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Abstract

Knowledge of processes and factors affecting slope instability is essential for detect-
ing and monitoring potentially hazardous slopes. Knowing the timing of acceleration
or deceleration of slope movements can help to identify important controls and hence
to increase our process understanding. For this methods to derive reliable velocity es-
timations are important. The aim of this study was to develop and test a method to
derive velocities based on noisy GPS data of various movement patterns and variable
signal-to-noise-ratio (SNR). Derived velocities represent reliable average velocities rep-
resentative for a given period. The applied smoothing windows directly depends on the
SNR of the data, which is modeled using Monte Carlo simulation. Hence, all obtained
velocities have a SNR above a predefined threshold and for each velocity period the
SNR is known, which helps to interpret the temporal variability. In sensitivity tests with
synthetic time-series the method was compared to established methods to derive ve-
locities based on GPS positions, including spline and Kernel regression smoothing.
Those sensitivity tests clearly demonstrated that methods are required that adopt the
time window to the underlying error of the position data. The presented method per-
forms well, even for a high noise levels and variable SNR. Different methods were fur-
ther applied to investigate the inter-annual variability of permafrost slope movements
based on daily GPS- and inclinometer data. In the framework of the new method, we
further analyzed the error caused by a rotation of the GPS mast (h,,,5: = 1.5m). If the
tilting is higher than its uncertainty, the rotational movement can be separated and the
direction of movement became more uniform. At one GPS station, more than 12 % of
the measured displacement at the antenna was caused by the rotation of the station.

1154

NHESSD
2,1153-1192, 2014

Estimating velocity
from noisy GPS data

V. Wirz et al.

Title Page
Abstract Introduction

Conclusions References

Tables Figures
1< >l
< >
Back Close

Full Screen / Esc

Printer-friendly Version

Interactive Discussion


http://www.nat-hazards-earth-syst-sci-discuss.net
http://www.nat-hazards-earth-syst-sci-discuss.net/2/1153/2014/nhessd-2-1153-2014-print.pdf
http://www.nat-hazards-earth-syst-sci-discuss.net/2/1153/2014/nhessd-2-1153-2014-discussion.html
http://creativecommons.org/licenses/by/3.0/

10

15

20

25

1 Introduction

Slope movement and the development of related instabilities are both natural mass
transfer processes and bring potential risks to infrastructure and human life. Investigat-
ing and understanding processes governing slope movement is key to the development
of risk reduction frameworks which seek to provide early warning of significant slope
movements. In particular, changes in slope velocity can be indicators of not only devel-
oping instabilities, but also related processes such as snowmelt infiltration or changes
in ground temperature.

The importance of improved understanding of such processes, particularly in
periglacial regions is emphasized by predicted and observed changes to slope stabil-
ity, which are postulated to be related to permafrost thaw and glacier retreat (Haeberli
et al., 1997).

A number of observation of rapid mass movements have been made in periglacial
regions (e.g. Lewkowicz and Harris, 2005) and, additionally, pronounced accelerations
of rock glaciers in Europe have been observed (e.g., Roer et al., 2008; Delaloye et al.,
2008b), and hypothesized to be driven by increasing air temperatures (e.g., Delaloye
et al., 2010). However, due to difficult access, slopes in steep mountain terrain are
challenging to monitor, and often observations take the form of repeated manual cam-
paigns during the snow-free period. These only allow measurement of inter-annual
(Lambiel and Delaloye, 2004) or, if repeated a few times per year, coarse seasonal
variations in velocity (e.g., Perruchoud and Delaloye, 2007). To analyze short-term ve-
locity fluctuations, higher temporal resolution is required. As many slopes have low
rates of displacement (a few cm per year) very accurate measurements and effective
methods for their interpretation are required to observe such behaviour.

Observing surface displacement is a cost-effective method for investigating the dy-
namics of unstable slopes. In principle, any approach which allows repeated measure-
ments of known points can provide insights into surface movements. Where the aim
is to measure very small displacements over a long time period, continuous in situ
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observations have proved effective. Of these, GPS (Global Positing System, or other
Global Navigations Satellite Systems) has proven to be particularly suitable and has
been widely applied to study landslides (e.g., Gili et al., 2000; Malet et al., 2002; Coe
et al., 2003; Squarzoni et al., 2005) and rock glaciers (e.g., Lambiel and Delaloye,
2004; Delaloye et al., 2008a). Its advantages include: (a) the possibility to measure in
three dimensions (3-D) with millimeter-accuracy (Limpach and Grimm, 2009) and high
temporal-resolution, (b) relative independence from weather-conditions (note that high
winds may however cause mast displacements, and snow coverage signal loss), (c)
no requirement for direct visibility between measurement points, and (d) autonomous
operation (Malet et al., 2002).

Essentially, GPS measurements of slopes generate time series of positions, from
which a wide variety of movement parameters (MPs) such as speed, direction or ac-
celeration can be derived. All MPs must be estimated using a set of positions, and are
thus strongly dependent on the selected time window (number of measurement-points,
Laube and Purves, 2011; Jerde and Visscher, 2005). The limiting factor in estimating
temporal variation in a MP is the precision and accuracy of the positional measure-
ments themselves. Thus, a MP can only be estimated meaningfully where there is suf-
ficient movement between consecutive estimates of MPs (Jerde and Visscher, 2005)
since data with a low signal-to-noise-ratio (SNR) cannot support reliable estimates
(Laube and Purves, 2011). For example, GPS measurements of slope displacements
with high temporal resolutions (e.g., daily) typically have a low SNR (Massey et al.,
2013) due to their low velocities. Even for GPS measurements on glaciers with compa-
rably higher velocities, a low SNRs was reported (Dunse et al., 2012; Vieli et al., 2004).
The estimation of MPs from noisy position data typically involve the fitting of some func-
tion to the data. The simplest possibility is to fit a linear regression to a set of points,
with common methods including the use of splines (e.g. Copland et al., 2003; Hanson
and Hooke, 1994) or a smoothing over several days (e.g., Dunse et al., 2012). However,
these approaches assume a continuous SNR over the entire time-series. While some
movements might show a steady displacement, others have strong short-term variabil-
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ity and thus a highly variable SNR (glaciers: e.g., Vieli et al., 2004 and Dunse et al.,
2012; landslides: Coe et al., 2003; and permafrost slopes: Buchli et al., 2013). Addi-
tionally, the noise level of GPS-derived positions is variable in time, further contributing
to temporally variable SNR in data collected using such methods. A key requirement in
studying short-term variability of slope movements based on continuous GPS is thus
a method which can estimate signal and noise and adapt time windows locally. Such an
approach will ensure that large displacements are not oversmoothed, while a displace-
ment signal is only detected where it actually exists. One candidate method is Kernel
Regression Smoothing (KRS) using local bandwidths (smoothing windows) that opti-
mized based on the noise level of the data (Herrmann, 1997). However, experiences
have shown that KRS using local bandwidths tends to overestimate the variability of
the data (M. Méachler, personal communication, 2013).

Our study has the following aims: (a) developing and testing a robust method for an-
alyzing movement data with low and variable SNR. (b) A comparison of the developed
method to existing approaches assuming (i) a constant sampling window and (ii) local
bandwidths. (c) lllustration of application of new method to a case study.

The proposed method is called SNRT (Signal-To-Noise Thresholding). It uses Monte
Carlo simulation to estimate the uncertainty in individual positions and thus to derive
a SNR and, iteratively, an appropriate sampling window. It thus differs from KRS in that
derived MPs are not, per se, smoothed. To allow comparison of the method we firstly
generated synthetic time series, before exploring the results obtained from two one-
year time-series of daily GPS measurements with sub-cm accuracy. Both stations are
located on the orographic right side of the Matter valley, Switzerland: one on a fast rock
glacier, the other one on a large and deep-seated complex landslide. Both locations are
situated in permafrost and thus relevant to the understanding of cryosphere-moderated
temperature-control of slope movements and associated natural hazards.
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2 Study area

The study site is located above the villages Herbriggen and Randa at the orographic
right side of the Mattertal, in the Canton of Valais, Switzerland. The two GPS stations
are located on west-facing slopes of the peak Breithorn (3178 ma.s.l.) with a mean
slope angle of approximately 30°. Permafrost is abundant in this area (Boeckli et al.,
2012). The main lithology is gneiss belonging to the crystalline Mischabel unit (Lab-
hart, 1995). In most places the bedrock is covered with debris, either originating from
weathering of the bedrock or from various gravitational processes such as rockslides.
At most places vegetation is rare. Station pos55 (at 2650 ma.s.l., Fig. 1) was mounted
on the tongue of a rock glacier, that is about 130 m wide, 600 m long and up to 40m
thick (Delaloye et al., 2013). In 2008, the rock glacier had an average horizontal dis-
placement of about 0.5 m per year (measured with INSAR, Strozzi et al., 2009). The
velocity of the tongue has continuously increased since 2007 to up to 5m per year in
2010/11(measured with annually repeated GPS surveys, Delaloye et al., 2013). Station
pos27 (3149 ma.s.l.,, Fig. 1) was installed on a double ridge within a large deep-seated
landslide. The entire landslide is about 450 m wide and 1 km long and has an elevation
difference of about 650 m. The average horizontal displacement is approximately 0.5m
per year (Strozzi et al., 2009).

The used GPS stations (Fig. 1) are suitable for high-mountain environments (Beutel
et al., 2011; Buchli et al., 2012) and comprise a low-cost single-frequency GPS re-
ceiver and a two-axis inclinometer (see Fig. 2). Energy is provided by a photovoltaic
system and a battery. The stations are installed on large boulders assumed to be car-
ried along with the displacement of the entire slope. Nonetheless, an inference has to
be made from this point measurement at the surface to the behaviour at depth or in
a larger area around the measurement. A displacement measured at the surface could
originate from, for example, translation of an entire slope or simply from local rotation
of, for example, the boulder, on which the instrument is anchored (Fig. 3). For contin-
uous monitoring, GPS antennae must be positioned above the expected snow depth
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to prevent signal loss. Therefore, the GPS antenna and inclinometer are mounted on
top of a mast (A5 = 1.5m, Fig. 4). A mast, however, makes the GPS signal more
sensitive to local rotations that may then be misinterpreted as translations of the slope.
Here, the measurement of mast inclination in combination with GPS allow us to sepa-
rate translation and rotation components. The setup allows continuous measurements
of positions and mast inclination with high temporal resolution (one GPS solution per
day), temporal coverage of several years and high accuracy (sub-cm accuracy, Buchli
etal., 2012; Wirz et al., 2013). The instrumentation is described in more detail in Buchli
et al. (2012) and Wirz et al. (2013).

3 Data
3.1 GPS

The data were collected from summer 2011 to summer 2012. GPS solutions have
a temporal resolution of one day. They were post-processed based on a single-
frequency differential carrier-phase technique using the software Bernese (Limpach
and Grimm, 2009; Dach et al., 2007) and provided a local Swiss projection (CH1903).
Solutions are calculated with a static approach, using all daily measurements to com-
pute a single and highly accurate daily solution (Buchli et al., 2012). The main error
sources are satellite related (clock and orbit errors), atmosphere related (ionospheric
and tropospheric delay), and receiver related (multi-path or phase-center variations, Li,
2011). By applying a differencing static approach, most of these errors can be elimi-
nated, because similar influences on all nearby receivers cancels out (Gili et al., 2000;
Den Ouden et al., 2010).

For each daily GPS position, the standard deviation of all components (N, E, h) and
their covariances are calculated. The standard deviation (usually less than a mm) de-
scribes the precision of the solution and is not a direct measure of the accuracy of
the position (usually a cm or below). The accuracy of the GPS positions cannot be
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calculated as no reference value is available. Nevertheless, the precision of the mea-
surements can be estimated by calculating the standard deviation of the daily position
values at a reference station. The reference station is assumed to be stable and is
mounted on a large boulder on a flat meadow approximately 2 km away from the other
stations.

The standard deviation of the error at the reference station over a period of several
months (measured with the same devices) is 0.4mm in the horizontal and 2.4 mm
in the vertical. The range of the horizontal error is 2.8 mm, respectively 12.7 mm for
the vertical. In order to get realistic and conservative estimates of the position errors,
the standard deviation of the daily solutions are multiplied by 10 as it is commonly
done to estimate the actual standard deviation of GPS positions (P. Limpach, personal
communication, 2013). This results in an estimated standard deviation of about 1.5 mm
in the horizontal (E, N) and about 3.5 mm in the vertical (h), thus slightly higher than
the precision of the positions of the reference station. The covariances between the
components of the positions are typically very low (< 10'5). The standard deviations of
the GPS solutions are shown in Fig. 2.

3.2 Inclinometer

A two-axis inclinometer (SCA830-D07, VTI Technologies, 2010) measures the tilt of the
GPS mast in the two directions perpendicular to it (X- and Y -direction) with a temporal
resolution of 5min. A rotation around the axis of the mast (Z-axis) is not measured.
The accuracy of the sensor, described by its offset calibration error (at 25°C) that in-
cludes a calibration error and drift over lifetime, is £1.1° (VTI Technologies, 2010). Fur-
ther noise is caused by environmental factors such as wind or temperature changes
(£1.5° from -40° to +125°, VTI Technologies, 2010). The resulting sub-daily varia-
tions are small and no significant correlation with wind or air temperature measured
at a co-located meteorological station was found. Daily median, standard deviation,
and covariance of inclination were calculated from the raw measurements. The stan-
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dard deviation is typically 0.1°, ranging from 0.001° to 0.2° (Fig. 2) and covariances are
relative small (median: 0.0004 for pos55 and 0.04 for pos27).

Two assumptions are necessary to calculate the tilt of the GPS mast: (a) no rotation
occurs around the Z-axis (Fig. 4) as this is not measured in the current setup, and (b)
the centre of rotation lies on the Z-axis. We distinguish a local coordinate system that
differs between devices and that is given by the directions of their two inclinometers,
and a global coordinate system (CH1903) in which the GPS solutions are delivered.
In order to detect a rotation of the mast around the Z-axis and to transform the local
coordinate system to CH1903, the orientation of the mast (mast.o, Fig. 4) is measured
manually in the field when deploying or exchanging a device. The manual measure-
ments of orientation have a precision of approximately 5°.

The inclination 8 and its azimuth ¢ of the mast tilt in the local coordinate system are
calculated with rotation-matrices (for detail see, Eq. A1 in Appendix). The azimuth (¢)
in the local coordinate system is transformed into CH1903 (az, in degrees eastwards
from north) using the sign of the raw inclination measurements and mast.o. The incli-
nometer data, which have a sampling interval of 5min, are aggregated daily to median
value.

3.3 Combination of GPS and inclinometer data

The inclinometer measurements are used to correct the GPS positions (measured at
the top of the mast) for tilt of the mast. Based on daily inclination (6) and azimut (az) of
the masttilt, the position of the foot (the positions corrected for the mast tilt; E;, N;, h;)
are computed using standard trigonometry.

The assumption that the mast foot is the centre of rotation is further investigated.
Assuming that the real center of rotation remains constant in time and lies on the Z-
axis, its location (e.g., within the boulder the mast is mounted on) is be approximated
by increasing the mast height (A,,,,s1)- With the best approximation of the true center of
rotation, the estimated MP, especially the direction of movement, should be smoothest.
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4 Methods
41 SNRT

The aim of this study was to develop a method sensitive to the uncertainty of the data.
Two movement parameters are calculated with SNRT: magnitude of the velocity (v,
in this paper referred to as velocity) and direction of movement (azi,). The applied
smoothing window depends on the SNR i.e., for each velocity period the SNR must be
higher than a predefined threshold. The SNR is estimated using Monte Carlo simula-
tion.

4.1.1 Calculation of movement parameters

Velocities (v) are calculated based on linear fits through daily positions as a function
of time (Fig. B1). The direction of movement (azi,) is derived and given as degrees
eastwards from north:

N
VEZ+N2Z+E

Velocities are calculated for the position of the GPS antenna and the mast foot (see
Sect. 3.3). In order to find time windows with a SNR higher than a predefined thresh-
old, we loop through all data points using increasing window sizes w and test if the
SNR criterium is fulfilled i.e., the SNR is higher than the threshold. The selection of
the smoothing window in SNRT is further described with pseudocode and a figure in
Appendix A. The SNR is given as,

azi, =

(1)

SNR = A 2)

\'

with i, being the mean and o, the standard deviation of velocity over all realizations of
MCS.
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For each estimated velocity period, the start and end date, the mean velocity u,, the
median of the direction of movement (azi,), the standard deviation of velocity o,, the
standard deviation of the direction of movement o,,;.,, and its SNR are stored. MPs
are calculated separately for periods with differing measurement devices if these have
been exchanged during field visits. This is because the slight offsets between differing
inclinometers and antennae would otherwise cause artefacts in the resulting MPs.

For the velocity estimations of pos27 and pos55 different parameter values are ap-
plied for the threshold (f = 3, 5, 10, 15, 20, 30, 40 or 50) and the mast height (A5 = Of
1.5, 2, 2.5, 3, 0r3.5m).

4.1.2 Uncertainty estimation

Monte Carlo Simulation (MCS) is useful for estimating the uncertainty of model outputs
and has previously been applied to the estimation of MPs from GPS positions (Mair
et al.,, 2001; Laube and Purves, 2011). In this study, MCS is used to estimate the
uncertainty (SNR) of MPs derived for the GPS antenna and mast foot (corrected for
the tilt of the mast). In each realization, the error is sampled from a multivariate normal
distribution (with £=0m, and the covariance-matrix) and added to the measured data
and the resulting MPs are recalculated. We assume that the data are neither temporally
nor spatially autocorrelated. This is a conservative assumption. Estimated errors are
likely to be higher than those from spatially and temporally autocorrelated data (Laube
and Purves, 2011). Based on the modeled positions MPs are then calculated (see
Sect. 4.1.1). We distinguish MPs in one (1-D), two (2-D, horizontal velocity) and three
(3-D) dimensions. For MPs at the mast foot, the error of the inclinometer data (with
Oineta @Nd 0,,); and the orientation of the mast (error,,st o) are sampled and included
in addition to the errors of the GPS position. The uncertainty of mast.o is sampled from
a normal distribution (with u =0°, and ¢ =5°), and mast.o remains constant for the
entire period during which a device is installed at a site.

In order to limit computational effort, we test the stability of the results after every
additional 250 realizations. If the standard deviation of the SNR over the last 250 real-
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izations (Eq. 3) is smaller than 0.08 the MCS is stopped. Otherwise, they are continued
up to a maximum of 2000 realizations. The standard deviation of the SNR over the last
250 additional realizations is calculated as following:

OgNR = \/\WNR&UI)’ (3)

with SNRy = [SNR; 1,SNR; 5, ...,SNR;, 250],

where / refers to the previously done realizations (/ = [250,500, 750, ...,1750], SNR;, 4
is the SNR of the velocity calculated including all previously performed realizations
(/) plus one additional realization, and SNR;, 5, is the SNR of the velocity calculated
including also all the additional 250 realizations.

4.2 Sensitivity testing

The performance of SNRT was tested using three types of synthetic time series de-
signed to represent typical patterns of slope movements: (a) slow linear displacement
with two periods of slightly different velocities (v4 =5, v, = 13), (B) velocity following
a sine function (sigma, = 5), and (C) slow linear displacement with a short peak of high
velocity (quarter sine function, 15 data points). For each pattern (A, B, C), we generated
three cases based on differing random noise levels: (a) noise level equals 10 times the
lowest, respectively its mean (case B) velocity (Cnpise = 10 Vimin mean): (D) Noise level
equals the lowest (case B: min) velocity (Gpgise = Vimin mean), @nd (c) noise-level is 10

times smaller than the lowest (case B: min) velocity (Gpgise = Vimin. mean -107"). For com-
parison, also the simple velocity calculations (Adist/At of the unfiltered time series),
the cubic smoothing spline function (spline, Hastie and Tibshirani, 1986; Chambers and
Hastie, 1992, using the R function smoothing.spline), and Kernel regression smooth-
ing with local plug-in bandwidth (lokern, Gasser et al., 1991; Seifert et al., 1994, using
the R function lokern), were used to estimate velocities. For SNRT, 500—-2000 realiza-
tions were used in the MCS and differing thresholds (5, 20, 50) applied. The optimal
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smoothing parameter (spar) for spline was determined using leave-one-out cross val-
idation. We tested the errors of the residuals of the first derivation of spline-functions
with different smoothing-parameters. The lokern-function was parameterized assum-
ing heteroscedastic error variables for the variance estimation, and the variance of the
error variables was set to be twice the variance of the position data.

5 Results and interpretation
5.1 Sensitivity tests with synthetic data

At most, 1750 realizations are needed to obtain a stable standard deviations of the
SNR (ogng < 0.8) during MCS.

Figure 5 shows estimated velocities for the synthetic time series, calculated with
the different methods. An overview of resulting errors (difference to reference velocity
without noise, vy,,¢) is given in Table 1. The results of SNRT obviously depend on the
threshold chosen. For case A (all noise-levels), errors are smallest when a threshold
of 20 is used. For case B and C, smallest errors are mostly obtained with a threshold
of 5. However, for case A with a threshold of 5 the temporal variability is overestimated
for medium to high noise-level. Often, the largest error occurs with a threshold of 50.
Here, for case A-a or B-a no distinction between periods of different velocities is made
anymore. In most cases the SNR is close to the threshold but in some periods it stays
below it (e.g., in A-a with a threshold of 20, one periods have an SNR of 9.5). In general,
the differences between estimations with different thresholds are smaller than between
different methods, especially for high noise levels (Table 1).

If the noise is high compared to the velocity, errors are generally, unsurprisingly,
largest independent of the method applied. The main differences to the true velocity
occur if the simple method is applied (41.7 < err0rgimgie < 48.6). Vgimpie Strongly over-
estimate v, for all patterns (A-a, B-a, C-a). If noise is high, for case A errors are
smallest with SNRT and a threshold of 20 (errorgygt = 0.81), respectively for case B
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and C with lokern (error|gem < 2.51). However, v,y OVerestimate the variability during
the period of constant displacement in case C, and the timing of acceleration in case
A-a is incorrect. With SNRT, errors are in comparison low (0.3 < errorgygt < 16.5) and
the patters are mostly well reproduced for cases A-a and C-a. However, vgygr does
not depict the sinusoidal form of v, in B-a. Using spline, errors are comparably small
for case A and B (1 < errorg,ne < 1.5), but the high velocities in the speed-up event
(case C-a) are smoothed. Hence, errorgyi,, are large for case C-a (errorgyine=9.11).
Further, the timing of acceleration in case A-a is not correct for vg,ne. If the noise is
similar to the velocity, errors are strongly reduced compared to the high noise level.
Nonethelss, estimated velocities with the simple method show strong, spurious, fluc-
tuations. With SNRT, the three movement patterns are well reproduced and errors are
similar to those from spline or lokern. In particular, for periods of constant linear dis-
placements the errors of vgygr tend to be smaller compared to the other methods.
However, Vg are mostly smallest. With spline, the sinusoidal form (B-b) is well de-
picted, but the sudden peak in C-b is smoothed out. If the noise is small compared to
the velocity, errors and differences between the methods and parameter settings be-
come small. Largest errors occur for C-c. Here, errorgne is highest (29.07). Errorgern
(< 0.2) are small for cases A-c and B-c. The smallest errors for C-c result with the
simple method (errorgiye = 0.62).

5.2 Estimation of movement parameters from field measurements

The total displacement measured at at the antenna of pos55 in the study site over
a period of 355 days was 4.65m (o = 3.3mm, Fig. 6). The total displacement of the
mast foot, corrected for rotation, was 5.22 m (o = 3.2 mm). The total rotation of the mast
was 33.4° and strongly accelerated in May 2012. During a period of about one month,
the inclination of the mast increased by 20°. At pos27 the total displacement at the
antenna over a period of 426 days was 19.5cm (o = 4 mm), similar to the cumulative
displacement of the mast foot (19.8 cm with ¢ = 3.8 mm). The total rotation was 1.4°.
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Velocities (v) and direction of movement (azi,) for pos27 and pos55 are estimated
using different parameters for t and h,,,; (Sect. 4.1.1). Here, mainly the differences
caused by applying different thresholds are shown. For pos27 maximum 1250 realiza-
tions, and for pos55 maximum 2000 realizations, are required during MCS to obtain
stable results (ogyg < 0.8). Differences caused by differing thresholds are summarized
with box-and-whisker plots (Fig. 7). For pos27, both the median and the range of the
velocities decrease with increasing thresholds. In addition, the range of azi, decreases
with higher thresholds. For a threshold of 15 or higher the median for both v and azi,
remain rather constant (4.6-10_4md‘1 in 256° eastwards from north). By contrast,
for pos55 the median of the velocity slightly increases with increasing thresholds, but
remains more or less constant (0.17 - 1072 md_1). The range of velocities does not de-
crease with higher thresholds. The range of azi,, however, is smaller for thresholds
above 20 than for low ones (3 and 5).

The temporal variability of velocity and the direction of movement were larger at
pos55 than at pos27 (Fig. 8). At pos55 v varied between 30-233 % and azi, between
3-113 % compared to the mean value (t = 15). At pos27, the differences to the mean
were only 89—-112 % for v and 96-104 % for azi, (t = 15). Velocities at pos55 followed
a seasonal cycle with higher values in summer, but a more or less constant azi, (270°).
In May 2012, velocities suddenly increased from about 1 to up to 4cmd™" and the
direction of movement changed. This peak lasted for about one month. At pos27, no
obvious seasonal pattern is visible although periods of slightly different velocities can
be identified: velocities were generally highest in autumn (October) and lowest at the
end of winter (February/March).

Figure 8 illustrates velocities estimated with different methods. At pos55, during pe-
riods of rather constant displacement (e.g. March 2012) differences between the meth-
ods are relatively small. The main differences between the methods occurred around
data-gaps (e.g. March 2011) or in spring 2012 (mainly May) when velocities acceler-
ated. While vgygt increased to nearly 4 cm din spring, the maxima of vgyine is about

1cmd™" and the maxima of Viokern 1S 2CM d~"'. Around data-gaps, Vgpine are higher than
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VSNRT OF Vsimples Viokern @re lower. In December 2011, various periods of the temporal
variability of vgygr are comparably high. The differences between vgygr With different
thresholds are small. For pos27, the differences between the methods are generally
large. Vsimpie Were higher and fluctuated stronger compared to the other methods. The
temporal variability of vy, is also higher compared to vgygy. Differences between
Vsnrr @nd Vggine Mainly occur around data-gaps. As for pos55 differences between
vgnrT With different thresholds are small.

5.3 Correction for mast tilt

At posb5 the course of the relative horizontal positions of the mast foot (corrected for
the mast tilt) over time is more linear (similar direction of movement) compared to that
of the antenna (Fig. 9). The difference between antenna and foot increases with time as
the tilt of the GPS mast increases. For pos27, the differences between the displacement
at the antenna and the foot are small (Figs. 2 and 9). Here, the main difference in the
positions of the GPS foot occur during device changes. The assumption, that the center
of the rotation of the station is assumed to be equal to the mast foot, is possibly not
realistic, as stations are mounted on large boulders. By increasing h,,,s, @ center of
rotation is modeled, that lies on the z-axis below the foot (within the boulder, Fig. 9-
pos55). The displacement appears most linear when h,,4; is set to 2.5 m, suggesting
that this may be a useful correction. However, differences become very small, if the
velocity of the antenna and the foot are summarize, e.g. mean velocity.

6 Discussion

6.1 Comparison of methods and parameter settings

The results of the sensitivity tests with synthetic time series are summarized in Table 2.

For a low noise level, the performance of all methods is satisfactory, even with the sim-

ple method (Fig. 5). However, if noise levels are equal to, or higher, than the signal
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(velocity), calculated velocities clearly depend on the applied method and parameter
setting. For high noise levels, the smallest errors are obtained for cases C and B with
lokern, respectively for case A with SNRT using a threshold of 20. The largest errors
occur with a strongly variable SNR (C-c). All methods, except for SNRT, overestimate
temporal variability during periods of constant linear displacement. Only SNRT per-
forms well, both for the period of constant velocity and the sudden peaks but the error
is comparably high. The main reason for this is a misrepresentation of the timing of
acceleration: due to the high noise, the periods become comparably large and hence
the timing of acceleration is not accurately captured.

For medium to high noise levels, the data needs to be filtered to obtain realistic ve-
locity estimations. Differences between noise levels and parameter settings are larger
for Vepiine than for vgngr OF Vigkern- Using spline, a good representation of both, slow
constant displacement and sudden peaks of velocities is not possible, irrespective of
the applied smoothing parameter. In contrast to spline, SNRT and lokern both adapt
the size of the smoothing window to the noise in the underlying data and thus can bet-
ter handle variable SNR. An important quality of SNRT compared to the other methods
is that calculated velocities always stay within the range of the data, whereas v,
and especially Vg,ine can over- or undershoot the true velocities. Further, in contrast
to the other methods tested, derived velocities with SNRT represent average velocities
representative for a given period. If velocities and, thus, the SNR are high, obtained ve-
locities have a high temporal resolution and peaks are not smoothed out. For periods
with small velocities (and low SNR), the smoothing window is larger. This allows sep-
aration of the signal from the noise and thus enhances the reliability of the estimated
velocity and especially its variation. This is important when variations in velocity are
used to infer process or in early warning applications (Crosta and Agliardi, 2002, 20083;
Yin et al., 2010). The disadvantage of this approach is that for a low SNR, a smooth ac-
celeration of the movement (e.g. sinusoidal form) is not reproduced, but given as steps
(at least for thresholds that ensure stable results). Similarly, the timing of acceleration
cannot be detected exactly for low SNR due to the large window sizes. Consequently,
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it is crucial when interpreting the temporal variability of vgygt to note that the accel-
eration occurs not between the different velocity periods, but in the time between one
mid point of a period to the next mid point. An important advantage of SNRT is that
all periods have a SNR higher than the predefined threshold, which helps to interpret
the temporal variability. According to Jerde and Visscher (2005) the distance between
two data points should be higher than five times the error of the data in order to be
able to separate the true displacement from the noise. If a threshold of > 5 is chosen
with SNRT, a velocity (signal) that is at least five times higher than its uncertainty is
obtained.

6.2 Application to measurements

The influence of the chosen SNR-thresholds and comparison of the different methods
were further investigated with the GPS data of the pos27 and pos55 (see Sect. 5.2).
While for pos27 the median and range of the velocity estimations decrease with in-
creasing thresholds, this is not the case for pos55 (Fig. 7). Here, the mean velocity
(1.6 cmd'1) is about ten times higher than the noise (~ 1.5mm). By contrast, veloc-
ity at pos27 (0.45 mmd_1) is less than a third of the noise (~ 1.5mm). We interpret
those plots in a similar way to Laube and Purves (2011) and argue that if between
the results of different thresholds no significant difference in the calculated velocities
exists, the velocity estimations are no longer affected by the uncertainty in the data for
those thresholds. For pos27, this means that a threshold of 15 or higher should be ap-
plied. For pos55, a threshold between 3 and 50 seems reasonable but the direction of
movement becomes more stable (smaller range) when a threshold above 20 is used.
Differences between the velocities calculated with different methods were generally
smaller at pos55 than at pos27 (Fig. 8), as the SNR at pos27 is lower. The temporal
variability and range of the velocity estimations are generally highest for the simple
method. At pos27, the temporal variability of viem, iS clearly higher than vgygr and
Vspiine- At p0s55 this is not so clear, especially in spring 2012 when several peaks
occurred. Here, Vgmpe and vgygr are about 2—4 times higher than vgpjine OF Vigkern-
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Further, the temporal variability of vgygr at pos55 was comparably high in November
and December 2011. During this time the SNR was below the set threshold for various
periods. This was likely caused by high standard deviations of the underlying GPS
solutions (above the 95 % quantile of all standard deviations). Spline and lokern fail to
realistic interpolate data gaps.

6.3 Temporal variability of estimated velocities

Velocities at pos55 follow a seasonal cycle with lowest values in winter (Fig. 8). In spring
2012, several peaks occurred. The strongest peak, which lasted for nearly a month,
was observed in May 2012. The sinusoidal form of the seasonal velocity variations have
previously been observed for rock glaciers (e.g., Haeberli, 1985; Arenson et al., 2002;
Kaab et al., 2003; Perruchoud and Delaloye, 2007; Buchli et al., 2013) and is often
linked to changes in air temperature (e.g. lkeda et al., 2003; Lambiel et al., 2005; Per-
ruchoud and Delaloye, 2007; Delaloye et al., 2010). At many rock glaciers, highest ve-
locities were observed between summer and early winter, and lowest in spring or early
summer (Delaloye et al., 2010). A gradual decrease in velocity in winter, phase-lagged
by a few months with respect to the cooling of the ground surface, was measured at var-
ious locations (Delaloye et al., 2010). A sudden peak in velocity during has also been
detected on a rock glacier in the Turtmann valley by Buchli et al. (2013). The peak oc-
curred immediately after periods of ground-surface temperatures exceeding 0°C and
pronounced snow melt, but nonetheless no general correlation between velocity and
ground-temperature was identified (Buchli et al., 2013). At pos55 not only a strong ac-
celeration, but also a clear change in the direction of movement occurred in May 2012.
We assume that during this time a second process besides rock-glacier creep (e.g.,
rotational slide affecting the rock glacier tongue) was involved, potentially triggered by
an increase in pore-water pressure. The velocity and its variability at pos27 are much
smaller. The duration of the velocity periods are long (several weeks—months), because
of the low SNR. However, small changes are visible: velocities were highest in autumn
and lowest in mid-winter. Further, an acceleration was observed in spring 2012. Lowest
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velocities and acceleration in spring have previously been reported for landslides in the
San Juan Mountains in Colorado (not in permafrost, Coe et al., 2003). After Coe et al.
(2003) the availability of surface water has a stronger influence on the displacement-
rates than ground-temperature.

6.4 Separation of rotation and translation

MPs are calculated, both for the GPS antenna and the mast foot. While the antenna
includes both the rotation and translation of the station, the foot only (or to a larger
proportion) includes the translational movement. For both pos27 and pos55, the cu-
mulative distance at the foot is higher than at the antenna (Fig. 6). For pos55, the
higher cumulative distance is caused by a mast tilt into the direction opposite to the
movement (Bpax = 33° in @z, = 52° and v,, ~ 270°). Here, more than 12% of the
measured displacement at the antenna is caused by a rotation of the station. At pos27
by contrast, the inclination of mast is similar to the direction of movement and thus
a higher displacement at the antenna would be expected but nearly no tilt of the mast
occurs (Bmax = 1.4°, @zmax = 117°, Fig. 2). Further, at pos27 the uncertainty of the in-
clinometer measurements is high (o, = 1.1° and o,, = 101°) and thus SNR is low. As
a consequence, the signal in the rotation measurements cannot be separated from its
uncertainty, which leads to incorrect estimations of the rotation.

At pos55, the displacement of the foot is more linear compared to the antenna
(Fig. 9). This is not the case at pos27. Here, differences between the displacement
at the antenna and the foot are highest after device changes, but generally small. After
each device change, the differing sensors have slightly different readings which results
in changes in the tilt that are larger than the actual rotation of the mast itself at pos27.
For pos55, this effect is less important, because of the comparably larger tilt and dis-
placement.

The influence of the assumption that the GPS foot is the center of rotation increases
with an increasing size of the boulder on which the GPS station is mounted. A more
realistic center of rotation can be approximated by applying different values of the mast
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height (1.5m < A, < 3.5m). At the most realistic center of rotation, the direction of
movement should be smoothest. For pos55, we estimated that the center of rotation
lies approximately 2.5 m below the antenna, i.e., about one meter within the boulder.
This seems reasonable as the boulder has a diameter in the order of 2m (Fig. 1).

7 Conclusions and outlook

The developed method (SNRT) adaptively calculates a smoothing window based on
the SNR of the position data. The SNR is estimated using Monte Carlo simulation.
Derived velocities represent average velocities representative for a given period. Each
velocity period has a known SNR that is above a predefined threshold. This helps to
understand the influence of the uncertainty of the data and to interpret the temporal
variability.

Sensitivity tests with synthetic time series revealed that for position data with high
noise levels estimated velocities strongly depend on the chosen method and parameter
settings, especially if the SNR is variable. For high noise levels a smoothing of the
data is crucial to obtain realistic velocity estimations. Further, for variable SNR, the
performance of methods that adapt the smoothing window to the noise of the data is
clearly better. SNRT have proven to be a suitable method to obtain reliable velocity
estimations based on noisy GPS data with variable SNR.

SNRT allows to empirically select a suitable threshold on the basis of the SNR es-
timated through MCS. In our case study we found that for a threshold of 15 or higher
velocity estimations were no longer affected by the uncertainty in the data.

With the application to a case study, we could show that based on SNRT the tempo-
ral variability of permafrost slope movements can be investigated. The GPS station on
the rock glacier (pos55) followed a seasonal cycle with lowest velocities in mid-winter.
During snowmelt several peaks occurred. At pos27, located on a deep-seated land-
slide, the seasonal signal is less clear. Velocities tend to be highest in autumn and
lowest in mid winter.
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This study showed that error related to the rotation of the GPS station depends on
the tilt of the mast and its uncertainty. If the rotation is higher than its uncertainty,
the rotational movement can be separated and the direction of movement of the mast
foot (corrected for the mast tilt) became more stable compared to the antenna. If the
rotation of the station is small and stays within the uncertainty of the measurements,
the correction of mast tilt leads to lower- quality results.

To further investigate the performance of SNRT, its application to more test cases
including varying movement patters is important. Further, for high noise levels the es-
timation of the timing of acceleration is not always fully correct, therefore the algorithm
needs further improvement.

Appendix A

To calculate the the inclination (6) an its azimuth (¢) in the local coordinate system,
the rotation of the mast is decomposed into three components (cf. Corripio, 2003): one
around the Z-axis by the azimuth, a second around the X-axis by the inclination and
a third back around the Z-axis by the negative azimuth. The vector of the mast in the
rotated reference system can then be described as the original vector multiplied by the
three rotational matrices:

6 = acos <\/cos(X)2 +cos(Y)? - 1)

_ 0.5-acos(cos(X)? - cos(¥)?) (A1)

cos(X)2 +cos(Y)2 -2

¢

with the inclination in X direction (X) and the inclination in the Y direction (Y).
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Appendix B

In Appendix B, the selection of the smoothing window within the SNRT method is de-
scribed with more detail based on a Figure (Fig. B1) and pseudocode (Fig. B2): The
applied smoothing window directly depends on the SNR of the position data. For each
velocity period the SNR of the velocity must be higher than a predefined threshold ().
The uncertainty of the velocity is estimated with MCS. In each simulation, an error is
assigned to the positions and the velocity (linear regression) is calculated. It is looped
through all available connected data points (chunks) with an increasing size of the
smoothing window and tested if the SNR of the velocity is higher than ¢. If the criterium
is fulfilled, a velocity is assigned to those data points and they are excluded for further
processing (no longer available).
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Table 1. Summary of the errors for the different methods: SNRT (with different thresholds:
5, 20, and 50), simple, spline, and lokern. Errors are defined as the mean of the absolute
difference between estimated velocities and the reference velocity v;,.. The errors are given as

10™*md™".

NHESSD
2,1153-1192, 2014

Estimating velocity
from noisy GPS data

Case Simple SNRT-5 SNRT-20 SNRT-50 spline lokern
A-a 48.56 2.60 0.81 2.60 1.01 1.25
A-b 4.27 1.64 0.63 1.64 1.46  0.44
A-c 0.53 0.54 0.38 0.54 1.41 0.15
B-a 49.52 2.28 3.20 3.20 147 2.51
B-b 4.54 1.15 1.15 1.48 1.36  0.27
B-c 0.50 0.44 0.31 0.82 1.38  0.05
C-a 41.71 10.97 13.87 16.50 29.24 9.11
C-b 5.13 2.20 4.80 9.86 29.09 2.32
C-c 0.62 0.62 0.93 0.91 29.07 1.08
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Table 2. Summary of the sensitivity tests for the different methods and noise-levels. Methods
have been applied to estimate the velocities for synthetic time-series with three different move-
ment patterns (A, B, C) and noise-levels (a, b, c; see Sect. 5.1). For SNRT it is distinguished
between the different thresholds (¢ = 5,20, 50).

NHESSD
2,1153-1192, 2014

Name

Noise-level:

low (c)

medium (b)

high (a)

Evaluation

Estimating velocity
from noisy GPS data

Simple

SNRT

Spline

Lokern

good performance

good performance for
all parameter-settings
(threshold t)

generally good perfor-
mance, except for C-c;
timing of acceleration
not fully accurate (e.g.
A-c)

good performance

overestimation of the temporal
variability

generally good performance,
especially with t=20; t=5:
slightly overestimation of the
temporal variability; t = 50: tim-
ing of acceleration sometimes
not fully correct due to large
smoothing-windows

generally good, but timing of
acceleration not fully accurate
and underestimation of sudden
peak in velocity (C-b)

generally good performance,
but temporal variability in C-b
overestimated

overestimation of the veloc-
ity and its temporal variability;
movement patterns not repre-
sented

generally good performance,
especially for C-a; t =5: tem-
poral variability slightly over-
estimated; t = 20/t = 50: move-
ment patterns of A-a & B-a not
well represented due to large
smoothing windows

generally good performance,
but timing of acceleration not
correct in A-a & C-a;

temporal variability slightly over-
estimated (clear overestimation
of temporal variability in C-a),
timing of acceleration not fully
accurate (A-a)

+ suitable for time series with
low noise-level - not suitable for
medium to high noise-levels

returns discrete reliable velocity
estimations representative for
given periods

+ suitable for various noise-
levels and variable SNR

— for high noise-levels timing of
acceleration not correct due to
large smoothing-windows

+ suitable for time-series
with  smooth  accelerations
(sinusoidal movement-patter)

— not suitable for time-series
with variable SNR

+ suitable for time-series
with variable SNR and low to
medium noise-level
— for a high noise-level and vari-
able SNR the temporal variabil-
ity is overestimated
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Fig. 1. GPS stations of pos27 (top) and pos55 (bottom). The small photo (bottom right) shows
GPS station pos55 at the end of June 2012, by then the station is strongly tilted towards the
slope. Each GPS station includes a GPS antenna and two inclinometers that are mounted on
top of a mast. The energy to operate the devices is provided by a photovoltaic energy harvesting
system and backed by a battery. (Photos: V. Wirz and R. Delaloye)
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translational rotational complex

Fig. 3. Schematic of differing slides and possible sources of rotation/translation, (modified after
Varnes, 1978): (a) translational slide with failure plane paralleling surface; (b) rotational slide
with surface of rupture curved concavely upward; (c) complex slide with various (unknown)
types of slides involved and local rotation of small volume below GPS station.
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Fig. 5. Synthetic time series of positions following (A) linear displacement, (B) following sine
function, and (C) linear displacement with short peak in velocity. For each time-series three
different periods with different noise levels are modeled (a: G,ise = Vinin - 10, b: Orpise = Vinins C:
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ted in dark-grey with white dots. Velocity have been estimated with different methods (SNRT:
blue, violet and dark red; simple: grey; spline: orange; and lokern: green). Periods with a SNR
below the threshold ¢ (SNRT 5, 20, or 50) are indicated with dashed lines.
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Fig. 6. Total displacement at pos55 and pos27 of (a) the GPS position at the antenna, (b) the
inclinometer-measurements and (d) the position of the GPS foot (corrected for mast tilt). Data-
points with an error (in the original data) that is higher than the 95 % quantile are marked with
grey circles. The uncertainty (o) of the cumulative distance (grey) is estimated using 2000 MCS
(Sect. 4.1.2). Note that both axis differ for pos55 and pos27.
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Fig. 8. Top: Horizontal velocity and the direction of movement (azi, ), calculated with SNRT and
a threshold (¢) of 15. Periods with a SNR smaller than the predefined ¢, are plotted in light-
blue. Bottom: comparison of different methods to estimate the horizontal velocity at pos27 and
pos55. Next to the velocities estimated with SNRT and ¢ of 15 or 30, also the simple method
(Adist/At of the unfiltered GPS positions), spline and lokern are applied. Data-points in the
GPS data, with a standard deviation higher than the 95 % quantile are indicated with lightblue
circles.
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Fig. 9. East- and north-positions of the antenna (black) and foot (grey) for pos55 and pos27.
Note, that the range of both axis differ. For pos55, additionally positions of the foot that are
corrected for the rotation of the GPS mast based on using different distances to the GPS
antenna (hpae: 2mM, 2.5m, 3m, 3.5m) are shown.
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Fig. B1. Schematic depiction of the algorithm. Based on positions and their standard deviations,
velocities are estimated with linear regressions. The time-window (number of measurements)
applied depends on the signal to noise component. If the SNR is higher than the predefined
threshold (SNR-criterion is fulfilled), a velocity is assigned to the period. We loop through all
chunks (available connected data points) with increasing size of the smoothing window (w) until
to each data point a velocity is assigned. See text and pseudocode for more detail.
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Fig. B2. Pseudocode to describe the selection of smoothing-windows in SNRT, with size of
smoothing widow w, total number of data points n, chunks of available connected data points
of the trajectory. The algorithm, including position data, chunks and smoothing window are

illustrated in Fig. B1.

Data: Matrix of positions with: ti E+uncertai N+
h-uncertainty
Result: Matrix of estimated MPs with: time period (from, t0), 1y, @zi,,
O, Oazi—v, SNR
/* Start with the smallest window size (2) and end
with maximal window size (n=number of data
points) %/
for w « 2ton do

get chunks: chunks of available connected data points;
/* Get chunks of available (no MPs assigned so
far) connected data points */
for this.chunk in chunks do
/% Loop through all the individual chunks
*/
if length(this.chunks) < 2 % w then
/+ Cannot further split this.chunk,
therefore a mean velocity over all
data points of this.chunk is
calculated. */
calculate MP and SNR /+ MCS are used to
estimate the uncertainty of MPs, see
sec. 4.1.2 */
save MP;
mask data points of this.chunk /+ Data points
within this.chunk are masked and to
exclude from further processing. */
next /+ jump to next this.chunk «/
end
for row.beg — (beg —w + 1) to (chunk.end — w — 1)
do
/+ Loop from the beginning (beg) to the
end (end) of this.chunk with window
size (w) */
define smoothing window:
ind = row.beg : row.beg +w — 1;
calculate MP for this.chunk(ind);
calculate SN R;
if SN R > threshold then
/* Test SNR criterium i.e., SNR
must be higher than predefined
threshold. */
if end — row.beg < w — 1 then
/+ Prevent leftover data points
too short for subsequent
window size %/
define new smoothing window:
ind = row.beg : end/+ New
smoothing window that
includes all positions from
row.beg to end
calculate MP for this.chunk(ind);
end
end
save MP for this.chunk(ind);
mask used positions of this.chunk(ind)/+ If MPs
were assigned, data points within
this.chunk(ind) (except of the first
and last) are masked out and
excluded from further processing +/
break /+ jump to next this.chunk */
end
end

end
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