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Abstract The large ring laser gyroscope at the Geodetic
Observatory Wettzell provides unique data of the rota-
tional component of seismic waves. Wind has been
identified as a major source of noise at short periods
below 5 min. Strong winds increase the level of detected
background noise either through surface friction or
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through wind load on hill slopes. Since our G ring laser
demonstrated a routinely achieved sensitivity for rota-
tions of 10 picorad/s when averaged over 30 s, very
small effects become detectable. Using a local finite
element model and applying a digital terrain model with
25 m spatial resolution, the effect of local wind forces on
tilt and horizontal rotations at the ring laser site was
calculated. The transfer of forces by wind ram pressure
or surface friction is strongly controlled by the resolution
of the terrain model or the land use, respectively. The
maximum deformation caused by real wind fields rea-
ches a few tenths of nanorads for both tilt and horizontal
rotation. While the tilts are too small to affect the ring
laser measurements by a change in its inclination, the
horizontal rotations can be detected by the ring laser if
the signal builds up within a few seconds or tens of
seconds. The comparison of the modelled rotation rate
time series with measured ring laser data shows a rea-
sonable agreement in amplitude and waveform, however
the correction of the ring laser time series is limited by
the crude sampling of the wind measurements.

Keywords Ring laser- Seismology - Finite element
models - Crustal deformation

1 Introduction

Ring lasers are gyroscopes measuring absolutely the
magnitude of each rotation component acting along its
sensitive axis. The large ring laser “G”, located in an
underground laboratory at the Geodetic Observatory
Wettzell (Bavaria), has been constructed to monitor
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variations in Earth rotation. It measures rotational
signals over a wide spectral range. Currently the mea-
surement signals cover periods from 435 days (Chandler
wobble) on one end of the spectrum to less than 5 ms
(20 Hz) for rotational signals from local seismic events.
It is a unique instrument to study rotational components
of seismic surface waves (Suryanto et al. 2006) or
toroidal modes of the Earth’s free oscillations (Igel et
al. 2011). The global signals coming from tidal tilt and
polar motion are extensively investigated by Schreiber
et al. (2003, 2004, 2011), Kligel et al. (2008) and
Velikoseltsev et al. (2008).

The basic concept of ring lasers for geophysical
applications is described in Stedman (1997). Two
counter propagating laser beams in a square laser
cavity experience a frequency shift due to rotation.
The resulting beat frequency, or Sagnac frequency, is

44
afsagnac = l_P Qv (1)

where 4 is the area, P the perimeter and A the wave-

length of the helium/neon laser transition. 2 is the
imposed rate of rotation (in our case the Earth rotation
rate), and # represents the normal vector on the plane
of the laser cavity. The expression 44/\P is also re-
ferred to as the scale factor of the ring laser structure.
The scale factor determines the ultimate resolution of
the ring laser, but more than that, it also defines the
stability of the measurement device, because scale factor
variations directly map into the measured signal. The
“G” ring laser having a size of 4x4 m currently has a
relative scale factor stability of ~5x10°°, with an ap-
plied averaging time of 1 h, corresponding to a beat
frequency of approximately 4 uHz or a rotation rate of
7x10°" rad/s taking the spinning rate of the Earth as
reference. A detailed description of the “G” ring laser is
given in Schreiber et al. (2009).

Variations in orientation of both the sensor normal
axis and the rotation axis of the Earth are mapped into
the measurement signal via the inner product of Eq. 1.
Orientation changes of about 10 nrad are still detect-
able in our apparatus. Hence the monitoring of the
local tilt of the ring laser is of special interest. As
significant tilts of different origin are present even at
greater depth (e.g. Weise 1992; Kliigel 2002), highreso-
lution platform tiltmeters are permanently monitoring
the orientation of the ring laser in order to reduce the
local tilt effect. The signal content of tiltmeters can be
classified according to Kiimpel (1982). Non-tidal
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transient tilts are often identified to be of hydrological
origin (e.g. Weise 1992), while barometric pressure load
contributes to tilt up to 20 nrad (Gebauer et al. 2010;
Kroner et al. 2005; Steffen 2006). Striking transient
signals in tiltmeters frequently occur during passing
thunderstorms, which may have different causes like
air mass attraction, barometric loading or wind.

While barometric effects are successfully investigat-
ed, the modelling of wind-induced deformations is
much more difficult due to the uncertainty in the shear
transfer mechanism and parameters. Pure meteorological
approaches aiming on the estimation of coefficients for
pressure drag and surface roughness at large scales were
carried out by Emeis (1987) and Emeis and Zilitinkevich
(1991). Large-scale wind and barometric effects on the
“G” ring laser were investigated by Velikoseltsev et al.
(2009) using a finite element (FE) model for Central
Europe, however no significant correlation between
modelled wind effects and ring laser signals were found.

In this approach small-scale effects acting at higher
frequencies are investigated. The considered time scale
ranges from seconds up to several minutes. The estima-
tion of the Sagnac frequency yields one data point each
30 s. The standard deviation of the 30 s data over 30 min
(Fig. 1) typically varies between 10 and 20 pHz during
quiet periods, while noisy epochs are indicated by an
increase of the standard deviation up to 80 uHz. By
comparison with local wind speed observations, it is
obvious that wind is responsible for most of the high-
frequency noise, which affects the analysis of ring laser
data with respect to seismological signals. Another
source of noise are oceanic microseisms reaching ampli-
tudes up to 100 picorad/s or 500 nHz in the period range
5-10s (e.g. Hadziioannou et al. 2012). However, due to
the integration of the Sagnac frequency over 30 s,
the microseisms are averaged out and only weakly
present in our data set. Human-made noise is mostly
limited to discrete events like nearby crossing trucks or
construction activities

The effect of local wind becomes even more clear
in the spectral domain. The Fourier spectrum of a
29-h data set of a windy day and a quiet day is shown
in Fig. 2. The overall energy on a windy day is about
four times larger than on a quiet day, especially at
higher frequencies. If the wind effect on the ring laser
can be understood and properly modelled, another
undesired signal could be removed thus improving
the signal to noise ratio. In this paper the effect of
surface deformations caused by wind loads on the “G”
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ring laser is quantified using a highly resolved local
finite element model.

2 Definition of the FE model

A FE model of the Wettzell region (Fig. 3) was created
using the software packages ‘Abaqus’ (Abaqus Inc.
2007) and ‘HyperMesh’ (Altair Engineering Inc.
2008). A detailed description of the procedure is found
in Gebauer (2009). The model represents a crustal block
0f 20x20x4.5 km in east-west, north—south and vertical
direction, respectively. The topography was taken from a
digital terrain model (DTM) having a horizontal resolu-
tion of 25 m (“DGM25”, BKG; DTM-25 2010). The FE
model consists of about two million tetrahedral elements.
The element size at the top surface where the load is

applied is about 22 m in order to have a good approxi-
mation of the orography and to have at least one node in
each cell of the DTM. The element size decreases to-
wards the middle of the model to less than 5 m at the
location of the ring laser “G” to avoid discretization
errors. Towards the model bottom the element size
increases up to 200 m. The boundary conditions are
chosen in a way that the nodes at the model bottom must
not move in vertical direction, and the nodes at the
vertical boundaries must not move in horizontal direc-
tion, i.e. perpendicular to the model sides.

The FE model is parameterized homogenously us-
ing elastic parameters which are derived from labora-
tory and in situ measurements. For a fresh sample of
crystalline bedrock from a depth of 25 m, a Young’s
modulus of 58 GPa and a Poisson ratio of 0.26 was
determined in a triaxial compression test. However, in
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Fig. 3 Assembly of the FE model used to estimate the wind-forced rotations. The ring laser site at the Geodetic Observatory Wettzell is
at the surface in the middle. The orange triangles at the vertical model boundaries mark the nodes of the mesh

situ measurements (borehole extension tests) in depths
between 10 and 35 m yield much smaller values of
the Young’s modulus ranging between 1 and 12 GPa
(Kligel 2001), which is the consequence of joints and
fractures in the rock.

Consequently a Young’s modulus of 7 GPa and a
Poisson ratio of 0.25 was chosen for the model taking
into account that the main energy transfer caused by the
wind happens in a few metres below the surface. As a
linear elastic rheology is assumed, all results can be scaled
linearly according to the load which is actually applied.

3 Loading of the FE model

The wind load is applied to the model as a force
directly at the nodes. Depending on the location, the
magnitude and the direction of the force to be applied
at the model surface were calculated. The force F,;
(Eq. 2) is the sum of the wind pressure on the topog-
raphy (ram pressure, ;) and the surface roughness
controlled wind friction (Fy;)

Futij) = Fpaj) + Frij) (2)

The common drag equation (Batchelor 1967) was
used to calculate the two parts of Eq. 2. In order to

@ Springer

determine the pressure force caused by the topography,
Eq. 3 is used, containing the following variables: p the
air density (1.23 kg/m’), ¢, the drag coefficient (set to
1), v the wind speed, and 4; ; the effectively loaded area.
The effectively loaded area is the projection of the
topographic slope perpendicular to the wind direction,
and was calculated for each cell separately. At any cell
of the DTM having no upward slope in wind direction,
the force was set to zero.

p

Fyiy) = EchZAiJ (3)

Frpin = L 24 (4)
(i) = 7 Cd(iy)V 4o

For the computation of the wind friction, the drag
equation was used (Eq. 4). The loaded area A4, being
the effective surface of the DTM, was set to 625 m°.
The drag coefficient (c4( ) is a function of the surface
roughness, which depends on the land use. This is
given by the land use model (Fig. 4, “BASIS-DLM”
BKG; Basis-DLM 2010), which has the same spatial
resolution as the DTM, 25 m. The used drag coeffi-
cients (0.5 for forest, 0.05 for settlements, 0.005 for
grassland and fields and 0.0 for water surfaces) are
typical values used in meteorology.
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Fig. 4 Land use distribution
of the modelled area.

The drag coefficients of

the different fields are
given below

north [km]

east [km]

0.005

In order to determine the range of influence of the
load, another set of computations was performed using
a circular load mask of varying radius centred at the
instrument site. Outside the mask the load was set to
Zero.

4 Computation scheme

Once the model is parameterized, the resulting defor-
mation is a function of the wind speed and direction.
In order to obtain a matrix which describes the effect
of both variables, deformation fields were calculated
for wind directions in 5° step from 0° (north wind) to
355° and wind speeds from 1 to 16 m/s in steps of
1 m/s. In a first run, only the pressure effect on the
topography was considered. In a second run, both ram
pressure and wind friction were taken into account. In
this way a total number of 2,304 scenarios were
computed.

For the conversion of the displacement fields into
rotations, several steps are needed. At first, a selected
set of about 10 nodes from the calculated displacement

distributions in the area of interest was used to calcu-
late the rotations in the three directions of space:

— Around the vertical (horizontal rotation)
— Tilt in east-west direction and
— Tilt in north—south direction.

The derivation of the rotations from the node dis-
placements was done according to the method of
Spudich et al. (1995) for each solution. This procedure
yields matrices of rotation angles along the three axes
depending on the wind direction and speed (Fig. 5).

In the next step, real wind data, recorded at the
Wettzell meteo station with a sample rate of 1 min,
were included to obtain a time series that can be
compared to the ring laser and tilt observations. For
each data point, the rotation caused by this specific
wind speed and direction was taken from the rotation
angle matrix (Fig. 5), resulting in a time series of
wind-induced rotations having the unit radians. In
order to compare it with the ring laser time series
having the unit radians per second, there basically
are two possible ways: integration of the observed
Sagnac signal or differentiation of the calculated
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Fig. 5 Modelled rotation angles for wind ram pressure acting on the topography (/eff) and for wind ram pressure plus wind friction
considered (right). The wind direction range from 0° (north wind) to 355° in 5° steps and wind speed varies between 0 and 16 m/s

wind-induced effect. Since the integration introduces
additional noise, the differentiation of the synthetic
wind effect time series was used, so that both time
series show units of picorad per second.

The time series obtained in this way is compared to
the observed Sagnac signal, which has been processed
as follows. First, the signal was corrected for known
and well-modelled signals, such as the effect of tidal
tilt and polar motion. Secondly, the time series was
resampled to the sample rate of the wind data, which is
1 min, using a high-pass filter. Tests have shown that
the use of different cut-off frequencies (5 min up to
2 h) results in nearly the same signal. Hence it can be
concluded that the wind-forced rotations act mainly in
the short period range below 5 min. For further analysis,
the observational data were de-noised using the wave-
shrink procedure as described in Shumway and Stoffer
(2006) using the waveslim R package.

The waveshrink method is a powerful non-parametric
smoother. Due to its adaptive nature, it is especially
useful for time series which contain (noisy) blocks or
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bumps, like seismic time series, or the Sagnac series in
this paper (Donoho and Johnstone 1995). The concept
behind the waveshrink procedure is to reduce noise by
shrinking the wavelet coefficients in the wavelet trans-
form of the time series and then re-estimating the signal
with the new coefficients. The threshold is chosen as
A = 0+/2logn, where n is the number of time steps in
the series and & denotes the MAD, a robust estimate of
the scale of the noise (the MAD is the median of the
absolute deviations from the data's median.)

5 Results

The visualisation of the computed rotation angle matrix
(Fig. 5) shows a continuous and smooth change of the
values without discontinuities. This indicates that nu-
merical artefacts caused by the mesh, the boundary
conditions or the load are insignificant.

When comparing the computed rotation angles
resulting from ram pressure alone (Fig. 5, left) and
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ram pressure plus wind friction (Fig. 5, right), the
magnitude is clearly dominated by the wind friction
effect, while the ram pressure effect is about one order
of magnitude smaller. Additionally the dependency of
the rotation angles on the wind direction is completely
different for both load cases. This is not surprising,
since two completely different model properties control
the transfer of shear forces to the model, topography and
drag coefficient/land use.

For each component, horizontal rotation, east—west
and north—south tilt, there is a strong dependency on
the wind direction. In the case of wind friction, the
maximum effect occurs for winds coming from south
and north. The zero crossings close to 90° and 270°
show that there is only a weak effect coming from
east—west winds. However the tilt in east-west direc-
tion shows the strongest effect and reaches a maxi-
mum in the order of 0.4 nrad for north—south-directed
winds. In north—south direction, the tilt reaches only
0.2 nrad at a wind speed of 16 m/s, which is too little
to affect the ring laser by its change in orientation. A
minimum of about 10 nrad is required in order to
affect the ring laser signal, the Sagnac frequency.
The horizontal rotation angle reaches a maximum of
0.3 nrad, which can be detected by the ring laser if the
signal builds up within a few seconds or tens of
seconds.

The computations using a circular load mask of
varying size show that the wind-forced deformations
are very locally induced. The wind load applied to a
disc of 200 m radius generates roughly 95% of the
deformation when the entire model is loaded.

The comparison between the observed and the
modelled rotation rates is shown in Fig. 6. The model
is able to correctly reproduce the amplitudes and
waveforms of the observation. The residual Sagnac
signal has usually a noise level of 15 picorad/s peak
to peak. The distribution of the residuals is non-
normal, indicating that not all effects have been cap-
tured by the model. The distribution is leptokurtic
(more acute than normal), with residual values strong-
ly centred around zero and few strong but singular
outliers. During windy periods, the noise swells up to
the same order of magnitude as the calculated wind
effect, up to 100 picorad/s. The sharp needles in the
Sagnac signal that are not corresponding to a wind
event in the rotation model are clearly identified as the
rotation component of earthquake generated surface
waves.

6 Discussion

For the east—west and north—south tilt components, it
can be summarized that the wind-induced tilt effect
plays a minor role. Having magnitudes usually far
below 1 nrad, it is at or below the detection limit of
high resolution tiltmeters. The impact of thunder-
storms on tiltmeters must have different reasons like
air mass attraction or barometric loading. During such
events, barometric pressure and temperature can
change rapidly, which affects the observation in a
complex way. Barometric loading may cause tilts in
the order of several nanoradians (e.g. Rabbel and
Zschau 1985; Gebauer et al. 2010).

For the “G” ring laser however, the small wind-
induced rotation angles of a tenth of a nanoradian
around the vertical are clearly detectable, since the
rotations happen fast and ring lasers are sensitive to
the rotation rate rather than to the rotation angle. There
is a good correlation between the modelled wind-
induced rotations and the high-frequency component
of the measured rotation rate when assuming realistic
boundary conditions like elastic parameters and drag
coefficients, and even the amplitude has a similar
magnitude. However, subtracting the modelled wind-
induced rotations from the measured time series does
not produce a significant reduction of the wind noise
due to a misfit of the phases. As wind is strongly
variable in direction and amplitude on much smaller
scales, this investigation suffers from temporal and
spatial undersampling of the wind data.

Due to the elastic rheology, the amplitude of the
modelled wind effect can be scaled linearly by the
material parameters and by the load. The sensitive
parameters for the load transfer are given in Egs. 2
and 3—air density, drag coefficient and effectively
loaded area. The air density scales the resulting force
linearly for both load cases. It changes by 20% when
the temperature varies from —25°C to 35°C. This can
have a considerable effect on the amplitude of the
calculated wind-induced rotations. The second sensi-
tive parameter is the drag coefficient in the friction
part (Eq. 3). It can vary by several orders of magni-
tude, depending on the land use. This may have a
major impact on the result, especially when consider-
ing changes in land use or different coverage with
vegetation during the seasons. For the wind pressure
load, the drag coefficient is fixed to 1 in our model.
However, the effectively loaded area depends on the
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Fig. 6 Comparison between high-pass filtered rotation rate
measurements with calculated rotation rates derived from the
rotation matrices (Fig. 4), containing both ram pressure and

used topographic model. A coarse model generally
flattens the topography, while in a detailed model, more
and more obstacles become effective and increase the
loaded area.

It is shown that the deformation by wind is a very
local effect. The modelled rotation angles of all three
components change quickly when moving away from
the observation site. The transferred shear force is
strongly controlled by the distribution of forest and
grassland, as the drag coefficients differ by a factor of
100. A frequent change of forest and grassland is
typical for the Wettzell area, causing a very inhomog-
enous load distribution and thus a high dependency on
the location.
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wind friction effects. The directly observed wind parameters
are shown below. The time period is from 12 May 2010 to 5
June 2010

7 Conclusions

The presented finite element model with a spatial
resolution of 25 m yields realistic deformations in-
duced by wind ram pressure and surface friction,
explaining the high-frequency rotation component in
the “G” ring laser. The consideration of a detailed
topography and a surface friction term are the main
reasons why about three orders of magnitude greater
effects were computed as compared to the regional
1,000%1,000-km model of Velikoseltsev et al. (2009)
with a horizontal resolution of 7 km. Another reason is
the fact that long periodic wind effect, ranging from
hours to days, was investigated in his work. The slower
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an angular change happens, the smaller is the resulting
rotation rate.

A general problem when modelling the geological
underground is the poor knowledge of the detailed
situation with respect to material parameters, inhomo-
geneities or discontinuities like fractures or faults.
These local site conditions may considerably affect
the resulting deformations (e.g. Gebauer 2009). These
conditions are largely unknown, thus assumptions and
simplifications of the real conditions were made.
However, the good correlation between the modelled
wind-induced rotations and the measured rotation rate
justifies the assumption that an inhomogenous rock
body crossed by numerous discontinuities can be
modelled by a homogenous body of reduced stiffness.

Another issue is the crude sampling rate of the local
wind data of 1 min. The installation of a higher sam-
pling wind sensor close to the ring laser facility will
account for quickly changing wind conditions and
provide a good base to remove the high-frequency
wind effects from the ring laser data. If the static
approach used in this model should not be appropriate
to model the higher frequency wind effects, a dynamic
approach could be required (Ziirn et al. 2007).

It has been shown that wind-induced rotations affect
the ring laser in the short periodic domain, thus being a
disturbing signal in investigations in rotational seismol-
ogy (Hadziioannou et al. 2011; Gebauer et al. 2010). A
careful modelling of the wind effects at this specific site
helps removing disturbing signal in the ring laser time
series, making this instrument even more suitable for
rotational seismology.
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