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Abstract. Monitoring applications may require op-
erating total stations at the limit of their sensitivity 
with respect to target displacements. Thorough un-
derstanding and mitigation of systematic effects is 
required in order to reach or push this limit. 

We investigate some of these effects, in particular 
effects external to the total station, using data and 
experience gained from a continuously operating 
monitoring system installed at the terminus of the 
Great Aletsch Glacier in Switzerland. The system 
consists of two robotic total stations, about 60 
prisms, four GNSS receivers, thermocouples, incli-
nometers and meteo sensors. The purpose of the 
monitoring is to study reversible deformations of 
the adjacent slopes, likely driven by snowmelt and 
mountain water level changes. The deformations 
reach the mm- to cm-level and shall be studied on 
time scales ranging from annual to sub-annual, and 
ideally even down to daily or sub-daily resolution. 

Our investigation focuses on four aspects: protec-
tive housing, pillar stability, refraction, and stability 
of orientation, all of which were found to affect the 
measurements on the mgon-level with lines-of-sight 
of up to 2 km. The results highlight signatures of 
apparent point displacements, and the discussion 
comprises approaches to bounding or mitigating 
these effects which may also be expected in similar 
monitoring situations at other locations. 
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1  Introduction 
 
Total stations are routinely used for geodetic moni-
toring if high accuracy (mm-level or better) is re-
quired, the object or area of interest can be repre-
sented by a set of marked and possibly stabilized 
points with line-of-sight (LoS) visibility from a suf-
ficiently low number of specially selected instru-

ment sites. Even with potential alternatives like 
GNSS, laser scanners, ground-based radar or pho-
togrammetric systems, total stations may be the best 
– or sometimes even the only – option in terms of 
sufficient sensitivity (including proper modelling 
and handling of uncertainties), clear interpretation 
of the monitoring results (in particular if the moni-
tored points are unambiguously represented by 
prisms), safety, economic feasibility, and possibly 
further aspects. Sometimes total stations need to be 
operated close to or even beyond the limit of their 
capabilities as specified by the manufacturer in or-
der to meet the demands of an application. An ex-
ample is the monitoring system installed and gradu-
ally extended for studying short- and long-term de-
formations on the mm- to cm-level of the valley 
along the terminus of the Great Aletsch Glacier in 
Switzerland.1 

 

 
Fig. 1 The monitoring points at the Great Aletsch Glacier 
and two selected profiles later used in this paper (background 
image © 2015 swisstopo, JD100042). 

 
Data from two permanent GNSS stations installed 

in 2012 had shown annual patterns of rapid closure 

                                                           
1 The system was installed and is operated by the Geological 
Institute, ETH, Engineering Geology group, with support from 
BSF Swissphoto and from the authors of this paper. 
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of the valley in spring and slow opening during au-
tumn and winter with a peak-to-peak displacement 
of about 2 cm. This deformation is likely driven by 
snowmelt and groundwater-table changes. The geo-
detic monitoring system used herein was installed to 
further investigate the factors controlling reversible 
and irreversible slope displacements and defor-
mations in the paraglacial environment of this glac-
ier (Glueer et al., 2015).  

The system now consists of two robotic total sta-
tions (TPS) each observing about 30 prisms several 
times per day and night, four GNSS receiv-
ers/antennas continuously collecting measurements 
at a 30 s data rate, meteo sensors located next to the 
TPS, and rock temperature sensors (see Fig. 1). One 
total station (TPS1) is a TCRP1201 installed in 
2013 at about 1949 m a.s.l. (LoS at least 50 m 
above the ice, distance to prisms 42 to 1751 m, see 
Fig. 2), the other one (TPS2) is a TM50 installed in 
2014 at about 2173 m a.s.l. (LoS at least 400 m 
above the ice, distance to prisms 127 to 2045 m). 
Both total stations were installed on pillars (see 
sec. 2), are remotely operated via GSM/UMTS from 
a server at ETH Zürich running GeoMOS, and are 
powered by solar panels and backup batteries. Two 
of the GNSS antennas are collocated with the TPS, 
each of them mounted concentrically (but not rotat-
ing) directly above the respective total station. The 
pillar and supporting rock of TPS2 have been 
equipped with additional sensors for the stability 
investigations shown in sec. 3. 

 

 
Fig. 2 Two selected profiles along LoS from TPS1 to point 4 
(across the valley) and point 18 (along the valley). 
 

The majority of prisms are installed on profiles 
along the dip direction of the slopes. They are 
mounted directly on compact rock (gneiss and gran-
ite). The other prisms are installed in landslide areas 
where displacements of about 10 cm per year along 

the dip direction were expected. Unfortunately, no 
stable areas for placing reference points were avail-
able or known beforehand. The total stations were 
installed in areas assumed to be stable except for the 
previously mentioned opening and closing of the 
valley. 

 

Fig. 3 Variations of horizontal and vertical angles as well 
slope distances (after standard atmospheric correction) for 
selected points measured by TPS1 calculated with respect to 
the median value of the selected time period. 

 
The measured angles and distances as retrieved 

from the GeoMoS database (mean of dual face 
measurements) vary within ranges of 4-6 mgon and 
4-6 mm, respectively. Fig. 3 shows this for TPS1 
and selected target points during one month in late 
summer 2015. We assume that most of these pat-
terns are due to systematic deviations, not to actual 
displacements of the monitored points. 

The angular variations reach about five to ten 
times the standard deviation specified by the manu-
facturer; the distance variations are on the level of 
the specified standard deviations. However, the raw 
observations are correlated both in space and time, 
as can be seen from the figure. The common daily 
patterns of the horizontal angles (Fig. 3, top) sug-
gest residual orientation changes not properly ac-
counted for during data acquisition. The largest 
vertical angle variations are observed for point 18 
with the LoS along the valley (Fig. 2, bottom), and 
are likely caused by vertical refraction. The appar-
ently systematic distance variations are likely due to 
residual meteorological effects (they are greatest for 
points at long distances measured across the valley, 
like 4 and 14 in Fig. 3) and possibly also to instabil-
ities of the pillar or its support. 

We will subsequently address four aspects which 
limit or negatively affect the accuracy of the dis-
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placements extracted from the TPS measurements, 
namely the protective housing, pillar stability, re-
fraction, and total station orientation.  

 
2  Protective housing 
 
The total stations were set up in remote locations, 
hardly accessible during the winter months, exposed 
to direct sunlight, harsh alpine weather conditions, 
potentially to animals, and easily reachable by hik-
ers and mountaineers passing by during the summer 
months. So it was decided to protect the instruments 
in excess of their weatherproof design (IP54 and 
IP65, respectively) by an additional protection box 
consisting of plane acrylic windows and 4 posts 
(see Fig. 4). 

 

 
Fig. 4 TPS1 on its pillar with initial protective housing in 
place (picture: Geological Institute, ETH Zürich) 

 
For a system maintenance the housing had to be 

removed and was then put back into place. The pre-
vious orientation and position relative to the total 
station were reproduced within the little slackness 
of the mounting screws and holes. The time series 
of horizontal angles of some points jumped by up to 
20 mgon after this maintenance while most targets 
seemed not to be affected. These changes, corre-
sponding to apparent sudden lateral displacements 
of some monitored points by 20 cm, were clearly 
non-negligible artefacts caused by the protective 
housing but not explainable by a tilt of the acrylic 
windows according to the effects of a plane parallel 
plate. 

An exact replica of the housing and a suitable ex-
perimental setup in the geodetic metrology labora-
tory of IGP (Fig. 5) were used to investigate the 
effect of the housing on the total station measure-
ments. In particular measurements to a fixed prism 
about 50 m from the total station were made and 
recorded while the protective housing was rotated 
stepwise about its vertical axis, collinear with the 

total station’s vertical axis. For comparison the pro-
cess was repeated with the acrylic panes removed 
from the housing, and subsequently also with dif-
ferent total stations. 

 

 
Fig. 5 An experimental setup to investigate the impact of 
protective housing on the TPS measurements. 

 
Fig. 6 shows the variations of the measurements 

obtained during one such experiment. The blue 
lines correspond to the TCRP1201 measurements 
without acrylic windows (but with the frame and 
posts of the protective box still in place). The meas-
urements are mostly constant apart from random 
noise well within the specification of the instru-
ment. However, the horizontal angles are heavily 
and systematically affected when the box is rotated 
by about 45 gon either way from the LoS to the 
prism. The reason is obstruction of the prism (tar-
get) by the posts. The automatic target recognition 
algorithm does not detect (and flag) the problem 
until the obstruction exceeds a certain limit. In this 
test, the corresponding error, not detectable from 
the total station output alone, reaches about 6 mgon. 
The distance and vertical angle measurements are 
not affected by the partial obstruction, as may be 
expected since the posts are vertical. 

With the acrylic windows inserted the measure-
ments are systematically affected, in particular the 
distances and horizontal angles. All three instru-
ments (TCRP1201, MS50, S8) show a very similar 
behaviour except for certain effects close to the 
region where the LoS is approximately perpendicu-
lar to the window surface. There, the S8 does not 
output measurements within a cone of about ±3 
gon, while the target recognition of the MS50 is still 
active but produces outliers of horizontal and verti-
cal angles within a region of about ±0.5 gon. The 
measurements of the TCRP1201 mainly exhibit 
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higher noise in the immediate vicinity of the win-
dow’s surface normal.2 The offset and non-linearity 
of the distance variations (Fig. 6, bottom) is fully 
explained by the thickness, refractive index and 
varying rotation angle of the window. The asym-
metry and non-linearity of the horizontal angle vari-
ations and the fact that they are nowhere 0 indicates 
that the acrylic window is not plane parallel. We 
could reproduce the error pattern numerically by 
assuming that the window is slightly wedge-shaped. 
Non-parallelism of only a few hundredth of a mm 
was enough to explain the effect that we had found. 

 

 
Fig. 6 Variation of total station measurements as a function 
of angle between LoS and housing (surface normal of acrylic 
window); denser sampling for almost perpendicular line-of-
sight (0 rotation angle) and for angles beyond 40 gon. 

 
The increased deviations towards both ends of the 

curve are caused again by the posts. The smaller 
scale variations differing between the instruments 
persisted with independent repetition of the experi-
ment and are most likely due to local inhomogenei-
ties of the windows both in terms of geometry and 
refractive index which affect the instruments differ-
ently because of the different target recognition 
technology (including effective spatial low-pass 
filtering by the finite diameters of the optical 
beams). 
                                                           
2 These situations can of course be avoided in a real-world moni-
toring application by tilting the respective window sufficiently 
w.r.t. LoS, and in fact practitioners have known this for a long 
time.  

The reason for the jump of the measurements of 
TPS1 after the maintenance was thus due to partial 
obstruction of LoS by the posts. However, the lab 
investigation showed that an additional housing 
may critically impair the monitoring system even if 
such obstructions are avoided. The horizontal angle 
errors change with changing angle between LoS and 
window surface by up to 0.4∙10−3 mgon/mgon (ex-
cept in the immediate vicinity of the posts, where 
they are higher). While this may be uncritical for 
many monitoring applications, it may result in sig-
nificant errors of the estimated displacements if the 
window is replaced, if its orientation changes be-
cause of external influences or work, or if a target 
point moves by more than about 0.5 gon (0.8 m at a 
distance of 100 m). 

We found qualitatively similar results with high 
quality glass instead of acrylic, and significantly 
worse results with an acrylic cylinder instead of the 
planar windows. Ideally, if an additional protection 
is required at all, the measurements should be made 
through sufficiently big holes in the housing rather 
than through any kind of transparent material. We 
have also investigated this using an experimental 
setup like before, and found that the diameter of the 
holes should be larger than the aperture of the tele-
scope to avoid systematic errors on the level of 
mgon to tens of mgon caused by partial obstruction 
or distortion of the measurement beams when they 
touch or overlap the border of the holes. For the 
total stations mentioned above we found that holes 
of at least 50 mm diameter should be drilled at the 
required locations to account for instrument beam 
width, potential target point displacements, and for 
limited precision of the hole’s location w.r.t. the 
total station once the entire system is mounted. The 
housing within the above monitoring system was 
replaced by opaque cylinders with such holes. 
 
3  Pillar stability 
 
Both total stations are mounted on 1.5 m high alu-
minum pillars consisting of two concentric pipes 
with no mechanical connection between the outer 
and inner one. They are screwed down independent-
ly on bedrock with bolts glued into the rock. The 
outer pillar serves for radiation and weather protec-
tion and has vents for air circulation. The inner one 
has a diameter of 0.21 m and carries both the total 
station and the GNSS antenna.  
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To investigate potential pillar instabilities or de-
formations and their impact on the total station 
measurements TPS2 was equipped with additional 
sensors. Calibrated thermocouples were equally 
distributed around the circumference of the inner 
pipe at 3 different heights and within vertical pro-
files. A biaxial geotechnical inclination sensor 
(Jewell D711-2B, ±5° range, temperature calibrated 
by the manufacturer) was mounted directly on the 
rock supporting the pillar. Two single axis inclina-
tion sensors (Wyler Zerotronic Type-3, ±10° range) 
were connected to the top of the inner pillar in an 
orthogonal configuration. Additionally, a meteo 
sensor measuring a variety of parameters was tem-
porarily installed at this site. 

The measurements of the Jewell sensor show that 
the solid rock supporting the pillar is not perfectly 
stable but tilts in correlation with solar radiation and 
air temperature. Fig. 7 shows a time series of incli-
nation measurements, air temperature and solar ra-
diation during one week in Oct/Nov 2015. The tilt 
increases towards North by up to 20” with a clear 
diurnal pattern closely resembling the variations of 
air temperature and solar radiation. There is a 
smaller inclination towards West in the morning 
and towards East in the evening. The inclination 
recorded by the inclination sensor of the total sta-
tion agrees well with the rock inclinations in terms 
of signature and sign, but it is larger by up to 10”. 

 

 
Fig. 7 Variation of rock inclination (Jewell) and total station 
tilt (TPS2) North/South and East/West directions at site 
TPS2 (top), and air temperature and solar radiation (bottom). 
 

We expected that this might be due to pillar bend-
ing. However, a calculation of the pillar defor-
mation using a finite element model (FEM) and the 
actually measured temperature differences within 
the pillar did not fully explain the difference. The 
temperature differences within horizontal sections 
of the pillar (i.e. along the circumference) were typ-

ically well below 1°C (they were up to about 3° 
within the vertical profiles, which is not relevant for 
pillar bending). The deformations predicted by the 
FEM software corresponded to inclination changes 
of 3-5” or less between the bottom and the top of 
the pillar. 

The residual difference between the sensed incli-
nations can be due to pillar tilt (at its base), uncom-
pensated temperature effects of the sensors in-
volved, or unbalanced thermal expansion effects of 
the tribrach or total station. Unfortunately, data 
from the inclination sensors (Wyler) on the top of 
the pillar, from those in the rock and from the ther-
mocouples could not be collected at the same time, 
and additionally the sensors on the top of the pillar 
and their consoles were exposed to direct sunlight, 
which increased the noise level significantly and 
possibly also biased their measurements. So a direct 
comparison and clarification of the reason for the 
apparent additional inclination of the total station 
was not yet possible. However, the available data 
from the Wyler sensors suggest that there may actu-
ally be a discrepancy of a few arcseconds between 
the top of the pillar and the total station. 

 
Fig. 8 Displacement of TPS2 corresponding to the total sta-
tion tilt measurements of 08/30/2015 assuming a rigid pillar 
and tribrach (red), and contribution by pillar bending as esti-
mated from FEM and thermocouple measurements (blue). 

 
The total station’s measurements are not directly 

affected by the small tilts discussed so far because 
of the internal inclination corrections. However, tilt 
of rock, pillar, and instrument, and bending of the 
pillar also cause a displacement of the total station’s 
reference point. A numerical analysis assuming that 
the pillar, tribrach and total station are perfectly 
rigid and the tilt variation indicated by the total sta-
tion thus represents the tilt variation of all 3 ele-
ments, yields horizontal displacements of the total 
station of less than 0.2 mm, predominantly towards 
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North-North-West (see Fig. 8), which is also the 
direction of the steepest uphill slope. The pillar 
bending as resulting from the FEM analysis is even 
less. So these effects will very likely be buried 
within noise and other systematic deviations of the 
total station measurements. 

However, so far it is not known how the rock de-
forms in response to temperature and radiation 
changes, and thus the rock tilt changes mentioned 
above cannot be transformed into equivalent dis-
placements of the total stations. We must expect 
that the diurnal patterns due to this effect are of the 
same order of magnitude as the 0.2 mm estimated 
above, or even larger. Fig. 7 shows that the rock 
tilts are relatively constant during and between the 
nights. This is one motivation to use primarily 
measurements obtained during the night for highly 
sensitive deformation and displacement analysis.  

Using the FEM and the available temperature 
measurements of the pillar, diurnal height changes 
of the pillar of typically around 0.5 mm but up to 
1 mm (with 30 K temperature differences between 
day and night) were predicted. For nearby target 
points (distance of a few 100 m) this may noticea-
bly affect the vertical angle measurements (on the 
level of a few 0.1 mgon) and may warrant correc-
tion of the measurements for this time-varying ver-
tical eccentricity. An additional eccentricity of at 
least the same order of magnitude may be caused 
also by thermal expansion of the supporting rock, 
and further investigations would be required to clar-
ify its impact. However, refraction will mask all 
these effects for larger distances. 
 
4 Atmospheric refraction 
 
The effects discussed in sec. 2 and 3 do not explain 
the systematic variations of the zenith angles and 
distances visible e.g. in Fig. 3. Most likely they are 
caused by residual atmospheric refraction. Howev-
er, mitigating these refraction effects using numeri-
cal models is not possible because the atmospheric 
parameters are not known or observable with suffi-
cient spatial and temporal resolution. In this section 
we will instead roughly estimate the magnitude and 
variability of the expected refraction effects using 
approximations, assumptions and available meteo 
data and thus assess whether the unexplained varia-
tions of the actual measurements can plausibly be 
attributed to refraction. 

Meteorological data relevant for this study are 
available from: (1) two STS meteo-sensors (air 
temperature and barometric pressure) located next 
to the TPS and used to record measurements every 
30 minutes for correction of the raw TPS measure-
ments within the GeoMoS software; (2) Mete-
oSwiss stations Bruchji (2300 m a.s.l.; air tempera-
ture and precipitation) and Eggishorn (2893 m a.s.l.; 
temperature, pressure, humidity, solar radiation) 
with 10 minutes time resolution, see Fig. 9; (3) sen-
sors for rock-temperature and air-temperature 
0.15 m above-rock, installed on selected locations at 
the South and North slope of the valley and record-
ing measurements with 30 minutes time resolution. 

 
Fig. 9 Air temperature (black), precipitation (blue), solar 
radiation (red) and wind speed (grey) at two nearby Mete-
oSwiss stations (Source: MeteoSwiss). 

 
From these data vertical temperature gradients t 

(lapse rates, in K/m) were roughly estimated as a 
function of time t and height h above ground assum-
ing that the exponential relation (Brocks, 1948): 
 ( ) ( ) ( ), b th t a t ht = ⋅   (1) 
holds within the entire monitoring area. The time 
series of a and b were calculated for epochs 
30 minutes apart using the temperature measure-
ments within the rock and 15 cm above the rock 
(assumed to represent the lapse rate at 7.5 cm above 
ground) at a location close to prism 17, and the 
temperature measurements at the two MeteoSwiss 
stations (assumed to represent the lapse rate at 
300 m above ground). 

The result is shown in Figs. 10 and 11 for the vi-
cinity of TPS1 and one month in summer 2015. Just 
above the ground the estimated lapse rate has a very 
high magnitude (exceeding -50 K/m, Fig. 10) and 
significant diurnal variations (up to 10 K/m, Fig. 
11). The daily variations and the magnitude of the 
lapse rate decrease with increasing distance from 
the ground. Even though the above assumptions can 
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only be very rough approximations to the real tem-
perature gradients, this pattern is realistic and the 
typical lapse rate of a glaciated alpine valley (-0.005 
K/m, see Rolland, 2003) is reached at about 300 m 
above the ground. It is worth mentioning that the 
expected temperature inversion during the nights 
was not observed except during one single night 
(08/24-25) after a cloudy day with wind and rain.  
 

 
Fig. 10 Estimated temperature gradient as a function of 
height above ground in the vicinity of TPS1 for the time 
covered by Fig. 9; each line corresponds to an epoch with 
30 min time resolution. 
 

 
Fig. 11 Time series of estimated temperature gradients at the 
vicinity of TPS1 and 4 selected heights above ground. 
 

When adapting these models, we do not take into 
account the cooling effect of the melting as men-
tioned in Van den Broeke (1996). This effect ex-
tends to a height of about 100 m above the glacier 
with the most pronounced effects within the first 
20 m where it causes an inverted lapse rate of about 
0.7 K/m during sunny summer days. We ignore this 
effect because the LoS in our case are high above 
the glacier. 

Using the above meteo data and temperature gra-
dient model, pressure gradients calculated from the 
meteo data, a refractive index model (Ciddor, 1996; 
Ciddor and Hill, 1999) taking into account the re-
spective wavelengths, and using a digital terrain 

model of the monitoring area (Swisstopo model 
with 2x2 m2 grid size, densification with own laser 
scanning measurements in the vicinity of the total 
stations) we estimated the refraction effect on the 
zenith angles and distances by ray-tracing. The 
software was written in Matlab. For each target and 
epoch meteo-parameters and gradients were calcu-
lated for points equally spaced along the chord us-
ing the above models. Taking into account the DTM 
resolution, the limited accuracy of the modeled me-
teorological parameters, the computational effort 
and the purpose of the calculations (order of magni-
tude), we chose a step size of 1 m for the numeric 
integration along the chord. In Figs. 12 and 13 we 
show the resulting zenith angle and distance varia-
tions for one month in summer 2015 and for two 
representative LoS, as previously shown in Fig. 2: 
one across and one along the valley. For compari-
son we also plotted the variation of the real total 
station measurements. 

 

 
Fig. 12 Refraction effect (red) predicted for zenith angle 
(top) and residual refraction effect of distance after ray-
tracing (bottom) of point 4 observed from TPS1 at approx. 
1200 m across the valley; variation of actual TPS measure-
ments (blue) w.r.t. long term median shown for comparison. 

 
As can be seen the variations of the predicted 

zenith angles have a magnitude of about 1 mgon for 
the sighting across and 3 mgon for the sighting 
along the valley. They are in good agreement with 
the magnitude of the actually observed vertical an-
gle variations which suggests that these indeed are 
due to vertical refraction. It is plausible that the 
effect is much smaller for the sighting across the 
valley (Fig. 12) than along (Fig. 13), because the 
LoS stays close to the ground and thus within an 
area of strong vertical temperature gradient in the 
latter case, while it is mostly far from the ground 
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and thus within an area where the vertical refraction 
is dominated by the (much less variable) pressure 
gradient in the former one.3 
 

 
Fig. 13 Refraction effect (red) predicted for zenith angle 
(top) and residual refraction effect of distance after ray-
tracing (bottom) of point 18 observed from TPS1 at approx. 
1000 m along the slope of the valley; variation of actual TPS 
measurements (blue) w.r.t. long term median shown for 
comparison. 
 

The long-term variations of the distance meas-
urements are well represented by the ray-tracing 
results. However, standard meteo correction based 
on temperature and pressure close to the instrument 
would yield almost identical results since the sim-
plified meteo model underlying the ray-tracing does 
not reflect the actual temperature distribution along 
the LoS. The major variations of the actually ob-
served distances (Figs. 12 and 13 bottom, blue) are 
short term, in particular with diurnal patterns, and 
much larger than the variations explained by the 
ray-tracing. With distances of about 1 to 1.2 km the 
deviations between ray-tracing results and actual 
variation are up to about 4 mm. This indicates that 
the actual average temperature along the LoS differs 
by up to about 4 K from the modeled one (and from 
the temperature measurements at the TPS site). This 
may be due to different exposure to sunlight, to the 
cooling effect of the glacier mentioned previously, 
and perhaps also to non-optimum location of the 
meteo-sensors near the total stations. Taking into 
account the striking similarity of the variations of 
the measured distances across and along the valley, 
it seems possible to mitigate these variations either 

                                                           
3 As stated above it is not possible to calculate sufficiently accu-
rate refraction corrections because the meteo data (including 
gradients) are not available along the LoS and for the exact time 
of the measurement. 

by estimation of a time-varying local scale factor or 
by improved meteo corrections based on additional 
meteo measurements near some of the prisms. 
 
5 Orientation 
 
For data collection a nearby prism (i.e. one with 
high probability of being actually found and meas-
ured) was selected in GeoMoS as orientation target. 
However, the horizontal angles of each individual 
target point obtained with this approximate orienta-
tion vary within a range of 1-2 mgon during the 
nights, and by up to 4 mgon during the days, for 
some points even more. Clearly, a better orientation 
solution is required avoiding extrapolation, provid-
ing redundancy, and assuring long-term stability of 
the orientation. As mentioned previously, this is not 
straightforward in this monitoring system because 
no stable points were known beforehand. GNSS 
data are available at the TPS sites but there are not 
yet any prisms collocated with GNSS antennas. So, 
the reference points defining the total station’s ori-
entation have to be determined using the TPS alone 
data. 

Although there is no geometric redundancy and 
the expected accuracies of the points are very in-
homogeneous being a linear function of the dis-
tance, data of TPS1 were processed according to a 
strict deformation analysis based on the Hannover 
method (Niemeier, 1985) using the Panda soft-
ware.4 Data from selected nights 10 days to 3.5 
months apart were chosen for pairwise analysis. 
The results of one such pair, shown in Fig. 14 are 
representative: all points on the north-west slope 
were classified as reference points, i.e., as stable, 
while all points on the same side of the valley as the 
TPS were classified as object points, i.e. as not sta-
ble. The indicated displacement of the TPS station 
corresponds approximately to its displacement as 
resulting from the independent GNSS data analysis 
(about 15 mm in a direction of about 293°), and the 
bigger displacement of points 24-29 in the direction 
of the down-hill dip is plausible since these points 
are located on an active landslide. The common 
displacement of the southern points in Fig. 14 
would be explainable by the closing of the valley 
mentioned in the introduction. GNSS data of TPS2 
were not yet available for that period of time. How-
ever, data from the following year suggest that in-
deed there may be no or significantly less corre-
                                                           
4 http://www.geotec-gmbh.de/en/panda/ 
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sponding displacement of the north side of the val-
ley, such that the classification of all those points as 
stable may be correct.  

However, a detailed comparison of these results 
with the GNSS time series shows that only the 
North component (of about 12 mm) is almost iden-
tical while the East component differs by more than 
5 mm and the TPS results of all epochs analyzed 
indicate significantly more westward displacements 
of than shown by the GNSS results. The lack of 
actually stable reference points and the inhomoge-
neous accuracy within the observed point field 
(with larger error ellipses and thus decreased sensi-
tivity for the points across the valley) mean that the 
Hannover method using only the TPS measure-
ments is not sufficient.  

 

 
Fig. 14 Displacements obtained using Hannover method 
between two selected epochs (04/13/2014 and 07/31/2014). 
The red arrows identify the displacements of the object 
points of TPS1, identified as instable with 95% probability 
using the Hannover method. Object points are labeled in red, 
reference points in green; black points do not have enough 
observations for a comparison (background image © 2015 
swisstopo, JD100042). 

 
Based on the available data it seems more reason-

able to use a low-pass filtered time series of GNSS 
coordinates to express the TPS coordinates in a sta-
ble reference frame, and to calculate the orientation 
from the network.5 Assuming that the points within 
the profiles are displaced only by the closing and 
opening of the valley and thus within the profile, it 
seems straightforward to define the orientation by 
the average direction of the prisms in the same pro-

                                                           
5 Ideally some prisms should be collocated with GNSS antennas 
to derive the orientation within the same stable reference frame. 
This is an envisaged future extension of the network. 

file as the TPS. However, we have chosen to find a 
suitable set of prisms by analyzing the real meas-
urements (processing only data obtained during the 
nights because of less variability).  

 

 
Fig. 15 Angle availability (%) for period 03/15-08/03.2014. 
 

 
Fig. 16 Empirical standard deviations (mgon) of horizontal 
angles for period 03/15-08/03.2014. 
 

The approach was based on an analysis of the 
availability and empirical standard deviation of the 
orientation as resulting from a chosen subset of 
points. For preselection of points, the time series of 
horizontal angles αi,j were calculated for all pairs of 
points i and j and for the period March to August 
2014. Using the median and the median absolute 
deviation (MAD), outliers were identified and re-
moved from the time series. Then the availability 
(percentage of epochs at which the angle is availa-
ble) and the empirical standard deviation of the an-
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gle were calculated. These results were visualized 
for all pairs of points (see Figs. 15 and 16). Points 
associated with high availability and low standard 
deviation of angles were chosen as candidates for 
the orientation calculation.6 

Then an exhaustive search over all possible com-
binations of at least 5 out of the 18 points remaining 
after the above preselection was carried out analyz-
ing the availability and precision of the orientation 
when calculated from the respective subset of 
points. For each epoch the orientation was consid-
ered available if it could be computed from at least 
5 target points (outliers again removed using medi-
an and MAD, but only within the respective epoch). 
The precision was measured by calculating the em-
pirical standard deviation and that of the estimated 
(mean) orientation within each epoch, and finally 
selecting the 95th percentile of the standard devia-
tions of the estimated orientations.  

 
Fig. 17 Availability and 95th percentile of standard deviation 
of orientation for all candidate sets of orientation points 
based on data from 03/15-08/03/2014; selected optimum 
candidate indicated by arrow. 
 

The result is displayed in Fig. 17. Obviously there 
is a trade-off between high availability and low 
standard deviation, and a further criterion is needed 
to retrieve an optimum set of points based on this 
multi-objective optimization. We selected the set 
whose quality is indicated by the arrow in Fig. 17: it 
corresponds to points {1, 2, 3, 4, 9, 10, 13, 17, 27} 
with an orientation availability of 87% and standard 
deviation of the orientation better than 0.38 mgon in 
95% of the cases. As the figure shows, (slightly) 
higher availability is only achievable at the cost of 
(much) higher standard deviation while (slightly) 

                                                           
6 Arbitrarily, a 50% availability threshold and an 0.6 mgon 
standard deviation threshold were used for this selection. 

lower standard deviation is only achievable at the 
cost of (much) lower availability; the chosen solu-
tion is an inflection point on the Pareto front and 
therefore optimum (see e.g., Domingo-Perez et al., 
2016).7 

Using Fig. 14 we see that the set of orientation 
points identified using the above algorithm com-
prises mostly the points located within the same 
profile as TPS1, and two more points located on the 
same side of the valley as TPS1 and thus subject to 
almost the same displacements as far as closing and 
opening of the valley is concerned. So it is plausible 
that this choice is useful to establish a stable orien-
tation reference, furthermore – based on the above 
analysis – it is also clear that it does so with high 
availability. Fig. 18 shows the horizontal angles of a 
point (10) after application of the orientation calcu-
lated from the above subset of points. The result is 
representative for all points. It shows that short and 
long-term variations of the horizontal angle are suc-
cessfully mitigated. The remaining noise is fully 
explained by the standard deviation of the angle 
measurements. A corresponding study for TPS2 is 
yet to be carried out. 

 
Fig. 18 Time series of horizontal angles of point 10 before 
(black) and after (red) application of the orientation calculat-
ed from the above orientation points. 
 
 
6  Conclusion 
 
We have analyzed various systematic effects deteri-
orating estimated displacements calculated from 
total station (TPS) measurements in an alpine envi-
ronment. 
                                                           
7 The same optimum solution has also been found with much less 
computational effort by starting from the subset of 18 candidate 
points, iteratively removing the one contributing most to the 
empirical standard deviation of the orientations, and stopping 
once there were only 9 points left.  
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We showed why an additional housing of a TPS 
with windows should be avoided if possible; partial 
obstruction of the field-of-view and reflections from 
the windows may go unnoticed by the instrument 
and may cause deviations exceeding the instrument 
specifications by 1-2 orders of magnitude. If hous-
ing is necessary, holes larger than the aperture of 
the telescope should be drilled and the measure-
ments should be taken through these holes.  

The solid rock supporting the pillar of one of the 
TPS was found to have diurnal tilt variations on the 
level of 10” which might cause significant total 
station displacement. Further displacements due to 
potential bending of the pillar (horizontal tempera-
ture gradients up to 1 K were found within the dou-
ble layer pillar) or tilting of the pillar and instru-
ment were found to be on the level of 0.2 mm or 
less and thus usually negligible. For nearby targets 
the temperature induced pillar height variations of 
up to about 1 mm might have to be taken into ac-
count using numeric eccentricity corrections.  

Vertical angle variations up to about 1 mgon for 
lines-of-sight (LoS) of about 1 km were predicted 
due to vertical refraction across the valley, and up 
to about 3 mgon for LoS along the valley using a 
simplified model based on actual meteo observa-
tions. It corresponded well to the actual variations 
of the measurements in terms of order of magnitude 
and temporal variability. Correlated short-term dis-
tance variations of 2-4 ppm were found for all LoS 
across and along the valley suggesting that it may 
be possible to reduce them using a time-dependent 
scaling factor. 

Using a multi-objective optimization approach, a 
set of points was identified for determination of the 
total station orientation. The horizontal angles 
measured to these points are mostly unaffected by 
annual opening and closing of the valley, such that 
this orientation may be combined with GNSS-
derived position updates of the TPS sites in order to 
establish a suitable geodetic datum for deformation 
analysis. 

Future extensions of the network should include 
prisms collocated with GNSS antennas in order to 
(i) support datum definition, and (ii) possibly pro-
vide reference distances for local scale factor esti-
mation despite the annual deformation signals. 
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