VOLUME 2: TECHNICAL PROPOSAL

1. SUMMARY 

RAYLEIGH-WAVE ATTENUATION MODEL FOR EURASIA AND CALIBRATING A NEW MS FORMULA

2. NARRATIVE

2.1 Introduction
Overview

(1) The Ms:mb relationship is a robust and effective teleseismic discriminant between underground nuclear explosions and earthquakes. Research results for North America have illustrated that the Ms:mb relationship is a promising discriminant at regional distances (<2000 km) as well (cf. Pomeroy et al., 1982). A pitfall affecting attempts to extend the Ms:mb discriminant to regional distances is that surface waves recorded at distances less than about 2000 km in continental regions tend to be dominated by periods shorter than 20 seconds, at which traditional Ms magnitude is estimated (e.g., Basham, 1971; Marshall and Basham, 1972; Bonner et al., 2003). In the context of discriminating nuclear explosions from earthquakes at regional distances another important issue is that lateral elastic and anelastic heterogeneities within the crust and upper mantle have a more profound influence on surface wave amplitudes than at teleseismic distances, particularly at the shorter periods. These propagation effects exacerbate the interpretation of Ms as part of a regional Ms:mb discriminant. The extension of the Ms:mb discriminant to regional distances, therefore, necessitates developing methods to correct for elastic and anelastic propagation effects on regionally propagating surface waves. The purpose of this proposal is to improve the understanding of how anelastic and elastic scattering attenuation affects the amplitudes of regionally propagating surface waves, and to develop the means to correct measurements of surface wave amplitudes for much of Eurasia in a form that can be used to calibrate the Ms:mb discriminant and improve its effectiveness at regional distances. 

(2) The proposed work is based on regional proof-of-concept experience (Yang et al., 2004a) that illustrates that regional path attenuation effect, while strong, can be modeled effectively and largely accounted for within a calibrated Ms measurement. Specifically, we propose to

(3) apply the current method broadly across Eurasia,

(4) extend the method to shorter periods,

(5) apply the extended method across sections of Central Asia, concentrating on Western China and adjacent regions, and

(6) calibrate a new Ms formula using the attenuation maps at periods from 10 sec to 20 sec.

Background on Ms Calibration below 20 sec period

To utilize regional short-period (< 20 sec) surface waves for Ms estimates, various modifications of the Ms formula have been proposed. Marshall and Basham (1972) proposed a variable-period Ms formula for surface waves with periods of 10 seconds and longer. Bonner et al. (2003) extended Marshall and Basham’s (1972) formula to use on 7-second surface-wave amplitudes. Based on a theoretical analysis, Russell (2004) derived a new Ms formula using narrow-band filtered surface waves. His formula is also for variable periods. At present, a common feature of all Ms formulae, including those mentioned above, is the use of one-dimensional (1-D) path-attenuation corrections. Such 1-D path-attenuation corrections are not adequate to account either for lateral heterogeneities in elastic material-properties or for anelastic heterogeneities, particularly in the context of regional monitoring. These heterogeneities, however, are the principal cause of station-magnitude scatter and also have the potential to bias network magnitudes especially in cases where the number of stations recording an event is small. In his concluding remarks, Russell (2004) noted that the 1-D path-attenuation correction in the Ms formulae “is clearly oversimplified for both regional and teleseismic distances”, and “[it] is the largest remaining source of error for surface wave magnitudes”. He suggested that the solution is to develop regionalized two-dimensional (2-D) path-attenuation corrections.

We propose to address the issue of improving regional Ms estimates by developing 2-D Rayleigh-wave attenuation models for Eurasia along with associated uncertainty statistics through surface wave amplitude tomography, and to calibrate Russell’s (2004) Ms formula with these models for the same region. The application of these 2-D attenuation corrections to surface-wave amplitudes, together with other signal processing techniques such as phase-matched filtering and band-pass filtering, is expected to reduce the station-magnitude scatter and network-magnitude bias as well as to lower the Ms detection threshold. The proposed research is in direct response to the Broad Agency Announcement (BAA05). Specifically, we respond to Topic 2: Seismic Calibration and Ground Truth Collection, in which it is stated that “Improved Q models with emphasis on” … “surface waves are desirable”; “Priority will be given to studies of propagation conditions in Eurasia”; and “Particular emphasis will be placed on” … “procedures that estimate the uncertainty of geophysical models.”

In the following sections of the narrative, we will review aspects of the state of the art of surface-wave dispersion and attenuation studies and will discuss the advantages and benefits of the teaming effort between the University of Colorado at Boulder and Los Alamos National Laboratory. A detailed description of the proposed research including the scientific approach, methodology and anticipated results will then be provided.

2.2 Previous Work

The research team has extensive experience in the study of surface-wave dispersion and attenuation. Surface-wave dispersion research has drawn more attention historically (cf. Ritzwoller and Levshin, 1998) and the distribution of surface wave group and phase speeds at periods above about 10 sec have become increasingly well understood, particularly across Central Asia. Surface wave attenuation studies have lagged dispersion studies largely because of inherent difficulties in measuring attenuation accurately; i.e., separating anelastic from elastic, source generated, and other effects on surface wave amplitudes and spectra. Early surface-wave attenuation studies for include Yacoub and Mitchell (1977) and Patton (1980) who made regionalized Rayleigh-wave attenuation estimates by dividing the continent into tectonically stable and active provinces. Recently, Hong et al. (2003) inverted Rayleigh-wave two-station amplitude ratios in a tomographic approach to obtain 2-D surface-wave attenuation maps of China with relatively low spatial resolution. Jemberie and Mitchell (2004) obtained the crustal shear-wave attenuation structure of China and surrounding regions by modeling the fundamental- and higher-mode Rayleigh-wave spectral amplitudes measured for several paths in the region.

The principal errors in obtaining and using surface-wave attenuation measurements come from uncertainties in modeling or isolating source-parameter estimates, site responses, and medium elastic effects such as multipathing, focusing, defocusing and off-great-circle propagation (Mitchell, 1995; Selby and Woodhouse, 2000). The recent development of global and regional 2-D surface-wave group-velocity maps (Ritzwoller and Levshin, 1998; Levshin and Ritzwoller, 2003; Stevens et al., 2001; Levshin et al., 2003) allows much more accurate surface-wave attenuation estimates to be made through data processing procedures that isolate the medium elastic effects.

Over the past few years, the research team at the University of Colorado at Boulder (CU-Boulder) has devoted substantial efforts toward understanding surface wave propagation across Eurasia (e.g., Levshin et al., 1994; Levshin and Ritzwoller, 1995; Levshin et al., 1999; Levshin and Ritzwoller, 2001) and developing intermediate- and short-period Rayleigh-wave group-velocity maps (Ritzwoller and Levshin, 1998; Ritzwoller et al., 1998; Barmin et al., 2001; Levshin and Ritzwoller, 2003; Levshin et al., 2003). Figure 1 shows an example of relatively short period group-velocity maps that were developed from a database of more than 7500 measurements across Central Asia. These maps, together with larger scale group-velocity maps developed by the CU-Boulder team as well as by Stevens et al. (2001) and regional maps developed by Lawrence Livermore National Laboratory (LLNL) for Western Eurasia and North Africa (Pasyanos et al., 2001; Walter et al., 2003), constitute a valuable resource on which reliable surface-wave attenuation estimates can now rest.
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Figure 1. Rayleigh wave group velocity maps at the indicated short periods. Values of the reference velocities are shown above the maps.
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Making use of the increasingly high resolution and high fidelity Rayleigh-wave group-velocity maps, the Los Alamos National Laboratory (LANL) team (Yang et al., 2004a, 2004b) designed a sophisticated measurement tool to estimate surface-wave amplitudes reliably. The team used group-velocity maps to construct phase-matched filters (Herrin and Goforth, 1977) and applied these path-specific filters to the data before making amplitude measurements. The process involves correlating the surface-wave data with the phase-matched filter calculated for that specific path from the group-velocity maps, identifying and windowing the primary surface-wave arrival on the resulting cross-correlation, convolving the windowed cross-correlation with the filter to obtain the cleaned data, and Fourier transforming the cleaned data into the frequency domain for spectral-amplitude measurement. In addition to phase-matched filtering, the Harvard Centroid Moment Tensor (CMT) solutions were used to reject data in source radiation-null directions because of their low signal-to-noise ratios and greater sensitivity to elastic scattering effects. Theoretical source spectra were also used in the tool to guide the selection of the cross-correlation window and to gauge the quality of the measurements. Figure 2 is a computer-screen snapshot of the measurement tool applied to a surface-wave trace. The surface-wave data is again shown in Figure 3 for a more detailed explanation. These figures illustrate that the measurement process effectively reduces the bias caused by elastic scattering, in particular multipathing and focusing/defocusing. There is also a reduction in other background noise by removing segments of the trace that arrive outside the primary surface-wave window.

[image: image3.wmf]
Figure 3. An example showing the phase-matched filtering technique.  The data is from an event in the southern Ryukyu Islands southeast of China and recorded at station Hyderabad in India.  On the left, the top plot shows the original seismogram.  The cross-correlation between the seismogram and the phase-matched filter for this path is plotted in the middle along with a window that isolates the direct arrival.  The cross-correlation shows a clear secondary arrival indicating multipathing.  The lower plot on the left is the cleaned seismogram in which the multipath and other noise has been removed.  The plot on the right shows the theoretical source spectrum, the original data spectrum and the cleaned data spectrum.  The cleaned spectrum is smooth and has a similar shape as the theoretical spectrum.

Using the measurement tool, the LANL team made 791 two-station spectral-amplitude-ratio measurements for 178 inter-station paths and 4398 single-station spectral-amplitude measurements from 324 events for the central and Southeast Asia region (15º – 65º N; 70º – 130º E). The two-station amplitude ratios are largely free of source effects because the stations in each pair are near the same great-circle path from a source. Figure 4a plots the geometrical-spreading corrected 20-second amplitude ratios as a function of inter-station distance. The linear trend of the data and the increase of the data scatter toward longer inter-station distances reflect the effects of laterally heterogeneous anelastic attenuation within the propagation medium. Figure 4b shows the source and geometrical-spreading corrected 20-second single-station amplitudes. Despite the larger scatter than that of the amplitude ratios, (which is believed to come dominantly from uncertainties in source-parameters), the data exhibit a linear decay with distance, which indicates anelastic attenuation. Linear fits to both amplitude ratios and single-station amplitudes yield a similar average Q value of about 220, which is a reasonable average value for anelastic attenuation in Central Asia.

[image: image4.wmf][image: image5.wmf]
Figure 4. a) Geometrical-spreading corrected two-station amplitude ratio plotted against inter-station distance. The decay and the scatter increase of the ratios toward larger inter-station distances reflect laterally heterogeneous attenuation effects. b) Source-size, radiation-pattern and geometrical-spreading corrected single-station amplitude measurements plotted against source-receiver distance. The dashed line in both plots is the least-squares fit of the data.

Using the two-station amplitude-ratio and single-station amplitude measurements, the LANL team inverted for 20-second Rayleigh-wave attenuation-coefficient maps using a two-stage approach. The period of 20 seconds was chosen because of the stability of the amplitude measurements at that period and the fact that traditional Ms is calculated from amplitudes with periods close to 20 seconds. In the first stage, the two-station amplitude-ratios are constructed on 

a coarse 5º-cell grid. This model was then used in the second stage as the a priori model for the inversion of single-station amplitude measurements to obtain the final model on a 2º grid. The inversion of the more reliable amplitude ratios provided a tight constraint on the final model, and the single-station amplitude inversion greatly improved the model resolution. The final attenuation-coefficient map is displayed in Figure 5 across China and parts of Central Asia. There is a broad correlation between the map and the geologic and tectonic features of the region, with low attenuation in stable cratonic regions and high attenuation in tectonically active regions. Following the Bayesian framework in the inversion, we also obtained the statistical uncertainty of the map, which is shown as one-standard-deviation contour lines in Figure 5.
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Figure 5. 20-sec Rayleigh-wave attenuation-coefficient map for Central and Southeast Asia. Contour lines are one-standard deviation uncertainties.

In order to evaluate the effectiveness of the attenuation model in reducing the Ms station-magnitude variance, the LANL team used an independent set of surface-wave amplitude data from 104 events in a comparison analysis. We corrected the amplitude data with four different path corrections: the 2-D attenuation model shown in Figure 5, a constant Q model with a value given by the average over the region of study (Q = 220), Rezapour and Pearce’s (1998) Ms formula used by International Data Center (IDC), and the Prague Ms formula (Vanek et al., 1962) used by International Seismological Centre (ISC) and the United States Geological Survey (USGS). Figure 6 compares the variances of the station magnitudes calculated using these path corrections. All three comparisons are against the 2-D model corrections. The maximum-likelihood values of the variance-reduction distributions of the 2-D model are 24%, 31% and 69%, respectively, against the constant Q model, the Rezapour and Pearce’s formula, and the Prague formula. Considering the fact that another important cause of data scatter, the source-radiation patterns, was not compensated for in this case, the amount of the variance reduction is significant.

The Rayleigh-wave attenuation tomography study conducted by the LANL team is a powerful proof-of-concent that illustrates the feasibility of making reliable surface-wave amplitude measurements by combining careful data processing with phase-matched filters derived from accurate group-velocity models. The effectiveness of the resulting attenuation to reduce the station-magnitude scatter is promising. Our proposed research will build upon this experience to extend the region of coverage at 20 sec period to the whole of Eurasia and to extend the study to construct shorter-period attenuation maps in China and adjacent regions.
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Figure 6. Distribution of variance reduction of station magnitude by using the 2-D attenuation map shown in Figure 5 compared with using other path corrections.

Developing regional Ms measures and extending the Ms:mb discriminant to regional distances is of extreme importance for the discrimination of small nuclear explosions and is an area of active research. Russell (2004) developed a new Ms formula based on narrow-band filtered (with a Butterworth band-pass filter) surface-wave amplitudes:
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where
ab:
narrow-band filtered amplitude


(:
epicentral distance in degrees


T: 
period


T0:
reference period (20 second)


Batt:
attenuation-correction constant


(:
frequency dependence of attenuation


S0:
scaling constant for source-excitation correction (0.66)


fc:
half bandwidth of the Butterworth band-pass filter


Cb: 
constant

The necessary extension suggested by Russell (2004) is to replace the 1-D path-attenuation correction term of the formula Batt(T0/T)(( with Bij(T)(, where Bij(T) is the average frequency-dependent attenuation term between event i and station j obtained from a 2-D surface-wave attenuation model. Our proposed research will include using the 2-D attenuation models that we develop to calibrate Russell’s (2004) formula for Eurasia.
2.3 Teaming Effort

University of Colorado at Boulder (CU-Boulder) will team with Los Alamos National Laboratory (LANL) to carry out the proposed research. The CU-Boulder team is composed of researchers with extensive experience in theory, data processing, velocity and amplitude measurements, and tomographic and structural inversion of surface waves. The LANL team has developed expertise, experience and measurement tools for surface-wave attenuation, inversion and interpretation. They also possess detailed knowledge of technical issues related to the Ms:mb discriminant. The teaming of CU-Boulder and LANL will guarantee that every aspect of the proposed research will be addressed and that intellectual resources will be available to solve problems that arise during the execution of the project. These are important factors for the successful delivery of a high-quality research product.

2.4 Proposed Research

The proposed research proceeds in three principal phases. In Phase I, we will compile the needed surface-wave waveforms as well as a data base of source parameters for the events to be used within Eurasia. We will also refine LANL's surface-wave measurement tool in order to further reduce the error in the amplitude measurements. In Phase II, we will extend the proof-of-concept study performed by the LANL team in Central Asia by developing a 20-sec Rayleigh-wave attenuation model for the whole of Eurasia similar to Figure 5 but extending across the entire continent. In addition, we will apply the measurement method and tomography to produce shorter-period attenuation maps (> 10 sec, < 20 sec)  for China and adjacent regions. Amplitude data produced in Phase I will be the basis for these inversions. In Phase III, we will validate our attenuation models with models developed by others and calibrate Russell’s (2004) Ms formula using the newly developed attenuation models. Finally, we will prepare relevant data and models and associated documentation for inclusion into the Department of Energy (DOE) Knowledge Base.

Phase I: Data Processing and Continued Refinement of the Measurement Tool

I.1 Refinement of the Measurement Tool

The measurement tool developed by the LANL team to make reliable surface-wave amplitude measurements incorporated several techniques and procedures that are needed to reduce the measurement error. These include the use of phase-matched filters based on the most recent group velocity maps as well as the computation of source radiation patterns and source spectra and their comparison with data. Several refinements to the tool remain to be made in order to continue to reduce the measurement error, particularly bias caused by multipathing and errors in the input source parameters.

One of the refinements is the inclusion of polarization analysis. With polarization analysis, we can determine the extent to which an observed surface-wave train deviated from the great-circle between the receiver and the source, thus reducing the error caused by multi-pathing or extensive lateral scattering. We will use the covariance-matrix method developed by Chael (1997) for the polarization analysis. The method was designed specifically to analyze the back-azimuth of Rayleigh waves. The CU-Boulder team also has extensive experience in surface wave polarization analysis (e.g., Levshin et al., 1994). Polarization analysis will be performed at several periods between 7 seconds and 30 seconds. The back-azimuth of each frequency component will be recorded as one of the attributes of the measurement, which are used to quality control the data. Particular attention will be given to paths that are close to tectonic boundaries such as continental margins and other areas where lateral structural variations are strongest.

Another refinement of the measurement tool is to calculate the pre-signal noise spectra. The noise spectra will be used to quantify the signal-to-noise ratios (S/N) of different frequency components of the surface-wave amplitude spectra. It is particularly important for short-period amplitude measurements as the S/N at shorter periods is expected to be lower because of the combination of source corner-frequency and path-attenuation effects.

I.2 Waveform data collection and amplitude measurement

Several global and regional seismographic networks have existed in Eurasia, most of which for a considerable length of time. These include the Global Seismographic Network (GSN), International Monitoring System (IMS), GEOSCOPE, Kyrgyz Seismic Network (KNET), Kazakhstan Seismic Network (KAZNET) and Mediterranean Seismic Network (MEDNET). There have also been many temporary network deployments in the region including close to twenty Program for Array Seismic Studies of the Continental Lithosphere (PASSCAL) projects (http://www.iris.edu/about/PASSCAL/index.htm). Figure 7 shows the distribution of GSN stations in Eurasia as an example. Seismic events with M > 5 that occurred between 1995 and 2001 are also plotted.
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Figure 7. GSN station distribution around Eurasia and M > 5 events that occurred between 1995 and 2001. 

In addition, there have been many underground nuclear explosions from several test sites in the region. Data from the Peaceful Nuclear Explosions (PNE) in the former Soviet Union are also becoming available (Kim et at., 1994). The extended natural seismicity in Central Asia makes it the ideal location to develop shorter period attenuation maps as relatively short paths (< 2000 km) are relatively plentiful.

Waveform Data: We will collect surface-wave waveform data from three main sources. 1) We will request data for all networks and temporary deployments mentioned above except IMS from the Data Management Center (DMC) of the Incorporated Research Institutions for Seismology (IRIS). 2) We will request data from LLNL’s Seismic Research Database, which contains data for IMS stations and data from nuclear and chemical explosions in Eurasia. 3) We will request data from several temporary deployments in Asia from our colleagues and collaborators. The surface-wave waveform data will be part of the database that we construct.

Moment-tensor Data: Along with requesting the waveform data, we will collect source-mechanism information from different catalogs to aid in the data selection and the attenuation inversion. The Harvard Centroid Moment Tensor Catalog (CMT) provides global moment-tensor solutions for events of magnitude 4.5 and above (Dziewonski et al., 1981; Dziewonski and Woodhouse, 1983; Arvidsson and Ekström, 1998). The European-Mediterranean Regional Centroid Moment Tensor Catalog (RCMT) contains moment-tensor solutions for earthquakes in the Mediterranean region with magnitudes as small as 4 (Pondrelli et al., 2002; Pondrelli et al., 2004). The Earthquake Research Institute at University of Tokyo began producing Grid-based Real-time Determination of Moment Tensors (GRiD MT) for events in Japan area from 2003 (Kawakatsu, 2002). We will consolidate moment-tensor solutions from these catalogs as well as the USGS Moment Tensor Catalog (Sipkin, 1982; 1986) for events that occurred in Eurasia and surrounding regions. We will use the solutions to guide our data selection, amplitude measurement and the attenuation-model inversion. These solutions will constitute another part of the data product that will be delivered at the termination of the contract period.

Amplitude Measurements: The largest effort within Phase I will be the use of the measurement tool designed by LANL to make the surface-wave amplitude measurements. Surface-wave group-velocity models required by the tool will be constructed from several sources. We will combine regional models of Ritzwoller and Levshin (1998), Levshin et al. (2003) and Pasyanos et al. (2001) with the global model of Stevens et al. (2001) into a composite model with periods ranging from about 10 seconds to 200 seconds. Spectral amplitudes of phasef-match filtered fundamental-mode Rayleigh waves will be measured and saved along with other data attributes such as the useful frequency band, signal-to-noise ratios, and back-azimuths. Both single-station amplitudes and two-station amplitude ratios will be measured and stored in the resulting data base. We will select station pairs for amplitude-ratio measurements based on the criterion that the azimuths of the two stations from a source differ by no more than 2 degrees. These measurements and their associated attributes will be combined with the 20-sec amplitude measurements that LANL has already obtained to constitute the primary part of the data product that will be delivered at the end of the contract.

Phase II: Attenuation-Coefficient Tomography
II.1 Inversion formulation

In order to create a well-constrained attenuation model, we will adopt a two-stage approach to the tomographic inversion as described in detail by Yang et al. (2004a). We will first invert the two-station amplitude ratio measurements, which are less affected by the source, for a coarse-grid attenuation model. This model will be used to constrain the second-stage inversion of single-station amplitude measurements, which will have much better path coverage, to obtain the final attenuation model. Our experience indicates that if measured appropriately, two-station amplitude ratios will produce reliable attenuation maps (Figure 4). 

Surface-wave spectral amplitudes can be represented as
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where S is the source spectrum; D is the source radiation pattern; G is the geometrical spreading; P is the site response and B is the apparent anelastic attenuation. T is the period and R is the source-receiver distance. The attenuation term B(T, R) in Equation (2) can be written explicitly as B(T, R) = exp(-((T)R), where ( is the attenuation coefficient. ( is related to the quality factor Q as ( = (/(TUQ) where U is the group velocity. By taking the natural logarithm of both sides of equation (2) and re-arranging, we have
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where A = A0/(D(G) is the geometrical-spreading and radiation-pattern corrected amplitude.

If two seismic stations lie along the same great-circle that passes through a seismic source, the ratio between the geometrical-spreading corrected amplitudes measured at the two stations is
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or in the logarithm domain as
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(4)
Equations (3) and (4) are the basic equations for our inversion formulation. In the inversion, we have discretized the studied region into cells of constant (. The last term on the right-hand side of Equations (3) and (4) can then be written in a discretized form as
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, where (i is the attenuation coefficient of the ith cell and (Ri is the length of the path segment in that cell. By grouping together linear equations for multiple observations, the problem can be expressed in a matrix form as


d = Gm,
(5)

where d is the data vector containing the left-hand side of Equation (3) or Equation (4) and m is the model vector containing the discretized attenuation coefficients, the source term (Equation 3) and the site-response term (Equations 3 and 4). Using either amplitude ratios or single-station amplitudes as the data, we use Equation (5) to estimate the model m at the prescribed periods.

We will use a Bayesian approach for the inversion (Tarantola, 1987; Taylor et al., 2003). In the Bayesian inversion, m in Equation (5) is estimated as
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where m0 is the a priori model vector; Cd is the data covariance matrix and Cm0 is the a priori model covariance matrix. The covariance of the solution m is calculated as
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Within the Bayesian framework, a priori information and the statistical characteristics of the data are utilized in the inversion to constrain the results and their uncertainty. The approach is suited to our two-stage inversion scheme as we will use the results from the first-stage amplitude-ratio inversion as an a priori constraint in model space in the second-stage amplitude inversion. 

Figure 8 is a flowchart of the current inversion scheme. We will estimate the average attenuation coefficient from the amplitude ratios, as is illustrated in Figure 4, and use the estimate as the a priori model in the amplitude-ratio inversion. The results will then be used as the a priori model in the single-station amplitude inversion to obtain the final attenuation model.
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Figure 8. Flowchart of the two-stage tomographic inversion.

We will investigate introducing new aspects to this inversion that have proven useful in modeling Pn and Sn travel times and surface-wave dispersion including the introduction of site static corrections in both the two-station and one-station inversions and source static corrections in the single-station inversion (e.g., Ritzwoller et al., 2002) as well as other generalizations discussed in detail by Barmin et al. (2001). In addition, we will investigate the accuracy of ray theory with great-circle paths. Dispersion studies in recent years have become increasingly based on spatially extended surface-wave sensitivity kernels (e.g., Ritzwoller et al., 2002) that may not be centered on the great-circle path (Yoshizawa and Kennett, 2003). Ritzwoller et al. (2002) argue that at the periods of the proposed study (<20 sec), path wander away from the great-circle is more likely to have a significant effect on the resulting attenuation measurements (and maps) than the spatial extent of the surface-wave sensitivity kernel.

II.2 Inversion for a 20-sec attenuation model for Eurasia

We will invert for a 20-sec attenuation model for the whole of Eurasia. We do not propose to extend the Eurasian attenuation model below 20 sec period because we anticipate that this large-scale model will be based mainly on amplitude measurements from long paths traversing much of the continent. For these long paths, maximum surface-wave amplitudes, from which Ms will be calculated, usually have periods close to 20 seconds. Shorter period amplitude measurements for these long paths will not have sufficient S/N ratios.

To make use of Equations (3) and (4) for the inversion, we need to correct the measured amplitudes and amplitude ratios for geometrical spreading and, in the case of amplitudes, the source radiation patterns. Since our measurement will be made in the frequency domain, we do not need to correct for dispersion. The dispersion correction is effectively made when applying the phase-matched filter as part of the measurement procedure. For surface waves, the geometrical-spreading term is G = (R0sin(R/R0))-1/2 where R0 is the radius of the Earth (Ben-Menahem and Singh, 2000, p. 266). We will use the source moment-tensor information that we collect to correct the amplitudes for source radiation patterns. We will include a source strength static correction as one of the unknowns in the inversion, effectively re-estimating the source moment for each earthquake. Source moments from catalogs will serve as a priori information in this process. We will also estimate station static terms in the inversion. Attributes such as source-station distance and deviation from great-circle path will be used in selecting data for the inversion.

The final product from the inversion will be a 2-D 20-sec Rayleigh-wave attenuation-coefficient model for Eurasia similar to the maps for a much smaller region shown in Figure 5, as well as the estimated station corrections for stations that provide data for the inversion. The uncertainty of the model will be represented by model variance, also generated in the inversion. We will also obtain source-strength estimates from the inversion. These estimates will all be included in the data product delivered to the DoE Knowledge Base at the end of the contract period.

II.3 Inversion for short-period attenuation models within China and adjacent regions

For long continental paths, Rayleigh-wave amplitude spectra usually peak between 15 and 20 seconds (e.g., Figure 3). Amplitudes at shorter periods decay rapidly in those cases and cross the ambient noise level typically above about 15 sec period at teleseismic distances, but may not intersect the noise level until 7 - 10 sec period at regional distances as seen in Figure 9. This is part of the reason that we propose to restrict the attenuation tomography for the entire Eurasian continent to 20 seconds. For China and surrounding regions, however, because of extensive seismicity and relatively dense station coverage from both permanent and temporary deployments there are numerous short paths (e.g., Figure 7). Figure 9 gives a surface-wave amplitude-spectrum for such a path. It shows the amplitude spectrum of surface waves recorded at station HIA in northeastern China from an event 2700 km away in the southwest. Although the signal-spectrum peaks at about 15 seconds, the amplitude at 7 seconds is still twice as large as that of the noise spectrum.



Figure 9. Surface-wave signal and noise amplitude spectra recorded at station HIA in northeast China from an event in Qinghai Province of China (35.73( N, 92.77( E) 2700 km away. The origin time of the event is 04:12:47 GMT, December 08, 2001.

We will use the amplitudes and amplitude ratios measured from data recorded by both permanent and temporary networks to invert for 2-D attenuation-coefficient models at several periods between 7 and 30 seconds for China and surrounding regions. We will assess the path coverage of short-period amplitude data that have sufficient signal-to-noise ratios and high data quality (free from body-wave, higher-mode and other noise contaminations) to determine the shortest period of the attenuation models that we will be able to invert for. Although reliable measurements can probably be made in some cases to periods as low as 7 sec, sufficient measurements on which to base tomography will probably not accrue until periods between 10 and 15 seconds.

We will follow the same procedure as outlined in the description of the inversion of the 20-sec attenuation model for Eurasia to correct the amplitudes and to invert for the frequency-dependent attenuation-coefficient models and station corrections. Again the results will be a set of attenuation-coefficient models and station-correction terms along with their variances at prescribed periods between about 10 and 30 seconds.

Phase III: Validating Attenuation Models and Calibrating Russell’s Ms  formula
III.1 Validation of attenuation models from inversion with models by others

We will validate the estimated attenuation models with results from studies by other researchers (Mitchell, personal comm., 2004). Prof. Brian Mitchell at Saint Louis University is currently working on an Air Force Research Laboratory (AFRL) contract to develop a frequency-dependent Rayleigh-wave attenuation model for southern Asia. Their approach is to calculate the 2-D surface-wave attenuation models from the three-dimensional (3-D) shear-wave attenuation models that they developed. Comparison of models developed through these two completely different approaches will provide insight into the reliability and compatibility of the models. It will also reveal strengths and pitfalls of the methods. In particular, we will compare the two models based on correlation with known geologic and tectonic features of the region and ability to reduce the variance of the path-corrected surface-wave amplitudes. If there is large discrepancy between the models for some regions, we will investigate the underlying reasons and adjust our measurement and inversion parameters, if appropriate.

III.2 Mapping periods of maximum surface-wave amplitudes
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Figure 10. Periods of maximum surface-wave amplitudes from a data set of approximately 5200 measurements for the region of central and southeast Asia.

The periods of maximum surface-wave amplitudes (Tmax) vary for different path lengths, different source sizes, locations and depths and different medium structures along the paths. Mapping the variation of Tmax will provide important background information for the regionalization of Ms measurements. Figure 10 plots the periods at which the maximum surface-wave amplitudes occur for the complete surface-wave data set that LANL used to develop the 20-sec Rayleigh-wave attenuation model for central and southeast Asia. The results show a large scatter reflecting the different source and path effects. There is, however, a clear trend to increase the maximum period as path lengths become longer. Figure 11 shows the distribution of Tmax for path lengths shorter than 4000 km. We see from the figure that for many regional paths Tmax is shorter than 20 seconds. The distribution peaks at about 15 seconds, close to (and maybe shorter than) where the Airy phase probably occurs.

We will map the variation of Tmax as a function of path length, the region that a path traveled, the source location (different seismic zones), source size and source depth for Eurasia. The knowledge of Tmax as a multi-variate function will be used to calibrate the regionalized surface-wave magnitude for Eurasia.
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Figure 11. Distribution of Tmax for path lengths shorter than 4000 km.

III.3 Calibration of Russell’s Ms formula with the 2-D attenuation model

The Ms formula proposed by Russell (2004) (Ms(b), Equation 1) represents the latest development in regional surface-wave magnitude research. This formula incorporates narrow-band filtering of the data that proves to be effective theoretically to minimize the dispersion effects including Airy-phase anomalies (Russell, 2004). The formula is applied to time-domain amplitudes. Compared to frequency-domain amplitudes, time-domain amplitudes are more stable and less affected by medium elastic effects such as multipathing.

We will focus on calibrating Ms(b) for China and surrounding regions where we will obtain attenuation models at periods below 20 sec. In order to apply Ms(b) for China and surrounding regions, we will need to calibrate the constant Cb in Equation (1) so that Ms(b) is unbiased compared with existing Ms formulae (e.g., Rezapour and Pearce, 1998) at 20 seconds. The version of Rezapour and Pearce’s formula for non-Airy-phase amplitudes is expressed as
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(8)

with C = 5.146. Because the Airy phase of surface waves propagating regionally within China and surrounding regions probably occurs at shorter periods (Figure 11), we believe Equation (8) is more appropriate for China, although it is not the formula that Rezapour and Pearce (1998) preferred for global measurements. Equation (8) is also consistent with formulae from other theoretical derivations (von Seggern, 1977; Okal, 1989).

Russell (2004) showed that for Ms(b) to be unbiased at 20 seconds, Cb in Equation (1) is related to the constant C in Equation (8) as
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where T0 = 20 and G0 is a function of the group velocity U0 and its derivative dU/dT|0 at 20 seconds for the region of concern. Specifically,



[image: image23.wmf]  

G

0

=

U

0

p

r

n

dU

dT

0

k


(10)

where ( is the degree-to-kilometer conversion factor (111.2 km/deg) and rn is a function of the order of the Butterworth band-pass filter. For a 3rd order Butterworth filter that Russell (2004) recommended, rn = 2/3.

We will use the 2-D group-velocity models for China and surrounding regions that are used to define the phase-matched filters as part of  the amplitude measurements in order to obtain an average 1-D group velocity model as a function of period. The 1-D model will be calculated by taking the arithmetic mean of the 2-D model. We will use this 1-D model to calculate G0 and thus Cb for the region.

In order for Ms(b) to be effective in minimizing the effects of dispersion, the half bandwidth of the Butterworth filter fc must satisfy the inequality
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where G is given by Equation (10) evaluated at the center period T of the filter. We will find a global minimum of G, Gmin, by calculating G across the area of study and across the period band of interest using the 2-D group-velocity model. We will then use
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 for all the filtering and magnitude calculations.

We will use a subset of the waveform data that we collect for China and surrounding regions for magnitude calibration and comparison. This data subset may not be included in the attenuation tomographic inversion. We will calculate Ms(b) with this data set at periods where we will develop attenuation models. We will use both the 2-D attenuation model that we develop and the 1-D attenuation coefficients, estimated by fitting the amplitude data prior to the inversion, to calculate the path correction Bij( in Equation (1). We will also calculate Ms with both Equation (8) and the Prague formula (Vanek et al., 1962). We will then evaluate the effectiveness of the newly developed 2-D attenuation-coefficient models in reducing the station-magnitude variance and network-magnitude bias by comparing Ms calculated with different path-correction methods.

We will also analyze the calculated Ms(b) to determine the periods at which the corresponding Ms(b) is least biased relative to 20-sec traditional Ms for the region of study, or whether a network Ms(b) is better estimated by averaging station magnitudes calculated at variable periods (Bonner et al., 2004). We will combine the results of the analysis with Tmax described in the last section to develop a knowledge base for Eurasia of appropriate periods at which to calculate regionalized Ms(b).
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3. TECHNICAL APPROACH (Statement of Work)

3.1 Objective

The objective is to develop the ability to calibrate a new Ms formula for regional attenuation variations across Eurasia. The purpose is to improve the calibration of surface wave amplitudes in order to refine the Ms:mb discriminant.

3.2 Background

Detection, location, and identification of nuclear explosions by the Air Force Technical Applications Center (AFTAC) all depend on calibrating source and path effects to ensure maximum efficiency to monitor at small magnitudes. We propose to develop new surface wave attentuation maps that are designed to be incorporated directly into a calibrated estimate of surface wave magnitude Ms in order to refine the Ms:mb discriminant. The proposed method is based on the ability to extract meaningful attenuation maps at 20 sec period, as demonstrated by Yang et al. (2004a). At this period the method can be extended across all of Eurasia and at periods down to about 10 sec the method can be applied across a significant part of Central Asia.

3.3 Approach

The research will be performed collaboratively by the University of Colorado at Boulder (CU-B) and the Los Alamos National Laboratory (LANL). The team will develop the needed data sets from freely available archived materials, refine existing observational tools as necessary, perform the tomography to produce attenuation maps between 10 and 20 sec covering geographical regions that increase in extent with period, calibrate Russell's Ms formula (Russell, 2004), and deliver data products and documentation. The work will progress in four phases:

· Phase 1. Data accumulation, refinement of measurement method, and performance of measurements (CU-B, LANL).

· Phase 2. Attenuation tomography (LANL).

· Phase 3. Ms formula calibration (LANL).

· Phase 4. Documentation and delivery of data products (CU-B, LANL).

3.4 Key Deliverables

There are four principal deliverables: (1) Data Product 1, output of the measurement procedure: cleaned amplitude spectra (based on the phase-matched filter) as well as event and receiver information; (2) Data Product 2, processed data ready for tomography: corrected single-station and two-station amplitudes; (3) Tomography Product: station and event corrections, maps of attenuation from ~10 sec to 20 sec with geographical region of coverage increasing with period;

(4) Ms Calibration Product: calibrated Ms formula with required tables.

3.5 Tasks

Task 1. Accumulate all needed waveform, receiver and event information (CU-B).

Task 2. Perform necessary refinements in the spectral estimation tool (LANL).

Task 3. Obtain amplitude measurements by running measurement tool using the accumulated 

data (CU-B).

Task 4. Perform attenuation tomography for 20 sec Rayleigh waves across Eurasia (LANL).

Task 5. Perform attenuation tomography on a grid of periods from 10 sec to 20 sec across 

geographical regions that increase with period. Concentration will be on Central Asia: 

China and adjacent regions (LANL).

Task 6. Calibrate the Ms formula (LANL).

Task 7. Documentation and delivery of information to the DoE Knowledge Base (CU-B, 

LANL).

3.6 Technical Role and Contribution from Team Members

The CU-Boulder group will lead the collaboration and will be responsible for acquiring the data and performing the principal measurements on which the research will depend and on research integration. The LANL group will be responsible for refining the measurement tool and delivering it for data processing at CU-B, performing the tomography, and calibrating the Ms formula. Both teams will participate in the documentation of the research and delivery of data products to the DoE knowledge base.

4.  PROPOSED SCHEDULE 

Table 1 presents the timetable for the performance of the tasks that constitute the proposed work. 

(7) [image: image26.wmf]
Figure 2. The measurement tool designed to make use of phase-matched filters, CMT source parameters and theoretical source spectra.
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