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Preface 

This project proposal aims at the continuation and extension of the goals of the first “Geosensor Project” (Geosensor Project Phase I – GPI) funded in the first round. As in the first project phase, the seismological project proposed here is only one part of the “Geosensor – Phase – II” project that combines sensor development, set-up of a global network infrastructure with observations, analysis and modelling of earthquake-induced rotational motions. The focus here is (1) to specifically address the seismological results of the first phase and (2)  to derive - from those results - the work plan for phase II.

I.
Goals

I.a. Overall Project Goals

The goal of the first project phase was to develop a sensor that is capable of recording rotational ground motions to be observed in seismology. Theoretical seismologists have argued for decades that – in addition to translations and strains – rotations should also be measured. The problem so far had been that instruments – particularly mechanically based sensors – did not provide the required resolution for broadband seismology. Within GPI we could demonstrate for the first time that optical sensors based on ring laser technology are capable of measuring seismically induced rotational motions as expected from theory. In addition, we could show that collocated recordings of rotations and translations contain additional information not present in standard three-component seismometer recordings.  This suggests that seismology has a new observable that is worth exploring systematically. In the second phase we propose to develop a (software) infrastructure that allows easy analysis and access to the globally available rotation sensors in direct collaboration with international data agencies (IRIS consortium, ORFEUS). In addition to the many open scientific questions concerning rotations, we propose to develop a processing tool that can be linked to standard seismological software programs. The ultimate goal is to provide sensors and tools for purchase and use by the seismological, earthquake engineering, and geodesy communities.  

I.b. Relevance to specific call for proposals  

The proposed project is relevant concerning several key issues of the specific call (“Observing the Earth system from space”) issued in December 2004. 

Realisation of a global geodetic-geodynamic observing system (section 2.3): As by the end of this project phase at least four high-resolution sensors will be operating world-wide it is necessary that a near-real time data acquisition, storage and access system is developed in analogy to the advanced infrastructure in global seismology. This requires close interfacing with the existing infrastructure plus the development and adaptation of processing and modelling tools. Note that over the next decade we will see synthetic seismograms being available soon after large earthquakes for global 3D models. We have developed tools that will allow us to provide the equivalent rotational motions and will be able to make those available in the proposed data base. This will dramatically enhance the possibility to process, analyse and interpret observations. 

Sensor synergies for geoscientific applications (section 2.4):  In GPI we demonstrated how combined observations of translations and rotations allow the extraction of additional information. This is one example where such synergies can be exploited and the possibilities are by far not fully explored. We would also like to point to the beginning convergence of geophysical and geodetic observations: GPS is now recorded at high frequencies (20 Hz) and we are beginning to see geodetic seismograms emerging [e.g., Ge et al., 2000].  Similarly – as motivated by theoretical considerations – complete six-component recordings of translations and rotations should provide more reliable estimates of permanent displacement after strong ground motions. Note that – in addition to rotation rate observations – there is evidence that direct measurements of small permanent rotations may be possible (see below). 

I.c. Scientific goals

Project phase II builds on the most important conclusion of phase I that the observed rotational ground motions are fully consistent with the observations of collocated classical seismometer recordings.  This suggests that seismology has a new observable that can be integrated in the existing observational infrastructure and processing procedures. In that respect the current proposal is two-fold. First, the data flow of the globally available high-resolution rotation sensors shall be linked and coordinated in cooperation with international seismological data centres. This will allow a much more efficient use of available data and will accelerate the scientific output of data modelling and interpretation. Secondly, while the accumulated data base of the Wettzell ring laser has provided first clues of the quality and use of rotational measurements, there is a growing number of scientific questions that develop as we begin investigating the data in detail. Some of the key questions to address within the next project phase are: (1) Is it possible to estimate reliably Love-wave phase velocities? (2) What do the rotational measurements between teleseismic P- and S-wave arrivals tell us about the 3D structure and the scattering properties of the subsurface? (3) Do additional observations of rotations further constrain rupture properties? (4) What do the differences in data fit of translations and rotations between events tell us about uncertainties in the tomographic models (or data errors)? (5) How do the processing results vary with location (NZ, Germany, California, Mid-West). As we are studying a new observable, all answers to these questions will form the basis for any future investigations and should therefore have considerable scientific significance no matter the outcome.  Note that the second project phase will continuously and increasingly benefit from international collaboration, particularly in connection with the installation of the first Geosensor at the Pinon flat observatory in Southern California.

II.
State of the art – previous work

II.a. State of the art

After a brief motivation of the project we will shortly review the previous work by others. Note that there is currently an active field of research devoted to rotations in elastic media with nonsymmetric stress tensors (so-called micropolar – and related – media, see for example Teisseyre et al. [2003], and references therein).  The effects associated with those media are non-negligible only very close to sources and only in very specific contexts.  We have so far not been concerned with these situations and have restricted ourselves to classical elasticity, that is, when stresses are symmetric. As we are then the only group world-wide that is capable of observing rotations systematically and consistently, especially at teleseismic distances (on which we have mainly focused up to now), the state of the art is basically equivalent to the report on the project phase I, given in II.b. 

At present, there are two types of measurements that are routinely used to monitor global and regional seismic wave fields. First, standard inertial seismometers measure three components of translational ground displacement (velocity, acceleration) and form the basis for monitoring seismic activity and ground motion. The second type aims at measuring the deformation of the Earth (strains). It has been noted for decades [Aki and Richards, 2002, and previous edition] that there is a third type of measurement that is needed in seismology and geodesy in order to fully describe the motion at a given point, namely the measurement of ground rotation. The three components of seismically induced rotation have been extremely difficult to measure, primarily because previous devices did not provide the required sensitivity to observe rotations in a wide frequency band and distance range (the two horizontal components, equal to tilt at the free surface, are generally recorded at low frequencies). Indeed, Aki and Richards [2002, p. 608] note that “seismology still awaits a suitable instrument for making such measurements”. Furthermore, the motion amplitudes were expected to be small even in the vicinity of faults [Bouchon and Aki, 1982] whereas there is growing evidence that these amplitudes have been underestimated [Castellani and Zembaty, 1996]. 

In the past years, ring laser gyroscopes were developed primarily to observe variations in Earth’s absolute rotation rate with high precision [Stedman et al., 1995; Stedman, 1997]. One of these instruments   – located  near Christchurch, New Zealand – recorded seismically induced signals of ground rotation rate for several large earthquakes [McLeod et al., 1998]. These observations gave evidence that the optical sensors provide sufficient accuracy to record seismic rotations. However, these observations were not fully consistent in phase and amplitude with translational motions recorded with collocated seismometers and were compared only in a narrow frequency band [Pancha et al., 2000]. Attempts to observe ground rotations with other devices (e.g., solid state rotational velocity sensor, fibre-optical gyros) were limited to large signals close to artificial or earthquake sources [Nigbor, 1994; Takeo 1998] and did not lead so far to an instrument type with the required sensitivity useful for broadband seismology. 

The recording of the (complete) rotational motion is expected to be useful particularly for (1) further constraining earthquake source processes when observed close to the active faults [Takeo and Ito, 1997]; (2) estimating permanent displacement from seismic recordings [Trifunac and Todorovska, 2001]; (3) estimating local (horizontal) phase velocities from collocated observations of translations and rotations as described later. As will be shown below, in the first project part we demonstrated the consistency of broadband ring laser observations of the vertical component of rotation rate observed for distant large earthquakes and modeled the observations with numerical simulations of the complete rotational wave field in a 3D heterogeneous global Earth model. 

A ring laser detects the Sagnac beat frequency of two counter-propagating beams [Stedman, 1997]. This beat frequency (f is directly proportional to the rotation rate  around the surface normal n of the ring laser system as given by the Sagnac equation 
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where P is the perimeter of the instrument, A the area, and ( the laser wavelength. Inherently, this equation has three contributions that influence the beat frequency (f. (1) Variations of the scale factor (4A/(P) have to be avoided by making the instrument mechanically as rigid and stable as possible. (2) Changes in orientation n enter the beat frequency via the inner product. Finally, (3) variations in ( (e.g., due to changes in Earth’s rotation rate, or seismically induced rotations) are representing the most dominant contribution to (f. Note that translations do not generate a contribution to the Sagnac frequency. Ring lasers are sensitive to rotations only, given stable ring geometry and lasing.

The ring laser used (named G) is a He-Ne-gas laser with a high Q cavity and a surface area of 16 m2. It operates on a laser wavelength of 633 nm and – being mounted horizontally at a latitude of 49.15° north – the Sagnac frequency induced by Earth’s rotation amounts to 348.6 Hz, sampled at 1000 Hz. This signal is frequency modulated by any additional rotational motions (e.g., due to a passing seismic wave field).  The instrumental resolution of ring lasers is limited by the scale factor and quantum noise processes. For the G ring laser, rotation rates as small as 10-10 rad/s/(Hz can be observed [Schreiber et al., 2003c]. Ring lasers rigidly attached to bedrock allowed the detection of very small changes of the orientation of the surface normal caused by solid Earth tides, ocean loading [Schreiber et al., 2003a] and in particular diurnal polar motion [Schreiber et al., 2004].

In the following section we will report observations using this instrument and will demonstrate that the observations are consistent with collocated measurements of translations with a standard broadband seismometer.  
II.b. Previous work – report project phase I

We structure this section according to the three main work plan subtitles given in the first proposal. Focus is given to the work directly relevant to the proposal. 

Observation and verification of rotational ground motions

It is important to note that a substantial part of the first phase was devoted to the adaptation of the ring laser acquisition system to the needs of broadband seismology. The sampling rate of 1/3 s that was routinely used in geodesy is just not good enough for seismology. A new processing tool of the ring laser output needed to be developed until the rotational motions were available at the same sampling rate (20 Hz) as the collocated broadband sensor at the Wettzell observatory.  At first, it was unclear whether the ring laser instrument consistently records seismogenic rotational ground motions in the required frequency band (frequencies up to 1 Hz for teleseismic wave fields). A very simple relationship between rotations and accelerations can be exploited and is detailed below.   

In order to compare translations with the vertical component of the vector of rotation – which is what the G-ring is measuring – the horizontal components of seismic recordings were rotated into radial and transverse directions. Note that Rayleigh waves should not generate such a vertical rotation component, while Love waves are horizontally polarized hence generate rotations around a vertical axis only.   To obtain transverse acceleration, the transverse velocity seismograms were differentiated with respect to time. Let us now assume a transversely polarized plane wave with displacement 
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, c being the horizontal phase velocity. The vector of rotation (curl) is thus given as  
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with the corresponding z-component of rotation rate 
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. This implies that – under the given assumptions – at any time rotation rate and transverse acceleration are in phase and the amplitudes are related by 
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. In practice (e.g., Fig. 3E), the phase velocities can be estimated by dividing best-fitting waveforms in sliding a time-window of appropriate length along the seismic signal and rotation rate. The equivalent derivation can be carried out in the frequency domain. The spectral ratio between transverse acceleration and rotation rate leads to phase velocity estimates as a function of frequency. In this study the estimation in the time domain was preferred as the frequency dependent estimation requires stacking of several events and windowing of specific seismic phases. Thus, under the plane-wave assumption both signals should be equal in phase and amplitude [McLeod et al., 1998; Pancha et al., 2000].  This assumption is expected to hold for a considerable part of the observed ground motion due to the large epicentral distance compared to the considered wavelengths and source dimensions. This property is exploited here to verify the consistency of the observations. Close to the seismic source this assumption no longer holds and may form the basis for further constraining rupture processes [Takeo, 1998; Takeo and Ito, 1997]. 

A data example (rotation rate and transverse acceleration) of the M8.1 Tokachi-oki event, September 25, 2003, and a time-dependent normalized cross-correlation coefficient (maximum) is given in Fig. 1.  The time window also contains an event (increase in cross-correlation at 0.35 h) that was not visible in the seismograms without correlating the two signals. To demonstrate that we obtain such a fit consistently we further show in Fig. 2 the standard seismograms (biue) and a comparison between translations and observations for four more events out of a data base with now approximately 40 events.

	Fig 1. Observation of rotation rate (red) and transverse acceleration (black) after the M8.1 Tokachi-oki event, 29-9-03. The cross-correlation-coefficient in a 30 s sliding window is given below. Note the increase in correlation during the main shock (0.75 h) and aftershock (1.38 h) to almost 1 (perfect match).
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	Fig 2.  Three components of translations (blue) and comparisons of transverse acceleration and rotation rate for four events in the event data base (superimposed traces at the bottom). Note the consistent match for most of the seismogram in each event. Conversion phase velocities are given in the lower left corner of each plot [Flaws et al., 2005].


The excellent phase match of transverse accelerations and rotations for most of the seismogram suggests that phase velocities can be estimated by finding best-fitting values in a sliding time window (e.g. 30 s) along the seismogram. This will be discussed in connection with 3D simulations of rotational motions below.

Simulation of rotational motions in realistic Earth models

As there are basically next to no studies of rotational ground motions in the seismological literature we extended several classic schemes to calculate rotations. These are (1) the full space analytical solution of wave propagation due to a double couple point source [e.g., Aki and Richards, 2002] (with a surprising result at first sight: as expected, the rotation generated by the P wave-front is always zero – hence in particular in the far-field – yet the rotation derived from the far-field displacement alone is nonzero – as is obvious from the classical radiation pattern plot; one has to take all field terms into account.  In other words, the usual separation between far-, intermediate-, near- displacement fields is not valid for rotations [Cochard et. al, 2005]); (2) the Cartesian finite-difference algorithms with which we study near-source effects [Cochard and Igel, 2003, 2004]; (3) the spherical finite-difference methods [Igel et al., 2002]; and (4) the spectral-element code (Specfem) [Komatitsch and Tromp 2003ab; Schuberth et al. 2004; Igel et al. 2004, 2005a,b]. 

We focus on the modelling of the M8.1, Sep. 25, 2003, Tokachi-oki event. This event was modelled with the Specfem algorithm using a 3D tomographic model, crustal model and a finite source model provided by Ji Chen (CalTech). The results of this modelling exercise is shown in Figure 3. The fit between observations and modelling for the shear-wave arrivals are excellent for both translations and rotations (Fig. 3BC from Igel et al., 2005a). The synthetic rotations and translations allow us to do the same processing to extract horizontal phase velocities as discussed above. In Fig. 3E we superimpose the phase velocities along the seismogram determined from observations (+) with theoretical ones (o). The fit is excellent. Not only the expected apparent velocity of the S-velocity is matched but also the decreasing phase velocity of the Love waves. This suggests (to be evaluated in the next project phase) that Love wave phase velocity dispersion could be directly obtained from collocated measurements of rotations and translations, information that otherwise can only be derived from measurements with a seismic array.
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	Fig. 3. Modelling of rotational ground motions. A, Schematic view of some ray paths (S, ScS, SS) in a cross section through a 3D global velocity model. B, Observed (black) and theoretical (red) transverse acceleration of the direct S-wave. C, Observed (black) and theoretical (red) rotation rate of the direct S-wave. D, Theoretical rotation rate (red) and converted rotation rate from theoretical transverse accelerations (black). E, Superposition of estimated horizontal phase velocities from observations (black crosses) and theory (red circles), see text for details. 




Other studies

There are several other studies to report that were carried out. The most important ones are (1) the array experiment to determine rotations that was theoretically discussed in the previous proposal and (2) the study of the long-period content of rotational motions. Other developments include azimuth- and frequency-dependent processing. 

1. Array Experiment

Measuring the vertical component of the curl operator applied to the wave-field implies that we should be able to compare the rotation derived by differencing translations observed in a seismic array – as suggested in the previous proposal. Thanks to instruments available in the group of Prof. Scherbaum (Univ. of Potsdam) in late 2003, we installed an array of 9 instruments around the location of the ring laser in Wettzell, from December 2003 to March 2004. Note that in this time frame fell several large events providing us with the (to the best of our knowledge) first ever data set where array-derived rotations can be compared with direct measurements of rotations. Several studies showed rotation estimates from seismic array but none of the studies could perform a “quality check” as no direct measurements were available.

The experiment was carried out with Lennartz 5 s sensors, that were installed in a low-cost way without the use of concrete to improve coupling. Some of the sensors were put on large granite boulders that are found in the Bavarian forest, some were put into holes within muddy forest soil (Figure 4). This implies that the expectations to obtain useful data with this low-cost experiment where indeed low. However, several large earthquakes led to observations with high-enough signal-to-noise ratio. An example is shown in Figure 4. We expect almost identical waveforms across the array with only slight time shifts. 
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	Fig. 4. Left: Locations of the array seismometers in the field experiment in early 2004. Right: E-component of the Morocco event in February 2004 [Suryanto et al., 2004, 2005].
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	Fig. 5. Comparison of direct measurements of rotations (red) with rotations derived by finite differencing the horizontal components of the array observations (black) of the North Morocco event 24. Feb. 2004.


The horizontal seismograms from these observations can be used to calculate the required space derivatives for the curl estimates. In addition to the observational study, we investigated how the (high) levels of noise would affect the curl estimates. Results of the comparison of direct measurements and array-derived rotations are shown in Figure 5. The main wave groups are well matched by the array measurements. Nevertheless there are differences in other parts of the seismogram. When completed, this study should allow us to discuss benefits and drawbacks of array derived rotations compared to direct measurements. 

2. Long-period rotations

How much long-period information is contained in the ring laser recordings? At first we focused on the broadband seismograms, working completely in the time domain. The next step is to filter the rotational seismograms to lower frequencies and ultimately the quest is to find traces of the Earth’s eigen modes. In a preliminary study we investigate the Tokachi-oki event. In Figure 6 the transverse accelerations and rotations are again superimposed and filtered in narrow frequency bands to highlight the fit towards lower frequencies. This also allows us to directly estimate best-matching phase velocities in the Love-wave train and to see whether the expected dispersion relation is visible. 
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	Fig. 6.  Frequency dependent comparison of rotations (red) and accelerations (black). The vertical axis is central period. Note the excellent match at periods down to 100 s. Note also the general increase in best-matching phase velocities as expected from theoretical Love-wave dispersion. 


The results in Figure 6 are indeed promising. Even though this is work in progress the frequency-dependent amplitude ratio of rotations and translations suggests that a single-station measurement may allow estimates of Love-wave dispersion. These in turn would allow estimates of local 1D velocity models (similar to what is currently done with measurements of ambient seismic noise and Rayleigh waves).  

In summary, to the standard seismologist the current data base of rotations, array data, and collocated translations provides a realm of new opportunities. Even though the potential benefits to seismology, earthquake physics, and earthquake engineering still need to be further explored the preliminary results indicate the many interesting new scientific routes that can be taken.  

III.
Detailed description of work plan

III.a. Ressource planning

From the results of the Geosensor Project Phase I – presented in the previous section – follow the next steps towards understanding the relevance of rotational motions for seismology and the incorporation of this new observable into the existing seismological infrastructure. Therefore, the work plan is divided into two main categories: 

(1) Observational infrastructure: towards a global network of rotation sensors. In this part we aim at integrating the worldwide available rotation sensors into the present seismological infrastructure. This includes near-real time data flow in to a central archive, graphical representation of data, and www-based open data access. In addition, specific processing tools shall be interfaced with standard seismic processing software. 

(2) Rotational motions in seismology. This project part continues the scientific quests posed in the previous proposal and the preliminary results presented above. In addition to further developing processing and modelling tools the goal is to understand the observations and relate them to some of the relevant scientific problems in geosciences, particularly, Earth’s structure, earthquake source processes, earthquake-induced ground shaking, and surface deformation. 

These two categories are detailed below. 

Observational infrastructure: towards a global network of rotation sensors

Data flow, formats, www-interface. By the end of project phase II there will be at least four sites world-wide with high-resolution rotational sensor based on ring laser technology. These sites are (1) Christchurch, New Zealand, with several sensors mounted horizontally and vertically; (2) Wettzell, Germany, with the G-Ring, currently the most accurate sensor; (3) Pinon Flat Observatory, Southern California, hosting the first Geosensor prototype in a specially designated dungeon funded through the IRIS consortium; (4) Conway, Arkansas; see Figure 7. Each of those locations are also instrumented with a broadband seismometer. 
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	Fig. 7. High-resolution rotation sensors based on ring laser technology currently available. The goal is to centralize archiving, formatting and distribution of these observations in joining with the seismological infra-structure.   


At present, these sites are recording rotations and displacements with various instrument geometries, acquisition systems and formats. There is neither a uniform data portal nor a central data base and therefore data exchange is difficult and time consuming. 

One of the most important goals of the next project phase is to standardize the data format and organize the data flow into a central archive that is openly accessible through a www-interface as is usual in seismology (e.g., using a data-request-manager system). As described above we are already in the position to simulate (almost at no extra cost) synthetic rotations at arbitrary many stations world wide. Such an infrastructure would allow us and interested scientists to perform data analysis on all available data efficiently. 

The necessary ingredients of such a system are:

· The development of a standard format to store and distribute the data. There are several formats with which seismic data are stored and distributed (e.g., SEED/miniSEED, GSE, SAC, etc.). The format that is most likely to dominate is the SEED/miniSEED combination of efficient data compression and metadata structure. The data stream required for a “Geosensor” system consists of channels to store data and metadata of  time, three components of translation, (eventually) three components of rotation (i.e., including tilt) and possibly additional parameters such as pressure and temperature at the recording site (this may be necessary to provide correction terms when investigating long-period signals, where atmospheric influences may lead to drifts). Almost all of these different data streams are already predefined in the SEED/miniSEED structure and with only slight modifications SEED  is capable of handling these requirements for permanent data flows. Note that the Marie-Curie Research Training Network SPICE (www.spice-rtn.org, coordinated by HI), is currently developing a data format for the synthetic seismograms based on SEED in close cooperation with international data centres (IRIS, ORFEUS). This will have relevance for the rotation network as we plan to simulate synthetic rotations (in addition to synthetic translations) for each large earthquake and store them in the event data base.

· Format converters to adapt data locally. The basic idea of the rotation network is that locally the data stream is converted and made public for the data centre into the required standard by a “plug-in”. This is a format converter that needs to be written for each platform. Using the SEEDlink program package developed by a GFZ/ORFEUS initiative will provide a good starting point to fulfil this task in short time. SEEDlink is meanwhile a worldwide standard for uniform data retrieval of different seismic data acquisition systems. In addition, graphical aspects of the data (e.g. 24 h plots of motions), can be made available and collected at higher rate.

· Data archive with permanent data. Once the permanent data vectors are available at the network stations they can be downloaded from the data centre to be developed at the Geophysical Observatory Fürstenfeldbruck. This will be carried out in conjunction with the development of a data archive for the permanent recordings of the ground motion observed with the Bavarian seismic network using the same data formats and transfer protocols. The data base will be linked to the seismological infrastructure currently in development by the GeoForschungsZentrum Potsdam and the SZGRF (central seismological observatory in Germany). The so called WebDC is an extension of the widely used NetDC concept, extending the latter by a direct TCP/IP access to the data base. This so called ArcLink protocol will also enable the creation of virtual data centres, which may not be directly accessible by the user but individually store different data. The key feature is a uniform data portal with standardized request forms redirecting the user to the data he/she is requesting. This is also important as some of the world data centres are not able to handle continuous data streams (ORFEUS) while other agencies may only be interested in parts of data we are able to provide. Using WebDC and creating a “sub”-data centre we will be able to contribute to the various needs of different researchers working on rotations.

· Data archive with event data. The systematic observation of rotations at seismological sampling rates carried out in the first phase of the project has shown that dozens of events are recorded every year at high signal-to-noise ratios (e.g., Fig. 2). The relevant data windows will be extracted and stored in a data base that is compatible with standard seismological event data bases. As mentioned above, we aim at also providing on a routine basis synthetic rotations and translations – calculated with the modified 3D spectral element method for whole-Earth wave propagation [Komatitsch and Tromp, 2003a,b]. This event data base will be used primarily for research purposes and shall be interfaced with specific processing tools that shall be developed for the combined analysis of rotations and translations. 
· Processing tools for rotations.  In the first project phase a substantial number of processing tools was developed to treat collocated recordings of translations and rotations. These are for example (most applied to rotation rate and transverse acceleration)
· Tilt correction for rotations

· Time-dependent cross-correlation (Fig. 1)

· Back-azimuth-dependent cross-correlation

· Phase-velocity estimation based on spectral ratios

· Phase-velocity estimation based on cross-correlation (Fig. 3)

· Frequency-dependent phase velocity estimation (Fig. 6)

· Rotation estimates from seismic array data (Fig. 5)

These programs were developed for research purposes úsing the Matlab script language. We propose to combine these tools with one or several of the standard seismological processing tools (e.g., seismic handler, SAC, Seisan, PITSA), in order to make the routine analysis of collocated observations of rotations and translations more efficient and available to other researchers of the community, as more and more data will be available. This development will require professional software engineering support. 

With the completion of the items described above a stable infrastructure for the observation, data transfer, data archiving and processing will be available towards the end of the project that will be portable to any additional sensors that may be implemented and added to the global network. 

Rotational motions in seismology

The scientific part of project phase II aims at the continuation of the exploration of rotational motions in all its aspects. As described above several tools were developed in phase I that allow the simulation of rotational motions for almost all model types (from analytical solutions of full space homogeneous media to numerical solutions in 3D media on a planetary scale). Due to the unexpected high data quality and quantity of the rotational data recorded by the G-ring in Wettzell, we shifted the emphasis of phase I on the understanding and processing of the observations. Therefore, in addition to preliminary investigations [Cochard et al., 2002, 2003], several phenomenological studies using the above mentioned simulation tools are still required to understand the observations and to predict the effects of heterogeneities, anisotropy and model complexity. 

The key questions that came out of analysing around two dozens of earthquake events are:

· How stable are the rotational observations (in terms of data quality, as a function of time, event location and magnitude, etc.)? What are the (frequency-dependent) uncertainties in the amplitude compared to standard seismometers?

· What does the high correlation of rotation and acceleration between teleseismic P- and S-wave arrivals tell us about scattering (e.g., P-S conversions)?

· How accurate are estimates of horizontal phase velocities compared to other techniques and array estimates?

· How do structural heterogeneities influence the rotation recordings as a function of frequency?

· What does the elevated correlation in the coda tell us about long-period energy and scattering?

· What rotational effects do we expect close to earthquake faults?

· What are optimal distances to record rotations, and what sensors should we use, what are the appropriate domains of application as a function of sensor resolution?

· What are the lowest frequencies (longest periods) that we can observe after large earthquakes?

· What information is contained in the noise, do we see micro-seismicity?

These questions will be addressed through a combination of data analysis, data modelling and phenomenological studies using the sophisticated 3D modelling tools prepared in phase I. In the following we further detail some of the issues that will be investigated. The variety of problems illustrates the potential domains of applications for rotation sensors in the future.

Sensor resolution and application domain. As mentioned in the “Leitantrag”, one of the main goals of project phase II is to extend the domains of application through the development of a sensor with a lower resolution but components that allow the assembly of a portable instrument. This would complement the high-sensitive ring laser based system for the observations of distant earthquakes and low amplitudes. The new prototype will be designed to operate particularly in areas with known elevated seismicity (e.g., aftershock areas) and proximity of large fault systems. This implies that a lower resolution is sufficient, allowing a more flexible design of the recording system. 

To aid the design of the instrument, one of the first project goals will be to carry out a suite of  simulations that will help to define the domains of operations of rotation sensors as a function of their resolution and earthquake related parameters such as earthquake magnitude, fault size, fault location (e.g. buried), stress-drop, directivity, local (e.g. basin) structure. These simulations should provide the necessary boundary conditions for the sensor prototype. An example of a finite-fault scenario is given in Fig.  8  (Wang et al., 2004). 
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Fig. 8. Finite source simulation of the two rotational components for a buried fault in E-W direction. There are strong directivity effects due to the uni-directional rupture behaviour.  Such simulations will put lower bounds on the required resolution of rotation sensors close to the fault. 


Global seismology. Teleseismic events. The correlation between translations (transverse acceleration) and rotation rate – as predicted by simple plane wave theory – is excellent for some of the observed large earthquakes (see Fig. 1). However, the quantitative cross-correlation coefficients and the derived horizontal phase velocities seem to vary for different events and it is at present not clear whether these are instrumental effects, or propagation effects due to structure and/or the seismic source. We intend to systematically compare the processing results as a function of magnitude, epicentral distance, source depth, and frequency content, to understand the discrepancies. 

Furthermore, the spectral element algorithm [Komatitsch and Tromp, 2003a,b] that is implemented on our local supercomputer will allow us to calculate 3D synthetic seismograms for major large earthquakes. As shown in Fig. 3B,C the fit between synthetics and observations is as good for rotations as for translations.  Those misfits may indicate the effects of S- and P-wave tomographical models and is in itself an interesting topic to study as rotations should be primarily sensitive to the S-wave velocity model. Note that each global simulation requires a substantial amount of computation time on a parallel supercomputer. This time is granted by a peer-reviewed proposal to the steering committee of the national supercomputer centre in Munich (Project h019za).  The theoretical event seismograms shall be stored in the same format as the observations in the event data base. 

Local effects. Rheology. As is the case for translations, rotations are affected by (e.g., small scale) local structure in the vicinity of the receiving sensors. At present it is not clear how such structures affect rotations. With the exception of Christchurch, the current sensors are located in regions of bedrock conditions, where such effects are expected to be small. For future applications of a portable sensor close to faults, these effects need to be understood. 

The aim is to perform small scale simulations in a broad frequency range (e.g., using plane wave signals) and to investigate structural effects (near surface layers, low-velocity zones, strong anisotropy) as well as differences in rheology (viscoelasticity, viscoplasticity). Plastic behaviour is thought to potentially damp high-frequency translations. A recently developed algorithm [Stuppazzini, 2004] allows the combined calculation of wave propagation and its effects on structures and will be used to investigate these issues (see Fig. 9).   

Earthquake engineering. There is considerable interest in the earthquake engineering community in ground rotations (as a motion exciting a building’s vibrations and as a motion inside the building increasing with height). Ground rotations are thought to contribute to structural damage occurring with the passage of the seismic wave field. Earthquake-induded damages sometimes include the fall of simple supported beams, that collapse off their seat because of large displacements. This happened for example in multi-span viaducts. One of the key issues, in order to explain this kind of damage is the effect of pile displacement and a crucial role seem to played by the different rotations along the viaduct, depending on source distance. There is also interest in studying the eigen-frequencies of a building after the passage of a potentially damaging wave field. Changes in the eigen-frequencies or, more generally, the response of a building to external excitations may indicate earthquake structural damage, that is otherwise not visible. A pilot simulation study will be designed to investigate rotations in simple building structures and varying local velocity model with different rheologies.  Note that one of the prototype Geosensors is installed on a vertical wall of one of the buildings of the Christchurch University. This project part will involve close collaboration with the University of Southern California (Prof. Trifunac, see attached letter of support). 
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	Fig. 9. Spectral element grid to study soil-structure interaction [Stupazzini, 2004]. This novel algorithm will be available to the project (Dr. Stupazzini is postdoc at LMU (Ludwig Maximilians Universität) Munich funded by the SPICE network). Simulations shall illustrate the expected rotations in buildings as a function of wave field and soil properties as well as structure properties. 


Rotation and seismic source. Theoretical investigations suggest that additional observations of rotations may help to better constrain the rupture processes of earthquakes [Takeo, 1998]. In phase I we investigated a number of different finite-fault scenarios and compared the sensitivity of rotations and translations to the rupture properties. Even though our results also suggest that the sensitivity of some aspects of the rupture is more pronounced in rotations than in translations [Cochard and Igel, 2003, 2004], the overall behaviour is complex and needs to be further investigated. We propose a systematic theoretical study focusing on the effects of  (1) the rupture model (from homogeneous rupture velocity  to complex behaviour); (2) the final slip distribution on the fault surface; (3) fault zone structure; and (4) source-receiver geometry (directivity). 

Static rotations. Finally, we note that preliminary results (R. Dunn, personal communication) suggest that permanent rotations may be detectible with current ring laser sensitivity. Each earthquake induces static rotations in the same way as static displacements. In areas where GPS networks are installed it may be possible to estimate static co-seismic rotations in a similar way as we derive dynamic rotations in a seismic array. This would allow us to build the bridge between geodetic measurements and tectonics and further increase the potential domains of applications. The possibility to detect permanent rotations will be investigated by careful analysis of observations (e.g. through integration of rotation rate time series). Note that Sagnac-type fiber-optic technology is used in borehole instruments to determine the orientation of the instrument at depth by integration of rotation rate time series  (e.g. Lennartz-Electronics, Tübingen). 

III.b. Milestones

The milestones are designed for a 36 month project. The bars indicate the time windows necessary to reach the milestones. 
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Further explanations concerning the milestones (project month in brackets):

Data format standards (12) and format converters (15): This is one of the most important tasks to be completed at the beginning of the project. The definition of the formats will influence the further development of the format converters and the specific implementation of the data transfer. The development of the format converters and the processing tools requires professional software engineering support. 

Data transfer (18): Depending on the outcome of the format standards, protocols shall be developed that transfer the recorded data automatically and display aspects of the data on the web. The set-up of the data transfer requires one visit to the sensor locations during the project. 

www-accessible archive (36): One of the most important goals of phase II is to set up an open, www-accessible archive that is fully compatible with the standards of other seismic archives. Users shall be able to download any desirable time window and obtain information on recording/acquisition systems as is possible for example with the autoDRM (automatic data request manager). We propose to use the same standard as is currently developed at the Geoforschungszentrum Potsdam (WebDC following the NetCD standard). WebDC is an initiative of GEOFON and SZGRF to design tools for a distributed seismological waveform archive structure in Germany and Europe, to implement this structure in cooperation with all interested institutions and to provide a comfortable user interface to this structure. In 2005 the data archive of the Bavarian seismic network will be linked to this initiative and the same system shall be adopted for the rotation data. This initiative is also carried out in agreement with IRIS (http://www.iris.edu/, see letter of support).

Processing tools (18): Most of the processing tools are currently available in a development stage written in Matlab. Collocated observations of rotations, tilts, strains, and translations need a particular combination of (standard) joint processing tools like filtering, correlation, wave-let analysis, spectra, spectral ratios etc. We propose to combine these tools with (one or several of) the existing seismological software packages (see above). Most of the required basic elements will exist but need to be reassembled to a form useable by the processing scientists. The assembly shall be carried out with professional software engineering support.

Application/resolution study (12): A simulation study at the very beginning of the project that will define the domains of application as a function of sensor resolution, earthquake magnitude, source-receiver geometry. The results of this study may influence the technological developments of the prototype. 

The next two items build the core of the scientific project and will continue throughout. Specific milestones will be the related publications. 

Observational study and modelling (36): This module is the core of the scientific part of the project. In constitutes the continuous gathering of event data and also the specific 3D modelling (data-fitting) of large events in the data base. The final milestone is a well documented and accessible archive of observations and synthetics. Articles will be written on specific aspects as described in the work program. 

Simulation study - scattering, rheology, source (36): Phenomenological studies of the influence of rheology, material properties, source properties on rotations. Simulation results shall not only be published but shall also be made available through the synthetic modelling archive that is being developed within the framework of the SPICE research training network (www.spice-rtn.org) .  

EOS article on rotations (12): EOS is the weekly newspaper of the American Geophysical Union and is one of the most widely read journals in the Earth Sciences. A review article on the Geosensor project shall be submitted jointly with our American colleagues at SCRIPPS to raise interest and awareness of the scientific developments. 
IV.
Exploitation

Likelihood of economical success. Within phase II of the Geosensor project we will develop a software package (or plugin) that will be crucial for rapid and efficient analysis of collocated recordings of translations and rotations (and possibly strains). The goal is that this package will be implemented and used wherever rotation sensors are located. Traditionally in seismology, with very few exceptions, most research institutions are not using commercial softwares. Nevertheless, in case of a successful development of the Geosensor concept (extending the standard observation of ground motions to the complete recording of six components) it is possible that the analysis and data transfer programs, while remaining open software, can be linked up with the hardware as a package that can be commercially exploited. In general, the geosensor is relevant to risk-relevant observations, particularly in connection with potential applications in earthquake engineering. It is possible – but not foreseeable at present – that further fundamental research into the role of rotational motions in soil-structure interaction may lead to extended use of such new observing equipment in earthquake related structural engineering.  

Likelihood of scientific and technological success. Risks. Phase I of the Geosensor project could have been considered as the most risky part of the project as at the start it was unclear whether the geodetic ring laser measurement systems can be fully adapted to seismological needs. The excellent quality of the observations generated in phase I as well as the considerable interest in the seismological community (see letters of support) demonstrates the success of this adaptation. This is also emphasised by the fact that we had an enthusiastic response by the scientists running maybe the most advanced seismological observatory in the world, the Pinon Flat Observatory in Southern California.  The experimental seismology group at SCRIPPS, La Jolla, led by Prof. Frank Vernon, made the speedy installation at the observatory possible, including the construction of a special cave for the system. This installation of our prototype ring laser system was supported financially by the IRIS consortium (ww.iris.edu). In the light of this the risks in phase II can be considered lower, or, the successful outcome of the project modules are very likely.  The character of phase II is primarily the stabilization of an innovative technological and scientific concept. 

Scientific and economical future. The best-case scenario foresees the demonstration that the measurement of rotations is a useful new observable with complementary information compared to other geo-scientific observables. This would imply that the prototype instruments, data transfer protocols and software tools developed within this project can be turned into commercial products similar to standard seismometer equipments and that the geo-scientific community is willing to invest into this new type of recording equipment. The German-based SMEs (small-to-medium enterprises) directly involved in this project are likely candidates that could take over the required tasks. The worst-case-scenario would imply that at the end of the project the global network of rotation sensors would not be extended in numbers but would continue to produce observations of rotational motions. However, at present the quality of the observations, and the demonstration that additional information can be extracted suggest that the interest in the hardware and software components as well as the scientific results should increase.

V. Shared Work, International collaboration, related projects

The connection between the three Geosensor project parts is outlined in the “Leitantrag”. The role of the seismological part is predominantly to (1) develop the required software tools for acquisition, data transfer and processing, (2) to understand the observations, and (3) to demonstrate the scientific domains of application.

The Geosensor project continues to be carried out in direct collaboration with several international partners. We note that this collaboration is an essential part and necessary to achieve the ambitious project goals. The partners, involved leading scientists, as well as related projects from which the proposed study will benefit are listed below:   

· University of Christchurch, New Zealand (Dr. Robert Hurst). The location of the first ring laser equipment that recorded earthquake-induced rotation. Currently the only location with horizontal components of rotation. Cooperation on data transfer and the development of processing tools. 

· Hendrix College, Conway, Arkansas, USA (Prof. Bob Dunn). Location of a further ring laser system to be installed in 2005. Cooperation on data transfer and the development of processing tools. 

· Institute of Geophysics and Planetary Physics, SCRIPPS Institution of Oceanography, LA Jolla, California, USA (Prof. Frank Vernon). This group runs the Pinon flat observatory where the Geosensor was installed in January 2005. Collaboration on data transfer, processing tool and particularly on scientific aspects of rotations (near source measurements, long-period rotations and static rotation). A cooperation agreement with SCRIPPS is currently being negotiated. 

· Department of Civil Engineering, University of Southern California,  (Prof. Mihailo Trifunac). Prof. Trifunac is one of the few scientist who - for decades - have promoted the idea of observing rotations from a theoretical point of view. Cooperation on earthquake engineering aspects of rotational ground motions. Cooperation was initiated during a visit of one of the involved scientists (Dr. Marco Stupazzini) in December 2004.  See attached letter of support. 

· The IRIS consortium (Dr. Tim Ahern), ORFEUS (Dr. Trild van Eck) and the Geoforschungszentrum Potsdam (Dr. Winfried Hanka). The Incorporated Research Institutions for Seismology (IRIS) is a university research consortium dedicated to exploring the Earth's interior through the collection and distribution of seismographic data. It is one of the most important platforms for the distribution of global seismological data and the definition of  data formats and transfer protocols. Together with the webDC development group at the GFZ and ORFEUS we aim at fully integrating our data archive with the international archiving standards. See attached letter of support.
· Marie-Curie Research Training Network SPICE (www.spice-rtn.org, coordinator Hl). A network that aims at creating a www archive with wave simulation codes, teaching material and a simulation data archive. We will be able to use this infrastructure to incorporate rotation simulation data and disseminate results through the SPICE workshops and special sessions. 

· Bavarian Seismic Network (www.erdbeben-in-bayern.de, coordinator HI). We just obtained a three-year grant that will allow us to build a webDC archive for the substantial data volume created by the 200 Hz sampling rate short period stations.  This infrastructure can be used for the rotation data base at the (small) cost of the additional necessary disk space. 

VI.
Necessity of funding, requested funds, contributions

Necessity of funding. The proposed project constitutes fundamental research in a new branch of observational and theoretical seismology, the recording, processing, and interpretation of rotational motions induced by earthquakes. As such – and in the light of the successful first part of the project – the project does not carry economical or scientific risks. The proposed work plan necessitates external funding and cannot be undertaken by the permanent staff of the involved institutions on their own. In this project part the hardware development of rotation measurement devices is matched by software development necessary to transfer, store, process, and archive the observations. Even though this scientific investigation is to a large part independent, only the combination with the sensor development enables the assembly of a system that may be commercially exploitable.  

Requested funds. Funding is requested for a postdoctoral position and one Ph.D. student (in total 1.5 BATIIa positions for the duration of the project). Part of the scientific investigations described in the work plan go far beyond what a doctoral student could achieve and requires experience in several different fields such as theoretical seismology, numerical methods, earthquake rupture dynamics, signal processing, programming, and others. The post-doc working in the first project phase (Dr. Alain Cochard) would continue to work in the second phase, a tremendous advantage, as he is already specialized in this – from a seismological point of view – unusual project.  The post-doc will focus on the theoretical understanding of rotational motions and on the development of new processing tools for the various applications. The results presented in the above report also demonstrate that this project contains high potential for an excellent, innovative Ph.D. thesis. This thesis should combine (1) co-developing and applying 3D simulation tools for seismic rotations, (2) modelling observations (tele-seismic, and near-to-fault observations hopefully appearing during the project from  the Pinon Flat Observatory, and (3) demonstrating the potential fields of applications through modelling exercises, as described in the work plan. The Ph.D. project will be advertised on an international level and the best candidate gets the job. 

In addition, we ask for software engineering support for the adaptation of our processing tools to standard seismological software. Travel costs and necessary additional electronic hardware complement the requested funds. Details and further justifications are given in the easy-AZA forms.  

Contributions. The Department of Earth and Environmental Sciences of the Ludwig-Maximilians-University Munich is providing the infrastructure necessary for the project (rooms, library, basic electronic equipment, secretarial support, transport) as well as running costs (phone, mail, etc.). In addition, the geosensor project will benefit from the computation time that was granted on the Hitachi supercomputer, necessary to carry out the large scale 3D simulation tasks as well as the phenomenological studies. As in the first project phase – an important seismic array experiment was carried out on our own costs – mobile seismic stations, the Bavarian seismic network infrastructure, standard processing tools, and data archiving infrastructure will be available for the geosensor phase II. Dr. J. Wassermann and Prof. H. Igel will contribute 15% of their time to the project. The GEOsensor project will also benefit from the Bavarian Elite Graduate College THESIS (http://elite.geophysik.lmu.de) and diploma projects within which some of the rotation related problems will be investigated.  
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