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This proposal is a resubmission. The main concern of the reviewers and the panel was the data availability. We have already collected more than 36-months (from July 2007 to July 2010) event data for earthquakes of M>5. The amount of data is almost twice as that recorded by the transportable stations of the USArray project. We believe this dataset is enough for conducting the proposed study. The primary PI has been a visiting researcher of the Institute of Earthquake Science and the Institute of Geophysics of the CEA since 2007. Under the CEA visiting program policy, visiting scientists are authorized to access its scientific research resources, including its seismic data in his/her own and collaborated research.

Abstract

Waveform data from more than 800 broadband seismic stations are now archived at the China Earthquake Networks Center (CENC) of the China Earthquake Administration (CEA).  These stations provide good, in places excellent, coverage of different tectonic blocks in China. We are proposing a multi-part project to analyze this large multi-component dataset to develop a 3D P-wave velocity model, and a 3D S-wave velocity and anisotropy model of the upper mantle beneath China. We will measure the direct P, S, and other body-wave phases using a cross correlation method, and will use the data in finite-frequency P and S body wave tomography. The measured travel time data will be combined with the ISC dataset to invert for 3D P-wave and S-wave isotropic velocity structure. The 3D velocity model will have a lateral resolution of ~50-200 km depending on station coverage. For the surface wave data, we plan to apply a new continental scale waveform inversion method developed by the co-PI’s group at UC Berkeley. The inversion uses three-component surface waveform and SKS splitting data to obtain isotropic velocity, radial and azimuthal anisotropy. As the S-wave model from surface wave data will have relatively low lateral resolution, we will use it as the starting model to jointly invert the surface waveform and body-wave travel time data to get an S-wave model with better lateral resolution. The resulting models are of great importance in constraining thermal and compositional structure of the upper mantle as well as in understanding tectonic processes. They also enhance the DOE Knowledge Base for Eurasia and are expected to improve precision in local and regional event locations. As a last part of the project we will simulate 3D wave propagation at regional distances using the Spectral Element Method to validate and improve the models. We will also compute SEM and FD (finite-difference) synthetics with these models to predict local and regional wave propagation and compare them with the seismograms of mine explosion, and micro earthquakes recorded by the CEA’s regional networks. This proposal addresses Topic 2b of the 2010 BAA solicitation: “Velocity Models”.

b. Technical Narrative

Introduction and Objectives

High quality broadband seismic waveform data are essential for monitoring nuclear explosions. During the past decades, long and intermediate wavelength seismic features in China have been derived mainly from travel time data of the Chinese national catalogs and the very limited waveform data of the Global Seismic Network (GSN). These studies provide general information for source and path calibration; however, the knowledge base is still insufficient to accurately calibrate source and path effects in most of China to ensure maximum capability to monitor nuclear explosions by the Air Force Technical Application Center (AFTAC) at small magnitudes.

To better monitor the seismic activity in Mainland China, the China Earthquake Administration (CEA) has made tremendous efforts to build a modern seismic network at both national and provincial levels since early 1990s. As a result, the number of broadband stations of the Chinese National Digital Seismic Network (CNDSN) increased dramatically from 11 GSN stations in the early 1990s to the current 145 stations. In fact, CEA is operating the largest permanent network in the world if the regional networks are combined.  The integrated network consists of 32 regional networks with more than 1000 stations (Figure 1) including 850+ broadband stations [Zheng et al., 2009]. The 1000+ stations provide a good coverage in most areas in China, especially around highly populated metropolises such as Beijing, Tianjin and Shanghai. The average spacing is approximately 250 km and 60 km between stations for the national and regional networks, respectively. Also the 1000+ stations forms a gigantic two-dimensional area array with an aperture of ~6700 km from east to west and ~3500 km from north to south. For the remainder of this proposal, we will refer to it as the CEArray. Many new seismic imaging techniques developed for the analysis of USArray data thus can be applied to the CEArray data.

The seismometers are a combination of STS2, GURALP3T, GURALP3ESP, KS2000 and Chinese national broadband sensors JCZ-1 (360s-50 Hz), CTS-1 (120s-50 Hz), FBS-3 (20s-20 Hz) and some other types of sensors. In general the major specifications of these broadband digital seismographs are: (1) sensitivity of 1 ~ 2×10-8m/s/LSB; (2) dynamic range greater than 120dB; (3) resolution greater than 16bit; (4) sample rate of 50 or 100sps; (5) linearity greater than 10-3; (5) time error less than 1ms.  
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Since July of 2007, continuous data streams recorded by the CEArray stations have been real-time transferred to China Earthquake Network Center (CENC) using satellite telemetry. According to the PDE catalog, more than 5000 earthquakes with magnitude greater than 5 have occurred since then. We have previously proposed to conduct a joint modeling of receiver functions and surface wave dispersion data with the CEArray data. Since receiver function analysis requires only less than 100 s waveform data after the direct P arrival, which is not enough to measure the S wave and other body wave phases, we thus need to recollect event data for this study. For the waveform inversion of the surface wave data, we need ~5 hour records with relatively low sampling rate (1 sample per second).  With the amount of data and the proposed techniques described below, we believe we can improve both the lateral and vertical resolution of the upper mantle velocity structure beneath China that could improve seismic location, and collection of ground truth.
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Below we briefly review the geology and tectonics of our study area followed by a discussion of the scientific goals of the project and the methods we will use to achieve those goals.
Tectonic Setting of China

The geology of China has been found to be highly diverse, consisting of various tectonic zones from the ancient Archean Sino-Korean and Yangtze cratons to the young and active Tibetan Plateau formed by the Cenozoic India-Eurasia collision. The mainland of China mainly consists of nuclei of Precambrian cratons and a mosaic of later accreted micro-continents and fold belts. There are three major Precambrian cratons: the Sino-Korea craton (also known as North China Block (NCB)), the Tarim craton, and the Yangtze craton (Figure 2). The combination of the Yangtze craton and the Cathaysia block, which consists of the south China fold belt and an underwater section to the east, constitutes the South China Block (SCB). The modern Chinese tectonics is the result of a very long and complicated evolution history of collision, underthrust, and suture between different tectonic blocks. The Permian-Triassic NCB-SCB collision and the Cenozoic India-Eurasia collision are two most significant tectonic events in shaping the landscape of China. The collision between NCB and SCB occurred as a northward underthrusting of the SCB under the NCB, and very likely it led to the uplift of the north of the suture zone along the Sulu and Qinling-Dabie orogens and the flexural subsidence to the southern zones [Vermeesch, 2003]. Almost immediately following the NCB-SCB collision, the Qiangtang block was underthrust by the amalgamated South China and Qaidam-Tarim blocks along the Jinsha suture in the northeast, and was further underthrust by the Gondwana-derived Lhasa block from the south in Cretaceous [Yin and Nie, 1996; Yin and Harrison, 2000]. At approximately 45 Ma, the India plate started to collide with Asia plate along the Indus-Tsang-po suture. The India-Eurasia collision caused the formation of the Himalayas, thickening of the Tibetan crust, and uplift of the Tibetan Plateau. At the same time, the collision reactivated and deformed many of the tectonic zones such as the Tian Shan, the Altai, and the Altun Shan. Overall this collision has led to the development a significant contrast in crustal structure between western and eastern China. The relatively young and tectonically active western China has the thickest crust in the globe while the old and stable cratons in the eastern part of China are featured by a relatively thin to normal crust. From east to west, the crust thickens through a so-called “N-S-trending belt” transitional zone (approximately from 100°E to 110°E) associated with a large number of shallow focus earthquakes. 

Previous Tomographic Studies in China

The high diversity of geology of China makes it an important place for seismic studies to both the academic and the monitoring communities. Many tomographic studies with a variety of techniques, data, depth and lateral resolutions have been conducted beneath China and the surrounding areas. Lebedev and Nolet (2003) provided an excellent overview of tomographic studies beneath East Asia for the past decades. Huang and Zhao (2006) inverted one million P-wave arrival times recorded by the ISC stations within China and the surrounding areas and the CEA’s provincial networks and obtained a high resolution 3D P-wave velocity model from surface to ~1100 km deep in an area 10ºN -60ºN, 60ºE-150ºE. The subducting Pacific plate can be clearly traced from the oceanic trenches down to about 600 km in their images. More recently, Li and van der Hilst (2010) added arrival times picked from temporary stations deployed on or near the Tibet Plateau to the ISC+CEA dataset and found many interesting features beneath SW China, the North China, and the South China cratons. In general, body wave tomography provides excellent lateral resolution when a fair amount of crossing ray paths is available. However, the resolution is low within the shallower layers if the station coverage is not dense enough to allow a crossing-raypath geometry. To achieve better resolution of the upper mantle, many surface wave tomographic studies have also been conducted. These include Lebedev and Nolet (2003) and the references therein, and more recent studies, such as Yao et al. (2006), Zheng et al. (2008), Kustowski et al. (2008), Yang et al., (2010).  Depending on the overall size of the study area and the types of data used, these studies offered a lateral resolution from ~100 km (e.g., Yao et al., 2006) to ~500 km (e.g., Lebedev and Nolet, 2003). Besides the body wave and surface wave tomographic studies, there are also many Pn/Sn tomographic studies (e.g., Hearn et al., 2004; Liang et al., 2004; Pei et al., 2004, 2007; Sun et al., 2004; Sun and Toksoz, 2006), which revealed many consistent and interesting features of the uppermost mantle velocity structure beneath China. For example, high Pn and Sn velocities were found to be associated with stable cratons and basins, such as the Tarim, Junggar, Qaidam, Sichuan and Ordos, whereas low velocities are located beneath areas of active volcanoes, such as Myanmar and western Yunnan province, seismically active regions. Recent studies (Allen et al., 2009) showed that joint modeling of body and surface wave data recorded by large-scale broadband seismic array, such as the USArray may have significant advantage in resolving shallow and deep structure over the individual inversions, once issues on how to correctly merge these very different types of data are resolved. The newly available CEArray data thus provide another opportunity to study continental scale structure and processes with great details.  

Calibration of CEArray 
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Both receiver functions analysis and SKS splitting measurements rely on rotation of horizontal components. Knowledge of the orientations of the two horizontal components is important to perform a correct rotation. We have analyzed particle motions of teleseismic P waves recorded by the network and used them to estimate the north-component azimuth of each station (Niu and Li, 2011). We found that about one third of the stations have some sort of problems, including misorientation of the two horizontal components, mislabeling and polarity reversal in one or more components. We also investigated the instrument response of all the CEArray stations. A calibration signal was recorded on a daily or monthly basis and can be used to calculate the instrument response. We then compared the calculated responses with the sensor and data logger nominal responses and found some discrepancy between the two. Lastly we plan to use the 11 GSN stations to make some comparison of waveforms recorded by different types of sensors. We have reported these issues to CEA and they just started to conduct an investigation on them. 

Crustal Model and SKS Splitting Measurements
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The receiver function analysis provides robust estimates of crustal thickness and average crustal Vp/Vs ratio. We have applied the modified “H-κ” (crustal thickness – Vp/Vs ratio) method [Zhu and Kanamori, 2000; Chevrot and van der Hilst, 2000] to estimate these two parameters [Niu et al., 2007; Chen et al., 2010] beneath all the stations [Niu et al., 2011]. Figure 3 shows the Moho depth map as well as the Vp/Vs ratio map. Crustal thickness changes from ~20 km beneath eastern China to ~80 km beneath the Tibet plateau (Figure 3a). The large variations observed in crustal thickness are expected to have large effects on both the travel times of the body waves as well as the surface waveforms. The crustal model shown here will be used in correcting crustal structure for both body and surface waveform tomography studies. 
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We also measured SKS wave splitting parameters of the CEArray [Li & Niu, 2010a]. We employed a multi-event signal-to-noise ratio (SNR) weighted method and obtained measurements of apparent splitting parameters from most of the 850+ stations. Figure 4 shows the measured fast directions and splitting times at 6 regional seismic networks in northeast China, with a few “nodal” (yellow) and null (red) measurements. We called a measurement “nodal” when the difference between the back azimuths of all the events and the measured fast direction is less than 15(. This occurs when the fast direction is either parallel or perpendicular to the polarization direction of the incoming waves. Thus a “nodal” measurement provides the fast direction with no constraints on the splitting time. When the measured splitting time is less than 0.4 s, we call it a “null” measurement. These SKS splitting measurements will be combined with available splitting measurements at stations in Sichuan and Yunnan
 and jointly inverted with the surface waveform data to obtain an azimuthal anisotropic model of the study area.

Body Waveform Tomography

Back projection tomography has become a standard tool in seismology. Figure 5 shows the distribution of ~700 earthquakes with Mw>5.5 between July of 2007 and December of 2009 as a function of distance and back azimuth from the CEArray. Figure 6 shows an example of the CEArray records from a shallow earthquake that occurred in Indonesia. We expect to collect the same number earthquakes during the next three-year period
. We will pick the P and S wave travel times from these events. They will be used to determine a 3D model of mantle velocity variations beneath the study region. We expect to achieve a lateral resolution of 50 to 100 km in eastern China and ~200 in western China. We don’t have enough station coverage within the Tibet plateau, the Tarim Basin and other western China regions, but we note that several PASScal experiments have been conducted over the last two decades in these regions; we will try to incorporate these open datasets in our inversion to improve the lateral resolution beneath western China. In recent years, the Rice PI FN has been collaborating with a former colleague, Dr. Obayashi at the Japan [image: image11.jpg]0 1000 2000 3000 4000
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Agency for Marine-Earth Science and Technology, who is well experienced in global tomographic studies, to implement hybrid griding for large-scale dense seismic arrays. A finite-frequency kernel has also been added to the inversion and we will use this code for both P and S-wave inversion. Rice PI AL and his Ph.D. student M. Bezada applied a finite frequency tomography method to the BOLIVAR dataset (Bezada et al., 2010). The Rice PIs will work on the body-wave tomography together with the graduate student. FN and AL now have a long history of productive collaboration, having jointly advised several graduate students, and having completed several joint research projects, including the latter half of BOLIVAR. 
We will measure travel times of P and S waves as well as PKP and SKS waves using a cross-correlation based technique. A stack of the respective phases across the array will be used as a source wavelet. Hasegawa et al. [1991] and Zhao et al. [1992] have used local travel times to image the mantle beneath Japan with great success. We will add the local travel time picks in our inversion. For the P-wave velocity inversion, we plan to add the ISC picks in our dataset with a proper weight. To obtain the S-wave velocity model, we plan to use a regular teleseismic tomography inversion scheme, which uses event-based relative travel-time residuals, as the S-wave model obtained here is an intermediate product. The body wave travel time data will be jointly inverted with the surface waveform data to obtain the final S-wave velocity model.

Interpreting upper mantle lithologies from seismic velocities has been aided by a number of recent studies.  Lee (2003) compiled major-element and mineral chemistry data for peridotite samples and found that Vs correlates strongly with Mg# (Mg/(Mg+Fe)×100) whereas Vp exhibits only a very weak positive correlation with Mg#, leading to a decreasing of Vp/Vs with increasing Mg#. The Mg# is positively correlated with the degree of melt extracted, which depends on the tectonic environment where melting took place. Lee  [2003] also found that that Vp/Vs appears to be less sensitive to temperature. In general, S waves are much more difficult to pick and the number of P- and S-wave ray paths are very different in constructing P- and S-wave velocity models. In other words, given their different data coverage and bandwidth, the P and S waves sample different volumes of the mantle. It will be difficult to quantify the resulting uncertainties in Vp/Vs ratios derived directly from independent Vp and Vs models. We thus also plan to use S-P differential times or P and S arrival times picked from the same event-station [image: image13.jpg]T component GR1 mx 3.08538
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pairs to calculate and invert for Vp/Vs ratio [Niu et al., 2004].

Figure 6. An example of seismograms of the 02/20/2008 M7.4 Simeulue, Indonesia, Earthquake recorded by the CEArray. The transverse component records at azimuthal range of 10-20 degrees and 30-40 degrees are shown in the left and right panels, respectively. A variety of body waves as well as the surface wave are clearly seen in the two record sections
Surface waveform Tomography

Our analysis will use as a starting point, a new continental scale surface waveform inversion approach, which combines three-component surface waveforms and SKS splitting measurements to invert for the 3-D upper mantle isotropic velocity as well as radial and azimuthal anisotropy [Marone et al., 2007; Marone and Romanowicz, 2007; Yuan and Romanowicz, 2010a,b].  This approach, originally applied to the case of the North American continent, will be adapted to the case of China and extended to include shorter periods and other types of data, such as constraints on crustal thickness from receiver function analysis. We first describe the method in the context of our North American studies.

We considered three component time-domain long period teleseismic waveforms recorded at stations in North America, low pass filtered with a corner frequency of 80 s and a cut-off frequency of 60 s. We compared observed waveforms, which were divided into wave packets separating fundamental mode and overtone energy, with synthetic waveforms computed using a normal-mode approach. Both the forward and inverse parts of the analysis were cast in the framework of the non-linear normal mode asymptotic coupling theory [NACT; Li and Romanowicz, 1995]. NACT takes into account coupling between modes along and across dispersion branches, thus allowing us to represent the body wave character of overtones. The asymptotic formalism collapses the waveform sensitivity to structure onto the vertical plane containing the source and the receiver, resulting in 2D finite frequency kernels. It is much faster computationally than a complete 3D Born calculation, and also has the advantage of including multiple forward scattering [e.g. Romanowicz et al., 2008a]. It does not take into account the effect of off-path propagation in the horizontal plane (focusing), but this primarily affects amplitudes, while our goal was to model the phase part of our waveforms, at least initially. We have recently extended the period range considered down to a corner frequency of 40s without problem, as was expected since the method was originally developed for global scale applications including body waveforms down to 32 s [e.g. Li and Romanowicz, 1996; Mégnin and Romanowicz, 2000]
We invert for 3D variations of isotropic, as well as radially and azimuthally anisotropic shear velocity structure, in the upper mantle, inside the region of study. Because our long period waveforms are mainly sensitive to a small subset of the full 21 elements of the anisotropic tensor, we parameterize our models in terms of isotropic shear wave velocity (Vs), radial anisotropy parameter ξ = (Vsh/Vsv)2, and 2-( anisotropic parameters Gc and Gs [Montagner and Nataf, 1986]. We considered empirical proportionality relations, based on mineral physics experiments at upper mantle conditions [e.g. Montagner and Anderson, 1989] to take into account the weak sensitivity of our waveforms to the other relevant elastic parameters: density ρ, isotropic P velocity VP, radial anisotropy parameters φ, and η, and azimuthal anisotropy parameters Bc,s, Hc,s, and Ec,s. These relations are as described in [Panning and Romanowicz, 2006] for the radial anisotropy parameters and in Marone and Romanowicz [2007] for the azimuthal anisotropy parameters. 

We implement a spherical irregular triangular mesh [Wang and Dahlen, 1995], with the minimum grid knot spacing at ~200km and ~400km for isotropic Vs and anisotropy ξ and Gc and Gs, respectively. Vertically, the model is parameterized in terms of cubic splines [Mégnin and Romanowicz, 2000] with a finer knot spacing (30-70km) from 24 km to the transition zone and 100-150 km spacing below 670km. Crustal corrections are applied using an approach that takes into account the non-linearity introduced by large variations in Moho depth [Lekic et al., 2010]. For the case of the North American continent, these corrections were based on the Crust 2.0 model [Bassin et al., 2000]  The inversion proceeds in two steps. We first invert the waveform dataset for the 3-D isotropic Vs and radial anisotropic ξ structure in the region, after correcting for propagation effects outside of our study region using a newly developed 3-D global Vs and ξ model [Lekic and Romanowicz, 2011]. In the second step, the waveform dataset, corrected for the 3D Vs and ( structure obtained in the first step, is jointly inverted with station-averaged SKS splitting data for 3D variations in 2-( azimuthal anisotropy, using the formalism of Montagner et al [2000]. We do not apply any a priori constraints to the starting azimuthal anisotropy model, due to lack of such a model at the continental scale. We use a least-squares approach [Tarantola and Valette, 1982] to solve the inverse problem at each step.
An important assumption in Montagner et al. [2000] formalism is that the SKS measurements are done at periods long enough (>~10-15s) that the order of layers with distinct azimuthal anisotropy characteristics does not control the character of the observed splitting [Montagner et al., 2000]. In fact, we have shown that this formalism is valid for our type of application, which utilizes only station averaged measurements, in a somewhat wider band corresponding to typical SKS splitting mesurements [8-16s; Romanowicz and Yuan, 2011] . Another advantage of using station-averaged rather than single event SKS measurements is that it avoids contamination by the possible presence of anisotropy outside of our model space (e.g. the core-mantle boundary region): by station averaging, the incoherent signal along the ray path outside of our model region is effectively muted, while consistent anisotropic signals from the single- or multiple-layered upper mantle structure within our model space contribute to the apparent splitting measurements on the surface. 
In Marone and Romanowicz [2007] and Yuan and Romanowicz [2010a], we showed that inverting the waveform data alone or jointly with SKS splitting data leads to models of azimuthal anisotropy with the same distribution of fast axis directions and the same fits to the long period waveforms, but the model based on surface waveforms alone does not predict the SKS splitting directions well, as found by other authors when comparing surface wave derived models of azimuthal anisotropy and SKS splitting data over continents [Montagner et al., 2000]. The addition of SKS splitting data allows us to better constrain the amplitude of azimuthal anisotropy at depths greater than 200 km without degrading the fit to surface waveforms, while at the same time explaining a significant portion of the variance in SKS splitting observations .
Example of North American Continent with the TA Data

The surface wave method was first applied to the study of the North American (NA) continent using available permanent and temporary broadband stations before the USArray Transportable Array deployment [Marone et al., 2007; Marone and Romanowicz, 2007], at relatively long wavelengths (i.e., 400 km for isotropic Vs and 800 km for radial and azimuthal anisotropy). With addition of four years of the TA data, we were recently able to increase our spatial resolution, both laterally and horizontally. Our 3D upper mantle model of North America now includes isotropic shear velocity, with a lateral resolution of ~200 km, as well as radial and azimuthal anisotropy, with a lateral resolution of ~400 km. Combining the isotropic and anisotropic results from our models, we here summarize the key features of the lithosphere and asthenosphere structure:

1. Changes in the direction of azimuthal anisotropy with depth revealed the presence of two distinct lithospheric layers throughout the stable part of the North American continent (Figure 8) [Yuan and Romanowicz, 2010a]. The top layer is thick (~150 km) under the Archean core and tapers out on the Paleozoic borders. Its thickness variations follow those of a highly depleted layer inferred from thermo-barometric analysis of xenoliths. The LAB is relatively flat (180-240km), in agreement with the presence of a thermal conductive root that subsequently formed around the depleted chemical layer. Our findings tie together seismological, geochemical [Griffin et al., 2004] and geodynamical [Cooper et al., 2004] studies of the cratonic lithosphere in North America. They also suggest that the horizon detected in receiver function studies likely corresponds to the sharp mid-lithospheric boundary rather than to the more gradual LAB.
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2. A rapid change from thin (~70-80km) lithosphere in the western US to thick lithosphere (~200 km) in the central, cratonic part of the continent closely follows the Rocky Mountain Front (RMF). Changes with depth of the fast axis direction of azimuthal anisotropy reveal the presence of two layers in the cratonic lithosphere, as shown in our western US azimuthal anisotropy paper [Yuan and Romanowicz, 2010b], and allow us to define the LAB throughout the craton more precisely than from isotropic velocity tomography or the analysis of receiver function data, which, on the other hand, define the LAB consistently in the western US, where the boundary is sharper (Figure 8). 
In the western US, we find that shallow azimuthal anisotropy (Figure 10a) [Yuan and Romanowicz, 2010b] closely reflects plate motion generated shear in the asthenosphere in the shallow upper mantle (70-150 km depth), whereas at depths greater than 150 km, it is dominated by northward and upward flow associated with the extension of the East-Pacific Rise under the continent, constrained to the east by the western edge of the north-American craton, and to the north, by the presence of the East-West trending subduction zone. 
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Proposed Study of the Upper Mantle beneath China

We will apply and extend the methodology described in the previous section to the case of China. The starting global model, which will be used for correcting for path effects outside of the region of study, will be the global 3D upper mantle radially anisotropic model developed recently at BSL, using a hybrid method based on the spectral element method for forward computations and NACT for partial derivatives computations [Lekic and Romanowicz, 2011]. 

In the case of China, the available datasets present several advantages that will allow us to increase our target resolution both laterally and in depth. First, the crustal thickness is well characterized from recent receiver function studies (Figure 3). Using this information in the starting model, and extending our bandwidth to shorter periods (30-40 s) will allow us to obtain better resolution in the shallow upper mantle as well as include perturbations in the depth of the Moho in the inversion. At the same time, better constraints on the shallow structure will allow us to improve the resolution in the transition zone from the overtone content of our datasets. Also, better azimuthal coverage and dense distribution of high quality SKS splitting measurements (Figure 4) will be critical to improving resolution of azimuthal anisotropy.  We thus expect to extend lateral resolution to ~100 km for isotropic shear velocity, and ~200 km for radial and azimuthal anisotropy, in the depth range 20-500 km. Figure 9 shows a preliminary assessment of data coverage in the region using only open data available through the IRIS/DMC.


Figure 9. Coverage of south and east Asia by available broadband waveform data for permanent and temporary networks available at the IRIS/DMC for the ten year period 2000-2010. Left panels are for Z component waveforms, right panels for T component waveforms. The data have been selected for quality and to balance the dominance of source in the western Pacific subduction zones. Top plots show the ray density (note the different scale for Z and T component). Bottom plots show rose diagrams indicating the azimuthal coverage calculated with a spacing of 5o, for clarity. Further weighting to balance the coverage is applied before inversion. Note that these maps do not yet include the contributions from broadband stations of the Chinese National Network, which will further improve both types of coverage.
Continental scale 3-D shear wave structure of the upper mantle in China has been described in many surface wave tomographic studies [Friederich, 2003; Priestley et al., 2006; Kustowski et al., 2008; Lebedev and Van Der Hilst, 2008]. These studies utilized surface wave dispersion measurements, long period waveforms, or body wave travel times, and provide multiple scale lateral resolution (200– 400 km) images that are comparable to that proposed in the waveform inversion part of our study. A significant advantage of our approach, though, is the increase in amount of data by at least an order of magnitude thanks to the newly available CEArray data. In addition, unlike many large scale surface wave studies that use only the Sv component of the data, our surface wave tomographic approach considers full 3-component waveforms, and inverts simultaneously both for the isotropic S-velocity and the radial and azimuthal anisotropy. In combination with the robust crustal thickness and SKS measurements, and with constraints from S travel time data, our S velocity study will be able to close the resolution gap between the continental scale and regional/local scale tomographic inversions, and reveal smaller wavelength features in both isotropic and anisotropic structure comparable to the high resolution local tomographic studies, as we have already seen in the western US.
Joint inversion of waveforms and body wave travel times

Body wave travel time and waveform inversions for isotropic elastic velocities have their own advantages and disadvantages. Teleseismic body waves provide finer scale lateral sampling, but lack depth resolution in the shallow layers, due to the absence of crossing ray paths. They also inherently cannot resolve long wavelength lateral variations, due to the methodology itself (relative travel times for each event).  Surface waves are necessary to resolve lateral variations in lithospheric structure, as is apparent when comparing body wave derived and surface wave derived models of the North American continent, where lithospheric thickness changes abruptly across the Rocky Mountain Front [Yuan et al., 2011]. In this case, the body wave models do not “see” the fast velocities present under the North American craton down to 200 km. Due to the complex tectonics in China (Figure 2), we expect such significant variations to also be present in the region of study. Also, our waveform inversion approach, combined with SKS splitting measurements allows the development of an isotropic S model that is minimally contaminated by the effects of anisotropy. In particular, adding SKS splitting measurements helps constrain the anisotropy at depths greater than 200 km.

Thus, starting from our waveform derived model and combining the surface waveform data with S body-wave travel time data can lead to an overall higher resolution and a more robust model.

Validation of models and further tuning using the spectral element method

The final 3D isotropic and anisotropic model thus derived can be validated and further improved using the Spectral Element Method. For this purpose, we will consider a set of events located inside the region of study (95º-125ºE, 22º-45ºN, Figure 10), so that the paths to the majority of stations in the region are contained within the perimeter of the region of study. These events will be selected according to their magnitude, the quality of the waveforms recorded, and the robustness of their source parameters (moment tensor) as available from the CMT or other catalogs. The first step will be to check the source parameters by performing our own moment tensor inversions, using our 3D model for path corrections in the context of NACT (e.g. Li and Romanowicz, 1996). A dozen earthquakes of magnitude greater than 5.5 are available at the periphery of the region studied (Figure 10), providing good coverage of the region owing to the large number of stations. We will then compute synthetic seismograms down to 20 s using a regional SEM code (RegSEM) developed at the IPG in Paris by Cupillard (2008) and implemented and further tested at the Berkeley Seismological Laboratory [e.g. Romanowicz et al, 2008b]. This code works for large-scale regional applications, it is in spherical geometry and it includes anisotropy, attenuation, ellipticity, perfectly-matched-layers (PmL’s) and non-conformal mapping of discontinuities [Cupillard et al., 2011].  Each computation is time consuming, however, given the coverage of the region, a dozen events will be sufficient for our purpose (each run provides the entire wavefield for a particular earthquake). We will compare the synthetic waveforms down to 20 s with the corresponding observations. We anticipate that our 3D model, derived using teleseismic data and approximate theories, will require some adjustments. We are however set-up to perform at least one iteration of inversion, using adjoint kernels [e.g. Tarantola, 1984; Tromp et al., 2005] which we have developed for the RegSEM over the last year. This will require two computations per run, albeit only 24 RegSEM computations per iteration. If needed, a second iteration can be performed, after adjustment of the source parameters in the new model (using path corrections computed using RegSEM).

The final validation of the model thus obtained will consist in a comparison of observed waveforms down to 5-10 s with corresponding RegSEM synthetics. This will require more lengthy forward runs for a subset of the regional events considered. Given the large number of stations available, one run (i.e. one event with well constrained source parameters) may be sufficient, although we can also compute the seismograms obtained at each station from the combination of all events (summed seismograms, e.g. Capdeville et al., 2005). An example of comparison of summed synthetics with summed observed seismograms at station XAN is shown in Figure 11. The comparison of waveforms at these periods will determine whether the model is able to predict important phases for discrimination such as Lg. We also plan to use finite difference methods to calculate high-frequency synthetics to test the predictive capability of our models at relative high frequency bands (~1 Hz). AL has considerable experience with FD and hybrid FD-Gaussian beam methods [e.g., Levander, 1988; Robertsson et al., 1997ab]
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Relevance to Solicitation Objective

3-D crust and upper mantle seismic velocity structure is essential for conducting high-quality local and regional seismic event relocation (GT5), seismic event monitoring, simulating relative amplitudes of seismic phases for discrimination studies. With the CEArray waveform data and improved inversion and imaging techniques, we expect to develop P- and S-wave models with lateral resolution of ~100 km across the entire upper mantle. The proposed work primarily addresses BAA Topical Area 2b, “Velocity Models”.  Our target area of study covers many regions with no or low seismicity, such as the Ordos plateau in central China and the northeast China region. The proposed study also fits well with the approaches described in the solicitation that utilize multiple datasets to provide better constraints on models and compare different methods to show their strengths and weakness.

Besides the velocity models, this project will also provide very valuable deliverables to the DOE Knowledge Base, which includes: waveform data of teleseismic events with M ( 5.8 and regional events with M ( 5.0, calibrations of sensor orientation and instrument response of all the stations, 3) travel time data of the teleseismic and regional events, and ground truth testing of the seismic models as predictors of local and regional waveforms.  

 Facilities and Equipment 

The Rice Center for Computational Geophysics is part of a Rice consortium that will take delivery in fall 2010 of a 240 node, 1920 core cluster, with 24 Gbyte memory per node. Half of the nodes will be infiniband connected. The cluster will have 100 Tbyte of fast scratch disk, and 250 Tbyte of normal storage. Currently 
the Rice Center for Computational Geophysics has a dedicated 14-node, 112-core cluster “condo” with 24 Gbyte memory per node, with 6 of the nodes connected by Infiniband. The front end of this cluster is a dedicated Earth Science server, with approximately 40 Tbyte of disk. The machine is operated for the CCG by the Rice High Performance Computing Group at the Rice Data Center. Locally we have a wide array of Linux, Mac, and SUN workstations. We have EarthVision visualization software, Petrel, the Paradigm Focus, and Landmark Promax 2-D and 3-D seismic processing software. In addition we have a large library of academic seismic analysis software including codes written at Rice, as well as SAC, Antelope, and a great deal of IRIS and CIG software. 

The Berkeley Seismological Laboratory (BSL) and Geophysical Computing Laboratory (GCL) of the Dept. of Earth and Planetary Sciences maintains integrated computing facilities include ~100 workstations and servers (a combination of Unix and linux workstations) and 50+ Tbytes of data storage, of which 70 (and 30+Tbytes) are used for NSF-funded research. The GCL also includes a 32-cpu linux cluster, consisting of two parts: a 16 dual-CPU Xeon sub-cluster purchased in 2003, a 16 dual-CPU opteron sub-cluster purchased in 2005(96 Gbytes of memory, total). An additional 312 processor cluster, comprising 39 nodes with 8 x3.0 GHz AMD Opteron processors per node, and 4Gbytes of memory per processor was purchased in 2008 for parallel computations and communication via an Infiniband switch. Finally, several multi-processor Unix and linux servers are available for general computations. In addition, we expect to have access for this project to large scale computing facilities at the DOE funded NERSC super computer center at LBNL.
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c. Work Plan and Schedule
Statement of work and task 

The performance period for this proposal is 36 months. Distributing the research over a three-year period will adequately allow for the necessary resource in the delivery, processing, screening and analyses of the large mount of data that will be made available to this project. 

The lead PI, Fenglin Niu, will be responsible for the overall coordination, collaboration with CEA researchers and data collection from CENC, and work with Rice Co-PI, Alan Levander, on supervision of the Rice graduate student. The PIs will work with the student on the P- and S-wave tomographic modeling and the model validation. The Co-PI, Barbara Romanowicz, will work with the postdoctoral researcher, Huaiyu Yuan, on the surface waveform inversion and the joint modeling of the body wave and surface wave data. 

We have already collected 1-hour long event data of the CEArray recorded between July 2007 and December 2009. The data will be adequate for starting P- and S-wave body wave tomography. We will need to assemble an event dataset of ~5-hour long and 1 sample per second for the surface wave study. The Rice PI FN plans to visit CENC to assemble the dataset, and AL will work with the student in preparing the tomographic inversion. At the same time, the UCB PI will work with the post doc to set up the starting model, design the grids and implement crustal structure from the existing receiver functions and SKS splitting measurements as well as construct a preliminary model based on openly available data from the IRIS/DMC. The waveform analysis includes comparison of observed and synthetic seismograms, which provides a way to readily detect timing and instrument response problems and crosscheck calibrations.

Since CENC is correcting sensor orientation now, we need to recalibrate those stations once CENC finishes adjusting their instruments. We will document all the changes in station configuration and incorporate them in our tomographic inversion and also provide them as part of the deliverables.

A detailed task description and milestones is listed below

	Task Phases
	Task Description and Milestones

	Phase I 
	Year 1: Massive data collection, calibration, model preparation, preliminary modeling

	Task 1.1
	Assemble the surface waveform data and collect new data from body wave analysis

	Task 1.2
	Document and re-calibrate the stations that will be adjusted in 2010.

	Task 1.3
	Measure travel times of P, S, PKP, SKS, and other major phases.

	Task 1.4
	Set up starting model for body and surface waveform inversion, design the grids based on 3D crustal models from receiver functions and SKS splitting data.

	Task 1.5
	Conduct preliminary analysis to obtain long wavelength model from teleseismic surface wave data

	Task 1.6
	Choose a sub area with dense instrument coverage for starting the P-wave travel-time tomographic inversion.

	
	

	Phase II
	Year 2: High-resolution modeling, SEM simulation 

	Task 2.1
	Continue retrieving seismic waveform data from China.

	Task 2.2
	Conduct P- and S-wave tomographic inversion to obtain P- and S-wave velocity models

	Task 2.3
	Conduct surface waveform tomography with constraints from SKS splitting to obtain a 3D model of anisotropic S-wave velocity structure.

	Task 2.4
	Compute SEM synthetics with the resulting models.

	Phase III
	Year 3: Validation and final modeling, numerical modeling or regional waves 

	Task 3.1
	Perform the joint inversion of body wave travel time data and surface waveform data to obtain the final models

	Task 3.2
	Restrict area with high data coverage to compute high-frequency (~5-10 s) SEM synthetics and to compare them with regional waveform data.

	Task 3.3
	Choose areas for testing the predictive capability of the models 

	Task 3.4
	Summarize all individual models 

	Task 3.5
	Compile the final results and compare to existing models from independent studies.

	Task 3.6
	Interpreting data under the context of geology and tectonics.

	
	


Proposed Schedule 

	Task Phases
	Schedule
	Task Description and Milestones

	Phase I 
	Year 1
	Year 1: Massive data collection, calibration, model preparation, preliminary modeling

	Task 1.1
	Month 1 – 12
	Assemble the surface waveform data and collect new data from body wave analysis. Data retrieving will be done in appropriate time during the year (Rice).

	Task 1.2
	Month 1 – 2
	Document and re-calibrate the stations that will be adjusted in 2010 (Rice). 

	Task 1.3
	Month 1 – 9
	Measure travel times of P, S, PKP, SKS, and other major phases (Rice).

	Task 1.4
	Month 1 – 6
	Set up starting model for body and surface waveform inversion, design the grids based on 3D crustal models from receiver functions and SKS splitting data. (UCB)

	Task 1.5
	Month 6 – 12 
	Conduct preliminary analysis to obtain long wavelength model from teleseismic surface wave data (UCB)

	Task 1.6
	Month 10 – 12
	Chose a sub area with dense instrument coverage for starting the P-wave travel-time tomographic inversion (Rice).

	Deliverable
	Month 12
	Prepare annual report (joint with UCB).

	Phase II
	Year 2
	Year 2: High-resolution modeling, SEM simulation 

	Task 2.1
	Month 13 – 24
	Continue retrieving seismic waveform data from China. Data retrieving will be done in appropriate time during the year (Rice)

	Task 2.2
	Month 13 – 22 
	Conduct P- and S-wave tomographic inversion to obtain P- and S-wave velocity models (Rice)

	Task 2.3
	Month 13 – 22
	Conduct surface waveform tomography to obtain a 3D model of anisotropic S-wave velocity structure (UCB).

	Task 2.4
	Month 22 – 24
	Compute SEM synthetics with the resulting models (Rice & UCB)

	Deliverable
	Month 22 – 24
	Prepare annual report and publications (joint with UCB).

	Phase III 
	Year 3
	Year 3: Validation and final modeling, numerical modeling or regional waves 

	Task 3.1
	Month 25 – 30 
	Perform the joint inversion of body wave travel time data and surface waveform data to obtain the final models (UCB)

	Task 3.2
	Month 25 – 30
	Restrict area with high data coverage to compute high-frequency (~5-10 s) SEM synthetics and to compare them with regional waveform data (Rice).

	Task 3.3
	Month 31 – 32 
	Choose areas for testing the predictive capability of the models  (Rice & UCB)

	Task 3.4
	Month 33 – 34
	Summarize all individual models  (Rice & UCB)

	Task 3.5
	Month 33 – 34


	Compile the final results and compare to existing models from independent studies. (Rice & UCB)

	Task 3.6
	Month 35
	Interpreting data under the context of geology and tectonics (Rice & UCB).

	Deliverable
	Month 33 – 36
	Prepare the final report, publication, and submit database and final data analysis (joint with UCB).


Deliverables 

· Broadband wave data collected from the CEArray.

· Station orientation, instrument response and other station configurations.

· Arrival times, surface wave phases for events analyzed under contract.

· 3D P and S wave velocity, radial and azimuthal anisotropy models beneath China

· Ground truth testing of the seismic models as predictors of regional waveforms

· Semi-annual R&D status reports.

· 4 annual technical reports.

· A final technical report.

d. Key Personnel 

(1) Biographical Sketch of  Fenglin Niu

Prof. F. Niu has extensive experience in working with seismic array data analysis, as well as  general digital signal processing. He has been implementing direct imaging techniques, such as common-conversion-point (CCP) stacking, depth migration, waveform tomography and waveform inversion, for passive seismic data to investigate crustal and mantle structures. His research interests focus on seismic wave propagation, seismic structure from crust to core, fault zone processes, and earthquake physics. 

Education

Ph.D., 
in Geophysics, University of Tokyo, March 1997 

M.S., 
in Geophysics, University of Tokyo, March 1994 

B.S., 
in Geophysics, University of Science and Technology of China, July 1988
Fellowship and Awards

NSF and Carnegie Fellowship 2000 - 2002 

Science and Technology Agency of Japan (STA) Fellowship 1999 

Japan Society for the Promotion of Science (JSPS) Fellowship 1997 - 1998 

Monbusho Scholarship of the Ministry of Education, Japan 
1992 - 1997

Membership in Professional Societies

American Geophysical Union 

Seismological Society of Japan

Professional Experience/Appointments

07/08 – present, Associate Professor, Department of Earth Science, Rice University

08/02 – 06/08, Assistant Professor, Department of Earth Science, Rice University

08/02 – present, Visiting Investigator, Department of Terrestrial Magnetism, Carnegie Institution of Washington (CIW)

01/00 – 07/02, NSF and Carnegie Fellow, Department of Terrestrial Magnetism, Carnegie Institution of Washington (CIW)

01/99 – 12/99,
STA Fellow, Solid Earth Science Division, National Research Institute for Earth Science and Disaster Prevention (NIED) 

04/97 – 12/98,
JSPS Fellow, Earthquake Research Institute (ERI), University of Tokyo

Honors & Awards
2008-2009: Visiting Professor, Institute of Geophysics, CEA, China

2007: NSF CAREER Award


2007-2009: Visiting Professor, Institute of Earthquake Science, CEA, China

2005-2006: Invited summer course Lecturer, College of Earth Science, Graduate University of Chinese Academy of Science, China

2005: Visiting Professor at the University of Tokyo, Japan 

1999: Science and Technology Agency of Japan (STA) Fellowship 

1997-1998: Japan Society for the Promotion of Science (JSPS) Fellowship 

1992-1997: Monbusho Scholarship of the Ministry of Education, Japan 

Selected Publications

1. J. Huang, E. Vanacore, F. Niu, and A. Levander, Mantle transition zone beneath the Caribbean-South American plate boundary and its tectonic implications, Earth Planet. Sci. Lett., 289, 105-111 doi:10.1016/j.epsl.2009.10.033, 2010.

2. Y. He, A. Levander, F. Niu, A localized waveform inversion at teleseismic distances: an application to the D" region beneath the Cocos plate, Geophys. J. Int., 180, 1344-1352, doi:10.1111/j.1365-246X.2009.04489.x, 2010

3. Y. Chen, F. Niu, R. Liu, Z. Huang, H. Tkalcic, L. Sun, and W. Chan, Crustal Structure beneath China from receiver function analysis, J. Geophys. Res., 115, B03307, doi:10.1029/2009JB006386, 2010.

4. T. Taira, P. G. Silver, F. Niu , R.M. Nadeau, Remote Triggering of Fault-Strength Changes on the San Andreas Fault at Parkfield, Nature, 461, 636-639 doi:10.1038/nature08395, 2009.

5. M. Miller, A. Levander, F. Niu, A. Li, Upper mantle structure beneath the Caribbean-South American plate boundary from surface wave tomography, J. Geophys. Res., 114, B01311, doi:10.1029/2007JB005507, 2009.

6. M. Miller, F. Niu , Bulldozing the core-mantle boundary: localized seismic scatterers beneath the Caribbean Sea, Phys. Earth Planet. Inter., 170, 89-94, 2008

7. F. Niu, Q.-F. Chen, Seismic evidence for distinct anisotropy in the innermost inner core, Nature Geoscience, 1, 692 - 696, doi:10.1038/ngeo314, 2008.

8. F. Niu, P. Silver, T. Daley, X. Cheng, E. Majer, Preseismic velocity changes observed from active source monitoring at the Parkfield SAFOD drill site, Nature, 454, doi:10.1038/nature07111, 2008

9. J. Li, Q.-F., Chen, E. Vanacore, F. Niu, Topography of the 660-km discontinuity beneath northeast China : Implications for a retrograde motion of the subducting Pacific slab, Geophys. Res. Lett., 35, L01302, doi:10.1029/2007GL031658, 2008.

10. F. Niu, T. Baldwin, G. Pavlis, F. Vernon, H. Rendon, M. Bezada, A. Levander, Receiver Function Study of the Crustal Structure of the Southeastern Caribbean Plate Boundary and Venezuela, J. Geophys. Res.,112, B11308, doi:10.1029/2006JB004802 2007. 

11. Levander, F. Niu, C.-T.A. Lee, and X. Cheng, Imag(in)ing the Continental Lithosphere, Tectonophysics, 416, 167-185, 2006.

(2) Biographical Sketch of Alan Levander

Education 
Ph.D., 
in Geophysics, Stanford University, June 1984 

M.S., 
in Geophysics, Stanford University, June 1978 

B.S., 
in Geology, University of South Carolina, June 1976 

Professional Experience

7/98-present
Chair, Department of Earth Science, Rice University.

4/98-present
Co-Director, Rice Center for Computational Geophysics.

7/96-present
Carey Croneis Professor, Dept.Earth Science, Rice Univ., Houston, TX.

7/94-6/96
Professor, Dept. Geology & Geophysics, Rice Univ., Houston, TX.
7/88-6/94  
Associate Professor, Dept. Geology & Geophysics, Rice Univ., Houston, TX.

7/84-7/88
Assistant Professor, Dept. Geology & Geophysics, Rice Univ., Houston, TX.

4/83-6/84
Research Geophysicist, Gulf R&D Pittsburgh, PA, and Houston, TX.

6/77-3/79
Geophysicist: U.S.G.S., Menlo Park, CA. Exchange Scientist to the U.S.S.R.

Honors & Awards

George P. Woollard Award, 2007, Geophysics Division, Geological Society of America; Humboldt Research Prize, Alexander von Humboldt Foundation, at GFZ-Potsdam, Germany, 2006-2007; W.S. Jardetsky Lecturer, Lamont-Doherty Earth Observatory, Columbia University, September, 2003; Distinguished Lecturer, Los Alamos National Laboratory, August, 2002; Fellow, American Geophysical Union, 2001; Fellow, Geological Society of America, 1997.

Synergistic Activities

German Science Foundation Panel, Special Research Program SAMPLE, 2008, 2010

NSF Cooperative Math Geosciences Panel, 2010

Editorial Board, Solid Earth, 2009-present

Cooperative Institute for Deep Earth Research, Proposal Writing Committee, 2009, Workshop Lecturer, 2006, 2008.

Computational Infrastructure for Geodynamics, Executive Committee, 2007-2010, Proposal Writing Committee, 2009, Seismology Working Group, 2005 – 2007, Chair 2009 - present
Imaging Science Workshops for USArray, 2006-2008, with R. Aster, G. Pavlis, and S. Rondenay

OBSIP Steering Committee, 2004-2007.

IRIS Planning Committee, 2003-2005, IRIS PASSCAL Standing Committee Chair, 2006-2008, IRIS PASSCAL Active Source Seismology Committee co-Chair, 2009
Scientific Program Committee, Backbone of the Americas Conference, GSA, 2004-2006

NRC Committee on Seismology and Geodynamics, Vice-Chair, 2001-2006.
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1. Levander, A., and G. Nolet, 2005, Seismic Earth: Array Analysis of Broadband Seismograms, Geophysical Monograph Series, 157. American Geophysical Union, Washington, D.C., 280 pages.

2. Niu, F., A. Levander, S. Ham, M. Obayashi, 2005, Mapping the subducting Pacific slab beneath southwestern Japan with Hi-net receiver functions, Earth and Planetary Science Letters, 239, 9-17, 10.1016/j.epsl.2005.08.009

3. Levander A., F. Niu, and W.W. Symes, 2005, Imaging teleseismic P to S scattered waves using the Kirchhoff integral,  in, A. Levander and G. Nolet, editors, Seismic Earth: Array Analysis of Broadband Seismograms, Geophysical Monograph Series 157, American Geophysical Union, Washington, D.C., 149-169, doi10.1029/156GM10.

4. Levander, A., F. Niu, C.-T.A. Lee, and X. Cheng, 2006, Imag(in)ing the Continental Lithosphere, Tectonophysics, 416, 167-185.

5. Levander, A., C.A. Zelt, and W.W. Symes, 2007, Active Source Seismology: A Primer, A. Dziewonski and B. Romanowicz, Ed., Treatise on Geophysics: Seismology and Structure of the Earth, Vol 1,  247-288.

6. Gao, F., A. Levander, R.G. Pratt, C.A. Zelt, and G-L. Fradelizio, 2007, Waveform tomography at a groundwater contamination site: Surface reflection data, Geophysics, 72, G45-G55.

7. Niu, F., T. Bravo, G. Pavlis, F. Vernon, H. Rendon, M. Bezada, and A. Levander, 2007, Receiver function study of the crustal structure of the southeastern Caribbean plate boundary and Venezuela, J. Geophys. Res., 112, doi:10.1029/2006JB004802

(3) Biographical Sketch of Prof. B. Romanowicz

Prof. B. Romanowicz has extended experience in the following areas:

· Wave propagation theory: she has a thorough understanding of the capabilities and limitations of various approximations used in the generation of synthetic waveform seismograms in a 3D earth. In particular she has contributed to the development of asymptotic methods for the modeling of focusing effects (e.g. Romanowicz and Roult, 1096; Romanowicz, 1987; 1988), the development of theoretical expressions for the effects of anisotropy in a normal mode framework (Romanowicz and Snieder, 1988) and the modeling of waveform seismograms, including both surface waves and body waves (e.g. Li and Romanowicz, 1995).

· She has considerable experience in large scale tomographic inversions, in particular, she has been a pioneer in the inversion of whole waveform seismograms for global elastic structure: with her co-workers, she has developed several generations of global tomographic models of the whole mantle (S velocity) using waveform seismograms (SAW12D, Li and Romanowicz, 1996; SAW24B16 Mégnin and Romanowicz, 2000; SAW362AN, Panning and Romanowicz, 2006) as well as continental scale models of the upper mantle (Marone and Romanowicz, 2007; Marone et al., 2007; Yuan and Romanowicz, 2010ab; Yuan et al., 2011).
· She has also spent considerable research effort on the determination of 3D Q structure in the upper mantle at the global scale, and how to deal with contaminating elastic effects (Romanowicz, 1990, 1994, 1995; Gung and Romanowicz, 2004).

· She has experience with the use of numerical methods for wave propagation in 3D media, specifically, the spectral element method (Capdeville et al., 2003; Toh et al., 2005) and has recently supervised a PhD thesis in which a global upper mantle shear velocity model was developed using the spectral element method (Lekic and Romanowicz, 2011).

References to add to the reference list:

Toh, A., B. Romanowicz, Y. Capdeville and N. Takeuchi (2005) 3D effects of sharp boundaries at the borders of the African and Pacific Superplumes: observation and modeling,  Earth and Planet. Sci. Lett.,233, 137-153.

PROFESSIONAL PREPARATION (abbreviated)
Mathematics section, École Normale Supérieure, "Sèvres," Paris, France   
1970-74

Doctorat d'État, Geophysics,
Université Paris 7, Paris, France
1979

APPOINTMENTS

2002-2006      
Chair, Dept. of Earth & Planetary Science, U.C.  Berkeley

1991-present    
Professor of Geophysics, University of California, Berkeley

                         
Director, Berkeley Seismological Laboratory

1998-present    
Adjunct Scientist, Monterey Bay Aquarium Research Institute, 

1986-1990       
Directeur de Recherches, CNRS, Institut de Physique du Globe, Paris

1981-1986       
Chargée de Recherches, CNRS, Institut de Physique du Globe, Paris

1981-1990        
Director, Geoscope Program

1979-1981       
Postdoctoral Associate, MIT, Cambridge, Massachusetts

1978-1979       
Attachée de Recherches, CNRS, Institut de Physique du Globe, Paris

RECENT SYNERGISTIC ACTIVITIES (selection)

2000-present   
Member, California Integrated Seismic Network (CISN) Steering 
    
Committee (Chair 2000-2001 and 2009-pres)

2004
Member, Committee of Visitors (COV), NSF (EAR/IF panel).

2004-2008   
Member, Scientific Advisory Committee for the Institut de Recherche pour le         Développement (IRD), France

2005-2006
Member, IRIS Planning Committee

2006-
Member, National Earthquake Prediction Evaluation Council

2006-2008
Member, BESR, National Research Council

2006-
Advisory Committee, Dept of Geophysics, Colorado School of  Mines

2006-
Member, Adv. Com., Dept of Geophysics, Univ. of Alaska, Fairbanks

2007-
Member, Fellows Committee, AGU (chair 2008 and 2009)

2007-2009
Member, Advisory Committee, College de France, Paris

ACADEMIC AWARDS AND DISTINCTIONS

French Academy of Sciences Prize (Fonds Doistau-Blutet)(1989); Fellow, American Geophysical Union (1990); Silver Medal of the CNRS, France (1992); Alfred Wegener Medal of the European Union of Geosciences (1999); Fellow, American Academy of Arts and Sciences (2001); Beno Gutenberg Medal of the European Geophysical Society(2003); Elected to the National Academy of Sciences (2005); Inge Lehmann medal of the AGU (2009); Reid Medal of the Seismological Society of America (2011).
Relevant Publications
1. Panning, M. and B. Romanowicz (2006) A three dimensional radially anisotropic model of shear velocity in the whole mantle, Geophys. J. Int., 167, 361-379.

2. Marone, F., Y. C. Gung and B. Romanowicz (2007) High resolution 3D radial anisotropic structure of the North American upper mantle from inversion of surface waveform data, Geophys. J. Int., 171, 206-222: 10.1111/j.1365-246X.2007.03465.x
3. Cao A. and B. Romanowicz (2007) Locating scatterers in the mantle using array analysis of PKP precursors from an earthquake doublet, Earth Planet. Sci. Lett., 255, 22-31.
4. Romanowicz, B. and B. Mitchell (2007) Q in the Earth from crust to core, Treatise of Geophysics, Vol. 1, published by Elsevier.

5. Romanowicz, B., M. Panning, Y. Gung and Y. Capdeville (2008) On the computation of long period seismograms in a 3D earth using normal mode based approximations, Geophys. J. Int, 175, 520-536, DOI: 10.1111/j.1365-246X.2008.03914.x
6. Lekic, V., J. Matas, M. Panning and B. Romanowicz (2009) Measurement and implications of frequency dependence of attenuation, Earth Planet. Sci. Lett., doi:10.1016/j.epsl.2009.03.030
7. Yuan, H. and B. Romanowicz (2010) Litospheric layering in the North American Continent, Nature, . 466, 1063-1069.
8. Lekic, V. and B. Romanowicz (2011) Inferring mantle structure by full waveform  tomography using the Spectral Element Method, Geophys. J. Int., 185, 799-831, doi: 10.1111/j.1365-246X.2011.04969.x.
(4) Biographical Sketch of  Huaiyu Yuan

Dr Huaiyu Yuan has been working on time domain waveform inversion at Berkeley for the past three years, and has gained extensive experience in these techniques, including embedding a high resolution regional upper mantle model in a lower resolution global one, as well as combining different types of data, such as waveforms and SKS splitting measurements (e.g. Yuan and Romanowicz, 2010ab).

PROFESSIONAL PREPARATION 

2000 - 2007, Doctoral Program, Department of Geology and Geophysics

                                   University of Wyoming, Laramie, WY

1998 – 2000, M.S., Department of Geology and Geophysics, Yale University, 

                                   New Haven, CT.

1990 – 1995, B.S., Department of Geophysics, Peking University, Beijing China
APPOINTMENTS

2007-present, Post-doctoral Researcher, Berkeley Seismological Laboratory, UC, Berkeley, Berkeley, CA

2000-2007, Graduate Research Assistant, Department of Geology and Geophysics, University of Wyoming, Laramie, WY

1998-2000, Graduate Fellowship, Department of Geology and Geophysics, Yale University, New Haven, CT

PUBLICATIONS

1. Yuan, H., B. Romanowicz, K. Fisher, and D. Abt (2011), 3-D shear wave radially and azimuthally anisotropic velocity model of the North American upper mantle, Geophys. J. Int., 184, 1237-1260, 10.1111/j.1365-246X.2010.04901.x.
2. Yuan, H., and B. Romanowicz (2010a), Lithospheric layering in the North American Craton, Nature, 466, 1063-1068.

3. Yuan, H., and B. Romanowicz (2010b), Depth Dependent Azimuthal anisotropy in the western US upper mantle, Earth  Planet. Sci. Lett., 300, 385-394, doi: 10.1016/j.epsl.2010.10.020.

4. Yuan, H., and K. Dueker (2010), Relict Slab and Young Plume: Seismic View of the Present Time Wyoming Lithosphere, Earth Science Frontiers (Chinese), 17(3), 127-138.
5. Abt, D., K. M. Fischer, S. W. French, H. A. Ford, H. Yuan, and B. Romanowicz (2010), North American Lithospheric Discontinuity Structure Imaged By Ps and Sp Receiver Functions, J. Geophys. Res, 115(B9), B09301, doi: 10.1029/2009jb006914.
6. Yuan, H., K. Dueker, and J. C. Stachnik (2010), Crustal Structure and Thickness along the Yellowstone Hotspot Track: Evidence for lower crustal outflow from beneath the eastern Snake River Plain, Geochem. Geophys. Geosyst., doi:10.1029/2009GC002787.
7. Yuan, H., K. Dueker, and D. L. Schutt (2008), Testing five of the simplest upper mantle anisotropic velocity parameterizations using teleseismic S and SKS data from the Billings, Montana PASSCAL array, J. Geophys. Res., 113, B03304, doi:10.1029/2007JB005092

8. Schutt, D. L., K. Dueker, and H. Yuan (2008), Crust and upper mantle velocity structure of the Yellowstone hot spot and surroundings, J. Geophys. Res., 113, B03310, doi:10.1029/2007JB005109

9. Stachnik, J. C., K. Dueker, D. L. Schutt, and H. Yuan (2008), Imaging Yellowstone plume-lithosphere interactions from inversion of ballistic and diffusive Rayleigh wave dispersion and crustal thickness data, Geochem. Geophys. Geosyst., 9, Q06004, doi:10.1029/2008GC001992. 

10. Yuan, H., and K. Dueker (2005), Teleseismic P-wave tomogram of the Yellowstone plume, Geophys. Res. Lett., 32, L07304, doi:10.1029/2004GL022056.
11. Yuan, H., and K. Dueker (2005), Upper mantle tomographic Vp and Vs images of the Rocky Mountains in Wyoming, Colorado and New Mexico: Evidence for thick, laterally heterogeneous lithosphere, in The Rocky Mountain region--an evolving lithosphere: tectonics, geochemistry, and geophysics, edited by G. Randy, and K.E. Karlstrom, pp. 329-345, American Geophysical Union, Washington, DC.

12. Park, J., H. Yuan, and V. Levin (2004), Subduction-zone anisotropy under Corvallis, Oregon: A serpentinite skidmark of trench-parallel terrane migration? J. Geophys. Res., 109, B10306, doi:10.1029/ 2003JB002718

13. Dueker, K and H. Yuan (2004), Upper mantle P-wave velocity structure from PASSCAL teleseismic transects across Idaho, Wyoming and Colorado, Geophys. Res. Lett., 31, L08603, doi:10.1029/ 2004GL019476

14. Dueker, K., H. Yuan and B. Zurek (2001), Thick-Structured Proterozoic Lithosphere of the Rocky Mountain Region, GSA Today, v.11,4-9. 















Figure 10. Map shows the study area with dense station coverage and 16 Mw6+ earthquakes. Ray paths of the surface waves propagation from the earthquakes to the stations are shown in green lines. Note the good coverage of the ray paths in the study area.








Figure 3. (a) Moho depth relief map inverted from receiver function measurements at more than 500 CEArray stations. Red and blue lines indicate major and sub-block boundaries. (b) The same as (a) but for lateral variations of average crustal Vp/Vs ratio. 

















Figure 11. Summed seismogram on the vertical component at station XAN for paths across SE Asia, computed using RegSEM and a 3D model available for this region (Romanowicz et al., 2008b).  Here, one single RegSEM computation was done using the events and stations shown in Figure 10. Epicentral distances range between 5 and 40 deg. Before summation all the events have been shifted so that their origin times coincide (both in observations and in computations). Black: observed trace, red: synthetic trace. Horizontal axis is time in second. This particular example was obtained using data low pass filtered at 60 s, but can also be done down to 5-10s.











Figure 8. 3-D rendering of the isotropic Vs and radial anisotropy model viewing from the southwest (a and c), and the northwest (b and d). The isosurfaces in a) and b) are drawn at -1.5% and 3% for the slow and fast velocities, respectively. The velocity variations are with respect to the NA regional average. For radial anisotropy (c and d), the isosurface values are -2% and 4%.  From Yuan et al. (2011)








Figure 7. Upper mantle layering defined by changes in the direction of fast axis of azimuthal anisotropy. Left: deviation from the NA absolute plate motion direction [Gripp and Gordon, 2002] of the fast axis direction as a function of depth along a depth cross-section AA’. Rapid changes of the fast axis directions mark the boundaries between Layers 1 and 2 (black dashed line) and the LAB (continuous black line). Red dashed line: prediction of LAB depth from the geodynamic calculation [Cooper et al., 2004], using the relation from Cooper et al. [2004] between thickness of chemical (Layer 1) and thermal (Layer 2) lithosphere, and using as input our Layer 1 thickness. This is in good agreement with the seismically inferred LAB north of 38˚ latitude.  Black dots indicate depth of boundary detected by receiver function studies [Yuan et al., 2006; Rychert and Shearer, 2009; Abt et al., 2010]. Right: North American Precambrian basement map (modified from Whitmeyer and Karlstrom [2007]) and the depth cross-section AA’ location.




















Figure 2. Tectonic sketch map of China (from Chen et al., 2010). The blue lines indicate the major crustal blocks.





Figure 1. Distribution of 145 national network stations (red squares) and the 700+ regional network stations (blue triangles). 

















Figure 5. The distribution of the ~700 regional and teleseismic events with M ≥ 5.5 occurred between July 1 of 2007 and December 31 of 2009. Red circles and green diamonds indicate earthquakes with a hypocentral depth less and greater than 100 km, respectively. 





Figure 4. Map showing the measured fast directions and splitting times at the 108 stations from 6 regional networks in northeast China. The fast-axis direction is shown by a bar line, and the amount of splitting is indicated by the size of the circle plotted on the top of the stations. Red symbols represent “null” measurements with (t <0.4 s, while the yellow symbols denote “nodal” measurement, corresponding to a φ either perpendicular or parallel to the back azimuths of the incoming rays.








�is there any update on this?


�If you don't want to include the new map, then we should say something about the other available measurements and perhaps add a reference or two.


�This should be clarified - 3 years from 2009 puts us in 2012...


�Needs update
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