). The last site has become part
of the SIRGAS-REGVEN GPS reference network in 1988 A direct check of these official coordinates
(transferred to ITRF2014) with the estimated coordinates from Google Earth shows differences less
than 0.2” at this high mountain station. The transformed official BM 41 GPS coordinates are reported
in Table 2; only the remaining three sites have been located by Google Earth estimates.

4. Results and comparisons

The key result of this paper are the vertical deflections (VDs) computed from the original astronomical
coordinates (latitude @ and longitude A) and the ITRF2014 geodetic coordinates (latitude ¢, longitude
A) listed in Table 2 for the 24 BMs. The North-South VD component  and East-West VD component 1)
are obtained via the rigorous equations (Voigt 2013, p27)
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& = sin® cos ¢ — cos ® sin @ cos(A — 1),

(1)
n = sin(A — A) cos @,

which are preferred here over the somewhat less accurate linear approximations (cf. Torge and Mdller
2012, p228). The VDs observed with the TZK2 zenith camera are reported in Table 3 and the VDs
observed with the Ni2 astrolabe in Table 4. While VDs computed from the (historic) PSAD56-La Canoa
geodetic coordinates (cf. Wildermann 1988) are relative, the VDs reported in Table 3 and 4 are absolute
because of the geocentric ITRF2014 used for the geodetic coordinates. The absolute VDs can be used
for comparisons with VDs from geocentric gravity models (cf. Featherstone and Olliver 2013). Table 3
and 4 show large variations of our (absolute) VDs, with maximum xi-values reaching ~55” (BM 34) and
eta values as large as ~40” (BM 71). The total VD

0 =& +n? 2)

exceeds a magnitude of ~63” for BM 34 that is located at the Northern slope at the Merida Mountains.
Some stations were occupied both with the TZK2 and the Ni2. For BM 4, the & differences are 1.40”
and n-differences 0.15”. For BM 11, the differences are 0.33” in component & and 1.50” in 1 between
the two instruments (cf. Tables 3 and 4), cautiously suggesting a precision at the 1”-level. Further
multiple occupations of the same BMs were not possible during the original campaigns.

Table 3. Vertical deflections at 16 BMs observed with the TZK2 zenith camera. Astronomical
coordinates from Wildermann (1988, p25 ibid). For the ITRF2014 geodetic coordinates used to
compute the VDs see Table 2

BM Astronomical Astronomical VD xi VD eta
Nr latitude [°] longitude [°] [“1 [“1

4 8.7865389  289.1321444 3.69 1.30
6 8.8604417  289.1781250 14.84 5.51
8 8.8972917  289.1018111 32.77 -12.34
11 8.8669944  289.0855750 29.28 -11.95
17 8.8311861  289.1684389 9.89 8.29
18 8.8987778  289.1183694 28.47 -10.35
19 8.8798944  289.1517500 23.05 -3.02
27 8.8039611  289.1768500 6.70 8.18
33 9.1856861 288.8948917 32.89 -20.42
34 9.0508028  288.9762917 54.93 -32.08
41 8.8444667  289.1742833 10.25 7.70
42 8.7970361 289.1414250 5.64 1.11
43 8.8016583  289.1477722 4.06 -0.33
44 8.8612639  289.0963806 23.95 -9.15
51 8.7633083 289.1633306 8.17 2.56
52 8.6901472  289.0679750 9.19 -6.38
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Table 4. Vertical deflections at 10 BMs observed with the Ni2 astrolabe. Astronomical coordinates from
Wildermann (1988, p34-35 ibid). For the ITRF2014 geodetic coordinates used to compute the VDs see

Table 2
BM Astronomical Astronomical VD xi VD eta
Nr latitude [°] longitude [°]  [“] [“]
4 8.7869278 289.1321000 5.09 1.14
4 8.7865917 289.1321444 3.88 1.30
11 8.8669028 289.0851528 28.95 -13.45
12 8.8636194 289.1184972 23.45 -2.24
13 8.8126556 289.1100250 7.94 -3.74
14 8.8155194 289.1692833 5.79 6.74
22 8.7290611 289.1912139 -10.47 19.18
24 8.8292667 289.1687139 8.52 6.05
70 8.3641389 289.4106889 -10.07 16.58
71 8.4772500 289.2733111 -24.05 40.07
80 8.6864556 289.1502167 -8.60 18.60

Table 5. Descriptive statistics of the observed and modelled VDs and their differences at 24 BMs
(multiple astronomical observations were averaged), unit in arc-seconds

Component Min Max Mean RMS
Xi Observed -24.05 54.93 12.11 20.62
GGE -26.76 51.70 11.50 20.05

GGMplus -24.47 53.79 10.77 20.04

Observed — GGE -2.98 8.63 0.61 2.53

Observed — GGMplus -1.79 3.76 1.34 2.03

Eta Observed -32.08 40.07 1.24 14.31
GGE -38.58 36.69 1.82 14.91

GGMplus -31.98 36.21 2.38 14.42

Observed — GGE -6.67 6.50 -0.58 2.78

Observed — GGMplus -3.32 3.86 -1.14 2.05

We have compared the astrogeodetic VDs from TZK and Ni2 observations with VDs from global gravity
field models that represent gravity field information based on one or more of the three sources a)
satellite gravity measurements from the GRACE and GOCE missions, b) terrestrial gravimetry and c)
topographic mass models (DEMs together with mass-density assumptions). The models are:

1) The GGE (GRACE-GOCE-EGM2008) model, a combination of the Earth Gravitational Model
EGM2008 (Pavlis et al. 2008, 2012, 2013) with satellite gravity data from the GRACE and GOCE
missions (e.g., Pail et al. 2010) at long and medium wavelengths (see Hirt et al. 2013 for full
details).

2) The GGMplus plus model (see Hirt et al. 2013) that augments model 1) at spatial scales of 10
km to ~220 m with short-scale VD information predicted from the SRTM topography (Hirt et
al. 2014).
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Fig 2 shows high-resolution VD maps over our study area based on these two models. VDs from model
1) have a spectral field resolution of ~20,000 km to ~10 km (or spherical harmonic degree 2190), while
VDs from model 2) take into account gravity field structures at spatial scales of ~20,000 km to ~220 m.
In both comparisons, VDs from the models are in Helmert definition (cf. Jekeli 1999; Torge and Miiller
2012), which is consistent with the astrogeodetic observations. The Helmert definition was realised by
applying two corrections to the VD component & (to account for the curvature of the normal plumb
line and the ellipsoidal effect) computed from the model coefficients, as described in Hirt et al. (2010Db,
Egs. 5-8 ibid). Over our study area, the plumb line correction does not exceed values of 0.25”, and the
correction for the ellipsoidal effect remains below 0.1”.

Table 5 reports the descriptive statistics for the VDs from the astrogeodetic observations, from the
two models, and the differences between observed and modelled VDs. For this comparison, the VD
observations from the two instruments at BM 4 and at BM 11 were averaged, avoiding multiple VD
values at identical BMs. It is seen that observed and modelled VDs have similar signal strengths (RMS
of ~20.0 to 20.6” for € and ~14.3” to 15.0” for ), at the 24 BMs. The agreement between observed and
modelled VDs is found to be at the RMS-level of ~2.5” (§) and 2.8” (1), when the spectral model
resolution limited 10 km (GGE model).
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Fig.2. Modelled VDs over the study area together with the locations of observed VDs. Left column:
North-South component &, right column: East-West component 77, top row: VDs with ~10km spatial
resolution (from GRACE/GOCE/EGM2008), bottom row: VDs with ~220 m resolution (from GGMplus).
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The increase in spatial resolution from top to bottom due to using predictions based on topographic
mass models is visible. Unit in arc-seconds
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Fig.3 Differences between astrogeodetic VDs and modelled VDs, left column: North-South component
&, right column: East-West component 1, top row: VDs from zenith camera observations, bottom row:
VDs from astrolabe observations. Differences in red refer to the GRACE/GOCE/EGM2008 model
(resolution of 10 km), green differences refer to the GGMplus model (resolution of ~220 m). Unit in
arc-seconds.

The RMS agreement is improved to the level of ~2.0” for both components, when the model resolution
is extended to ~220 m (GGMplus), cf. Table 5. This translates into a reduction of RMS of ~25% (&) and
~35% (n) through inclusion of short-scale information from topographic mass models at scales of ~10
km to ~220 m. In terms of RMS signal strengths, the GGMplus model explains ~90% of measured VD
signals in North-South direction and ~86% in East-West direction.

A comparison between VDs measured with the TZK2 zenith camera at 16 BMs (Table 3) shows an RMS
agreement with GGMplus of 2.19” (&) and 2.04” (n); a similar comparison between the VDs measured
at 10 BMs with the Ni2 astrolabe (Table 4) and GGMplus yields RMS values of 2.02” (§) and 2.15” (n).
This comparison suggests that VDs from both instruments are of similar precision.
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For all stations, Fig. 3 compares the residuals between observations and the two models GGE (red bars)
and GGMplus (green bars) for the zenith camera sites (top row) and astrolabe sites (bottom row). The
comparison show better agreement when a high-resolution model like GGMplus is used that is capable
of representing short-scale VD variations associated with the local topographic masses. However, Fig.
3 also suggests the possible presence of remaining systematic errors in either the modelled or
observed VDs, at the level of ~1” in both components (cf. mean values of the differences in Table 4).

5. Discussion

The geodetic coordinates of a classical VD data set have been transformed from the (historic) non-
geocentric Venezuelan PSAD56-La Canoa to the geocentric ITRF2014, changing the geodetic latitudes
by ~330-360 m (11”-12") and ~180-200 m (6-7"), cf. Section 3. As a result, the VDs observed at 24 BMs
with classical instrumentation could be computed with respect to ITRF, cf. Section 4. The VDs were
found to agree at the RMS level of 2” with those from the currently highest-resolution global VD model,
and up to 90% of observed VD signals is explained through the model. Overall, the agreement of the
observed VDs with independent VDs from the GGMplus model is considered satisfactory, given the
extreme topography of the test area and a number of limitations affecting both to the modelled and
observed VDs.

5.1 Limitations of the observations

The observational precision of the Venezuelan VDs was assessed to be at the level of ~0.5-1.0”, both
for the zenith camera (Wildermann 1988, p25) and the astrolabe observations (Wildermann 1988,
p34). The transformation of geodetic coordinates from PSAD56-La Canoa to the geocentric ITRF2014
could contain uncertainties at the level of few 0.1”, as is indicated by comparisons with independent
BMs (see Section 3.3). The Venezuelan VD observations took place between 1983 and 1985, well
before the era of high-precision star catalogues from dedicated astrometry satellite missions. Such
star catalogues provide star positions with 1/1000 arc-sec accuracies in case of the HIPPARCOS
satellite (ESA 1997), or even better in case of the GAIA mission (Brown et al. 2016). Specifically, the
star catalogues available for processing the zenith camera (AGK3 catalogue) and astrolabe
observations (FK4) may contain errors of a few 0.1” (Wildermann 1988 p17ff). Unfortunately, the
original observation records are not available anymore. These would have enabled a post-analysis of
the star catalogue error for the specific stars used for the astronomic reductions (e.g. through
comparisons with HIPPARCOS star positions) and possibly the computation of small corrections to
refer the observed latitude @ and longitude A to the ICRS (International Celestial Reference System),
as realised through HIPPARCOS.

The zenith camera observations mostly took place at sites near roads, eccentric to the actual BMs of
the local geodetic network. The geometric differences (offsets) A@ and AA between the observation
sites and BMs (often few 10s of meters) were applied as corrections to the (®, A) coordinates [as listed
in Table 3] in Wildermann (1988). This implicitly assumed that the VDs of the eccentric astrogeodetic
observation site and the actual BM are identical. However, particularly in rugged mountainous terrain,
the horizontal gradients of VDs can reach or even exceed values of 1-2” per 100 m, as is seen in Fig. 4.

Because the horizontal gradients were not modelled, they act as additional error source affecting the
VDs from zenith camera observations reported in Table 3.
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Fig.4. Horizontal VD gradients over the study area from GGMplus, left column: North-South gradient
of the North-South component &, right column: East-West gradient of the East-West component n. VD
gradients were formed numerically between adjoining GGMplus grid points, unit in arc-sec per 100 m.
North-South gradients of  and East-West gradients of £ are not shown.
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Fig. 5. EGM2008 commission (= model) error for VD components ¢ (left panel) and 5 (right panel) over
the Merida Mountains, together with the BMs of the geotraverse. Data from Pavlis et al. (2012), unit
in arc-seconds

An attempt has been made to work out the horizontal offsets between the centric geodetic BMs (cf.
Tab. 2) and the original astrogeodetic observation sites (eccentric to the geodetic BMs). From a
comparison between centric and eccentric astronomical coordinates (cf. Table 2.5 in Wildermann 1988
and Appendix to Chapter 2 of Wildermann 1988) horizontal offsets Ap and A4 between centres and
excentres have been deduced for the 16 TZK sites. As a test, we applied the offsets both to the geodetic
coordinates (Table 2) and astronomical coordinates (Table 3) and compared the VDs with GGMplus,
giving slightly improved RMS agreement of 2.09” (§) and 2.02” (n), for the 16 TZK stations [instead of
2.19” (§) and 2.04” (n)]. The horizontal offsets A@ and AA are documented in Table 6.
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5.2 Limitations of the models

Over Venezuela, the EGM2008 model (and, thus, GGMplus) is not as well supported by terrestrial
gravity observations at spatial scales of ~120 km to ~10 km, as over, e.g., Europe, Australia and North
America (cf. Pavlis et al. 2008, 2012, 2013). As a result of the poorer model support through gravity
observations, the propagated uncertainty (also known as model commission error) associated with the
full EGM2008 band-width reaches amplitudes of 4” over the Merida Mountains test area (Fig. 5). For
comparison purposes, the EGM2008 VD commission error is at the level of ~0.5” over flatter parts of
well-surveyed areas of Australia, Europe and North America, and increases to ~1” over mountainous
areas of these continents. While the uncertainty estimate shown in Fig. 5 is somewhat reduced through
the use of GOCE gravimetry (instead of EGM2008 information at spatial scales of ~80 to ~120 km) in
GGMplus, it is reasonable to consider the terrestrial gravity data basis as one of the key factors limiting
the model accuracy to few arc-seconds. Because of the classified nature of gravity data used in
EGM2008 over large parts of South America (cf. Pavlis et al. 2012, 2013), it is not possible for us to
investigate the density and quality of the Venezuelan gravity data that were used in EGM2008.

It is important to note that no gravity observations were used to support the modelled VDs at short
scales (10 km) Instead, the high-frequency VD signal constituents in GGMplus are solely based on
predictions using topographic models together with mass-density assumptions, and further
simplifications (cf. Hirt et al. 2014). Over areas with pronounced sub-surface mass-density contrasts, it
is entirely possible that the constant mass-density assumption of 2670 kg m™ (that the GGMplus short-
scale signal relies on) produces local model errors of up to 2-3” (e.g., Schack et al. 2018). While the
predicted high-frequency component of GGMplus (spatial scales of ~10 km to ~220 m) was shown to
substantially improve the agreement with the observed VDs (compare variants “Observed — GGE” and
“Observed — GGMplus” in Table 5), there is also the effect of omitted ultra-short scale signals. The
limited resolution of the topography model (here ~220 m) is not capable of representing ultra-short
scale VD variations that might be captured in the VD observations, producing further model errors at
the level of few ~0.1”.

6 Conclusions and outlook

A rare VD data set, acquired in the Merida Mountains between 1983 and 1985 with classical analogue
astrogeodetic instrumentation, has been re-activated. This has been achieved by transforming the
geodetic coordinates from the historical (non-geocentric) Venezuelan reference frame to the
geocentric ITRF2014 that is sufficiently compatible with modern geodetic products such as elevation
or gravity field models. The VDs, referred to ITRF2014, have been found to be in ~2” RMS agreement
with VDs from highest resolution global VD models (GGMplus).

In comparison to other VD data sets, e.g. over Europe, Australia and North America (where
astrogeodetic observations and VDs predicted from GGMplus agree between ~0.5” and 1.1” in a RMS
sense, cf. Hirt et al. 2013), the agreement is lower for our data set. A number of factors have been
discussed in Section 5 that may contribute to the observed discrepancies. The rather poor support of
global models through terrestrial gravity data sets is considered one of the key contributors limiting
the agreement between modelled and observed VDs. Notwithstanding, the comparisons give —for the
first time — evidence that even over highly mountainous terrain and one of the “EGM2008 problem
areas” (areas devoid of dense terrestrial gravity data sets) the GGMplus model may be capable of
predicting VDs at a precision level of 2”. The comparisons may suggest that the EGM2008 commission
errors (4” over the Merida Mountains, cf. Pavlis et al. 2012) are too pessimistic over Venezuela. The
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VDs may therefore be useful to calibrate the commission error estimates accompanying future high-
degree geopotential models such as EGM2020 (Barnes et al. 2015). As another follow-up work, the
Venezuelan VDs could be used for geophysical study of the mass-density structure of the Merida
mountains, together with modern data sets from satellite observations (e.g., gravity from the GOCE
mission, Pail et al. 2010, and topography from SRTM, Farr et al. 2007).

The re-activated Venezuela VD data set is — to the knowledge of the authors — one of the few, if not
the only astrogeodetic data set that exists in the Andes mountains in particular, and South America in
general. Despite the rather small number of stations, the VD data set might be of value to gauge over
one of the topographically roughest areas of South America improvements associated with future
gravity models, coming specifically with the development of EGM2020, or successor models to
GGMplus. Because of the traverse length of ~80 km, and station concentration on a local ~25 km x ~15
km area (Fig. 1), the data set is expected to be useful in sensing the short-scale model performance at
or below scales of few 10s of km. Opposed to this, the suitability for testing satellite gravity data sets
is expected to be rather limited because of the ~100 km resolution level associated with satellite
gravimetry.

Together with two VD data sets available over Australia (Schack et al. 2018, Claessens et al. 2009) and
the Venezuelan VDs described in this paper, there are now three VD data sets available “outside”
Europe and North America that have been recently deployed in validation studies. One of the key
benefits of VD data sets is their independence from other gravity field products and their sensitivity to
short-scale gravity field variations, making them an important data source for testing gravity field
products.

Compared to GPS/levelling data sets, VDs play a complementary role for gravity field validation (Hirt
et al. 2010b). This is firstly because VDs are particularly sensitive for short-wavelength field
constituents. Secondly, without the need to perform geometric levelling, as in case of GPS/levelling
data, VDs can be measured today relatively easily even along traverses with large elevation differences
(e.g., few 1000 m, as in the Merida Mountains). Further extension of the scarce VD data base on
Southern Hemisphere continents would be desirable to improve testing capabilities for current and
future gravity field products.

As future work, dedicated VD campaigns, e.g. along ~200-400 km long traverses crossing the Chilean,
Peruvian or Ecuadorian Andes should be considered, deploying state-of-the-art astrogeodetic
instrumentation such as digital zenith cameras (Hirt et al. 2010) or digital imaging tachymeters
(Guillaume et al. 2012, Guillaume 2015, Hauk et al. 2017). Particularly light-weight imaging
tachymeters appear promising for such field projects because they can be easily shipped by plane and
transported along mountain roads. An accuracy of ~0.2” for the VD components can be expected (cf.
Hauk et al. 2017). Besides the higher observational accuracy, all other limitations described in Sect. 5.1
(remaining uncertainties associated with the star catalogue, geodetic coordinates, station centering as
described in Section 5 for the reactivated Venezuelan VD data) can be avoided, thereby increasing the
testing power of the VDs for gravity field model validation and error calibration.
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Data statement Following the philosophy of open science, the data set described in this study is freely
available for research and education, and a further contribution towards an unrestricted global VD
data base (also see Schack et al. 2018). The VD data file is available via
https://mediatum.ub.tum.de/1435994.

Table 6. Horizontal offsets A¢g (in North-South direction) and A1 in East-West direction between the
geodetic BM coordinates and original (eccentric) zenith camera sites in arc-seconds. Note that the
reported offsets are implicitly included in the astronomical coordinates reported in Table 3. When the
offsets are added to the astronomical coordinates in Table 3, the ® and A values originally observed
at the eccentric camera site are obtained.

BM Ag [“] AA[“]
4 3.70 -0.99
6 -0.93 -2.78
8 0.52 3.96
11 0.00 0.00
17 5.83 6.44
18 0.94 0.76
19 -0.95 0.75
27 0.36 1.16
33 -1.20 -0.17
34 1.01 -0.66
41 1.20 0.17
42 -0.79 -0.92
43 -1.10 0.50
44 -0.78 0.93
51 -1.21 0.11
52 1.21 -0.05
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