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ABSTRACT

Multi parameter full waveform inversion (FWI) usually suffers from the inherent tradeoff in6

the multi parameter nature of the model space. In orthorhombic anisotropy, such tradeoff7

is magnified by the large number of parameters involved in representing the elastic or even8

the acoustic approximation of such a medium. However, using a new parameterization9

with distinctive scattering features, we can condition FWI to invert for the parameters the10

data are sensitive to at different stages, scales, and locations in the model. Specifically,11

with a combination made up of a velocity and particular ratios of the elastic coefficients,12

the scattering potential of the anisotropy parameters has stationary scattering radiation13

patterns as a function of the type of anisotropy. With our new parametrization, P -wave data14

are mainly sensitive to the scattering potential of 4 parameters: the horizontal velocity in the15

x1 direction, vh, ε, which provides scattering mainly near zero offset in the x1 − x3 vertical16

plane, εd, which is the ratio of the horizontal velocity squared in the x1 and x2 directions,17

and δ3 describing the anellipticity in the horizontal plane. Since, with this parametrization,18

the radiation pattern for the horizontal velocity and ε is azimuthally independent, we can19

perform an initial VTI inversion for these two parameters, and then use the other two20
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parameters to fit the azimuthal variation in the data. This can be done at the reservoir21

level or any region of the model. Including the transmission from reflections, the migration22

velocity analysis (MVA) component, into the picture, multi-azimuth surface seismic data are23

mainly sensitive to the long wavelength components of vh, and two dimensionless parameters24

through the diving waves, and three other dimensionless parameters in the transmission to25

or from reflectors (especially, in the presence of large offsets). They are also sensitive to the26

short wavelength component of vh and ε.27
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INTRODUCTION

Orthorhombic anisotropy has emerged as the most practical model that combines the natu-28

ral, mostly vertical, layering of the Earth (due to gravity), and the normal horizontal stress29

variations from salt intrusions, tectonic regimes, as well as reservoir level fracturing, and yet30

the model is reasonably treatable (Cheadle et al., 1991; Schoenberg and Helbig, 1997). We31

may not invert for all the parameters, but using waveform inversion we may invert for the32

parameters we need and the parameters that the data are sensitive to. In 3D multi azimuth33

acquisition, we have sensitivities along the vertical direction usually provided by the reflec-34

tivity, sensitivities in the radial (away from vertical) direction usually highlighted by the35

data variation with offset, sensitivities to lateral changes embedded in the lateral variation36

in the analysis, and finally sensitivities to the azimuth provided directly by the azimuth37

of the acquisition. Two of these sensitivities are mainly related to inhomogeneity, and the38

other two are related to anisotropy. Orthorhombic inhomogeneous media can encompass39

all these variations. Since P -wave data are the easiest to acquire and have the highest40

quality, the acoustic assumption can reduce the complexity of the inversion considerably41

(Alkhalifah, 2003; Song and Alkhalifah, 2013). However, in FWI, the elastic story is useful42

if we are heading toward higher resolution (Tarantola, 1986), where amplitudes matter.43

In the acoustic case, six parameters that may change laterally or vertically govern the44

orthorhombic model description (Tsvankin, 1997; Alkhalifah, 2003). This is five more than45

what we are used to look at in the isotropic case (P -wave velocity). Even with multi46

azimuth data, the problem is complicated by the complex tradeoff in the data sensitivity47

to the parameters. In addition, if the azimuth of the orthorhombic axis is unknown, we48

will need to invert for it as well. As a result, we have a potential for a large null space49
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in the inversion problem. However, we have realized recently that these parameters can50

be inverted at different scales within the surface P-wave seismic data wavelength range51

(Alkhalifah, 2016; Masmoudi and Alkhalifah, 2016). In FWI, we usually have a reflectivity52

scale and a traveltime resolution scale. The data are sensitive to these parameters (other53

than velocity) at mainly one resolution scale, and thus, at that scale we can constrain the54

parameter. Some of these parameters may provide reservoir scale information with higher55

frequency data.56

In any multi-parameter inversion, like in anisotropic materials, the goal is to choose a57

parameterization that can provide a minimum set of parameters that the data are sensitive58

to with minimal tradeoff (Burridge et al., 1998; Plessix and Cao, 2011; Prieux et al., 2011;59

Operto et al., 2013). Such parametrization depends on data acquisition, and in the case of60

surface seismic data, it depends on the available azimuths and offsets. Finding a minimum61

set of parameters that can explain the data can lead to a better inversion. Alkhalifah62

and Plessix (2014) analytically analyzed the radial dependency (radiation pattern) of the63

anisotropic parameter perturbation in acoustic transversely isotropic media with a vertical64

symmetry axis (VTI). They advocated using certain combinations of parameters for various65

FWI strategies, including those that start with a model obtained from MVA, and those66

obtained from inverting diving wave energy. Alkhalifah (2016) analyzed the data sensitivity67

to the long and short wavelength components of the model in VTI media. As a result of the68

analysis, Alkhalifah (2016) suggested that the combination that includes the NMO velocity,69

vn, and m the anellipticity parameter, η, was the most practical for the long wavelength70

model components, extracted mainly from velocity analysis or tomography. On the other71

hand, a combination that includes vh and ε for the short wavelength component extracted72

from FWI, with the ability to further update the long wavelength features of the horizontal73
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velocity using the diving waves. In this case, and based on the radiation patterns, high74

resolution η is not reasonably resolvable, and thus, kept constant through the FWI process.75

In addition, the sensitivity of the data to perturbations in the model parameters is well76

represented by the first (linear) term of the Born series, which is adjointly related to the77

gradient of FWI. However, data are also very sensitive to the transmission components of78

these model parameters to and from predicted perturbations, and are well approximated by79

the long wavelength part of the second term of the Born series. This nonlinear component80

of the influence is usually handled under the context of migration velocity analysis (MVA)81

in the image domain (Yilmaz and Chambers, 1984), or recently by reflection waveform82

inversion (RWI) in the data domain (Xu et al., 2012). In this article, we will focus on83

analyzing the scattering and transmission potential behavior of the model parameters using84

a new parametrization for orthorhombic anisotropy. In this case, we analyze inversion85

gradients corresponding to classical scattering and those corresponding to transmission86

from a predicted reflector associated with RWI or MVA.87

A NEW PARAMETRIZATION

Masmoudi and Alkhalifah (2016) analyzed the radiation patterns of the scattering potential88

for many parameterizations for an orthorhombic assumption of the medium and ended up89

introducing a new parametrization based on deviation parameters with potentially attrac-90

tive features for FWI and MVA. We will start by reviewing this new parametrization and91

their corresponding radiation patterns. We will look at their transmission and scattering92

features.93

Guided by the insights presented in Alkhalifah and Plessix (2014), we concluded that94
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a parameterization given by one velocity (or two in the elastic case), and dimensionless95

parameters allows for continuity of the scattering potential of key parameters as we move96

from higher symmetry anisotropy to lower ones. For the acoustic case, the key parameter in97

the suggested parametrization is the horizontal, vh = vh1 (or for RWI, the NMO, vn = vn1)98

velocity in the x1 − x3 (or x − z) plane, where v2h = v2v(1 + 2ε), and v2n = v2v(1 + 2δ), with99

δ = δ1 and ε = ε1 defined in the same plane. Here, vv is the vertical P -wave velocity. The100

subscript number convention used here differ from Tsvankin (1997), who used the normal101

to the plane to define the parameters, and this definition is inline with Alkhalifah (2003).102

Thus, we remove the subscript to mitigate the confusion. Alkhalifah (2016) suggested that103

the vh, η, and ε combination was optimal for FWI, and vn, η, and δ combination was104

optimal for MVA in acoustic VTI media. In both of these parameterizations that include105

a velocity and two dimensionless parameters, the scattering features of the velocity are106

the same as that for isotropic materials (not changing with radially), which allowed for a107

continuity between an isotropic model of the medium and a VTI one. Accordingly, with108

similar parametrization, we can utilize orthorhombic parameters that maintain the VTI109

scattering features regardless of azimuth.110

In the acoustic orthorhombic case, we will need in addition to the VTI parameters three111

parameters. Thus, defining the parameters with respect to one of the vertical symmetry112

planes (deviation parameters) allows the scattering from the VTI parameters to be azimuth113

independent (Masmoudi and Alkhalifah, 2016). Along with δ3, which is the δ parameter114
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defined from the x-axis along the TI horizontal plane, we can utilize two of115

δd =
1

2

(
v2n2
v2n1
− 1

)
, (1)

εd =
1

2

(
v2h2
v2h1
− 1

)
. (2)

ηd =
εd − δd
1 + 2δd

, (3)

where vh2 and vn2 are the horizontal and NMO velocities in the x2 − x3 (y − z) plane.116

The choice of the two deviation parameters depends on the choice of velocity. For the vh117

combination, we use ηd and εd, and for the vn combination, we use δd and εd for reasons118

given in Masmoudi and Alkhalifah (2016) and described below.119

The parameters εd, and ηd, as well as δ3 describe the deviation from VTI and if we120

set them to zero, the medium reduces to VTI. Using this parametrization, Masmoudi and121

Alkhalifah (2016) derived radiation patterns for acoustic orthorhombic media. We analyze122

those radiation patterns next and obtain some interesting insights for inversion.123

THE SCATTERING POTENTIAL OF THE PARAMETERS (FWI)

For acquisition on the Earth surface, the linearized data response to parameter perturbation124

is at the heart of predicting such perturbations, and thus, updating the velocity model in125

waveform inversion applications. In this section, we focus on the scattering potential from126

a horizontal reflector. This scattering potential is defined as a function of the scattering127

angle, θ, the angle between the background (source) and the scattered (receiver) wave paths128

measured at the scattering point. A scattering angle of zero implies mainly zero offset129

reflection data, while θ = 180o implies direct or diving waves. For our 3D orthorhombic130

case, the scattering potential (radiation pattern) is also dependent on the azimuth of the131

7



incident and scattered wave paths at the scattering point. The azimuth is measured from132

the x1 − x3 (or x− z) symmetry plane of the orthorhombic medium.133

The resulting resolution of the perturbation extracted from the data depends on the134

scattering angle. Thereafter, we consider an isotropic background model. Since we are135

dealing with scattering, the effect of the background medium on the perturbation scattering136

potential is small. The resolvability of the desired scattering object is provided by diffraction137

tomography principles in which the model wavenumber vector magnitude is proportional138

to the frequency, ω, but also proportional to the cosine of half of the scattering angle, θ139

(Miller et al., 1987; Jin et al., 1992; Thierry et al., 1999), given by:140

|km| = 2
ω

v0
cos

θ

2
, (4)

where v0 is the velocity at the scattering point of the background isotropic model. As141

a result, we expect data recorded at large reflection scattering angles to produce lower142

resolution. Keeping this relation in mind we analyze the radiation patterns shown in Fig-143

ures 1a-1d.144

As mentioned earlier, the scattering potential of the velocity parameter is isotropic over145

scattering angles and azimuths (Figure 1). Both η and ε produce scattering at certain polar146

angles (θ), the scattering is stationary with azimuth. As suggested by Alkhalifah (2016), for147

surface seismic data η has low scattering energy focused mainly at the far offsets. It probably148

can be ignored at the acoustic stage. Meanwhile, ε admits scattering at small offsets, and149

can be used to match the amplitudes to overcome the limitations of the acoustic assumption.150

As deviate from zero azimuth (Figures 1b and 1c), the orthorhombic parameters, εd, ηd,151

and δ3 start to induce scattering. While the δ3 influence resides in the middle azimuths152
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(around φ = 45o), the other two parameters have their maximum influence at φ = 90o.153

Again, the ηd influence resides mainly at large offsets, and might be ignored at the acoustic154

stage. Meanwhile, εd addresses the variation in the horizontal velocity mainly for diving155

waves in the φ = 90o direction. In the elastic case, where we usually focus on amplitudes156

and with reasonable offsets in the acquired data, η and ηd could play a role in describing157

the scattering variation away from vertical.158

Since the maximum perturbation in the deviation parameters resides at φ = 90o, we can159

use this fact to search for the azimuth of the vertical symmetry plane. With wide or full160

azimuth data, we scan over orthogonal azimuths to find the pair that admit the largest εd161

gradient energy. Theoretically, this azimuth combination represents the symmetry planes of162

the orthorhombic model. However, since εd induces scattering at larger angles (Figure 1c),163

the expected resolution of the inverted azimuth direction is low. This holds for the acoustic164

assumption.165

THE TRANSMISSION COMPONENT FROM A REFLECTION (MVA)

The long wavelength component of the velocity model, or the anisotropy parameters, typ-166

ically controls the majority of wave propagation characteristics, affecting the shape of the167

waves, which is conveniently described, in the high frequency asymptotic, by traveltimes.168

To analyze the behavior of this component for reflections, we focus on the transmission169

angles of the scattering (θ = 180o) to and from a horizontal reflector. However, the depth170

of this reflector also depends on the background velocity. Since the background medium is171

assumed isotropic, we scale the vertical axis by the background velocity, which is assumed172

equal to the vertical velocity since we are dealing with horizontal reflectors (Alkhalifah et al.,173

2001; Plessix, 2013). This step will allow us to obtain radiation patterns that reflect the174
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Earth surface nature of our acquisition, where the trade-off between velocity and reflector175

depth is considered, and for anisotropic media, it is simply unresolvable.176

Thus, we mitigate the effect of the depth of the reflector by mapping the vertical axis, z,177

to vertical time using the relation dz = vvdτ . The resulting wave equation for orthorhom-178

bic anisotropy becomes independent of the vertical velocity (and δ). As expected, the179

transmission from the Earth surface in the vertical direction to a horizontal reflector (zero180

offset) does not include long wavelength information. Only multi-offset data, as is generally181

known, allow for resolution of velocity, and in orthorhombic media that velocity is vn in182

the x direction, with δd describing the NMO velocity deviation for the y direction. Larger183

offsets should illuminate long wavelength η in the x direction, and εd, which represents the184

deviation in the nonhyperbolic moveout in the y direction, while δ3 requires large offsets185

in the intermediate azimuths. These intuitive statements are reflected in the transmission186

radiation patterns for the vn parameter combination corresponding to scaling the vertical187

axis to vertical time shown in Figures 2a-2c. Since these radiation patterns are extracted188

from the Born linearized data sensitivity to perturbations, these particular radiation pat-189

terns highlight the MVA, including RWI, resolvability of the orthorhombic parameters. As190

expected, when transmission occurs vertically (from horizontal reflectors), the data are in-191

sensitive to all the parameters. This is courtesy of the velocity-depth ambiguity in that192

direction. In fact, part of the requirement for a successful RWI free of reflectivity imprint is193

that we match the data perfectly at zero offset in the demigration step. Thus, the residual194

for the zero offset path is zero, and the resulting gradient for that path has generally zero195

energy. In the zero-azimuth (x) direction (Figure 2a), the influence of vn appears at mod-196

erate transmission angles ψ, while η requires larger angles. Using the deviation parameters197

to represent the orthorhombic model, vn and η scattering potentials are stationary with198

10



azimuth (Figures 2b and 2c). Actually, for 90 degree transmission path (horizontal wave199

path), the vn and η scattering potential coincide as demonstrated in Figure 2d. Thus, if we200

manage to resolve vn and η using any azimuth (they are fully accurate when that azimuth201

is 0), we can invert for the long wavelength transmission δd (moderate transmission angles)202

and εd (large transmission angles) using an orthogonal azimuth. As previously mentioned,203

these two orthogonal azimuths should coincide with the vertical symmetry planes when δd204

and εd have there maximum potential value for the model. A generalized MVA type in-205

version (preferably RWI) of full azimuth and large offsets may resolve all these parameters206

with varying degree of resolution depending on data coverage. The intermediate azimuth207

large offset data may illuminate long wavelength δ3 (Figure 2d).208

THE ELASTIC CASE

The elasticity of the Earth matters for P-waves in the above analysis mainly for the scatter-209

ing case, as transmissions for acoustic and elastic P-waves are similar. So the elastic nature210

of the Earth has minor influence on the MVA part of our inversion for long wavelength211

model information. The true effect of ignoring the elastic nature of the Earth appears212

mainly in the inversion for scattering (FWI).213

Considering an elastic orthorhombic medium, we will need to add three parameters to214

the description of the model (Oh and Alkhalifah, 2016), over what we used in the acoustic215

case. These elastic parameters are the shear wave velocity vs in vertical direction for a216

polarization in the x direction, γ = γ1, and a deviation parameter γd given by (Tsvankin,217

1997)218

γd =
1

2

γ1 − γ2
1 + 2γ2

. (5)
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Here, C66 = (1 + 2γ1)C55 = ρ(1 + 2γ1)v
2
s , and C66 = (1 + 2γ2)C44, where C44, C55, and C66219

are the elastic coefficients corresponding to shear waves (Tsvankin, 1997).220

The interesting feature of defining the elastic additions by vs, γ, and γd, is that we221

maintain the radiation patterns we ended up for P -waves in the acoustic case (the linearized222

scattering potential). Figure 3a shows the P -wave response to perturbations in three elastic223

parameters. While, as expected, a vs perturbation induces scattering in the mid angle range,224

like what we encounter in isotropic media (Tarantola, 1986), as such, no vs information can225

be extracted from transmission P -waves, γ perturbations do not induce P -wave scattering226

at any angle, we can simply ignore it. On the other hand, γd induces scattering at azimuths227

larger than zero culminating in a scattering potential overlapping the vs one at 90 degrees228

azimuth.229

Adding these three parameters to the inversion of P-waves (like in marine data) only adds230

more potential for Null space. Using Ocean Bottom cables (OBC) data allows us to record231

multi component data, which should better constrain the elastic part of the parameter set.232

Ironically, as we observe, from Figure 3b and from Oh and Alkhalifah (2016), γ produces no233

scattering of incident P -wave. Thus, γ induces scattering only when the incident wave is a234

shear one. As a result, we can ignore this parameter. On the other hand, a vs perturbation235

excites stationary scattering of SV (or S1) waves with azimuth, it however, does not excite236

SH (or S2) waves (Oh and Alkhalifah, 2016). We use the terms SV and SH (instead237

of S1 and S2) to reflect our perturbation from a background VTI medium in which the238

S-waves are defined in this matter. Finally, γd, as expected, produces SV -wave energy that239

increases with azimuth to a maximum equivalent to the vs perturbation at φ = 90o. In this240

formulation, perturbations in γd excites SH-waves at moderate azimuth angles (Oh and241

Alkhalifah, 2016).242
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The wavefield response to perturbations in the elastic parameters, vs, γ, and γd, can be243

analyzed by visualizing snap shots of the scattered wavefield from scatterers strategically244

distributed radially and along all azimuths as shown in Figures 4a-4c. The scatterers are245

placed at equal distances from a source in the middle (red dot). The main ”take away” from246

these figures is the angles in which scattering occurs, and specifically the variation between247

P -waves (faster) and S waves (slower), as they are related to diffraction patterns. For vs248

perturbations, there is a clear symmetry radially and along all azimuths for both P - and249

S- waves, with respect to the source location. For γ perturbations, we have mainly S-wave250

scattering, as evident by the wavefield size and the energy of the scattering reduces in the251

vertical direction. Finally, the γd scatterers reflect the azimuthal preference of scattering252

from this parameter as scattering energy dissipates in the x-direction, especially for P -waves.253

ANISOTROPY PARAMETERS AS PERTURBATIONS

Though we cannot constrain the low wavenumber components of some of the parameters,254

like ε, with low enough frequencies, we may have enough wavelength to accommodate255

the kinematic shift induced by this parameter. The concept comes from the fact that256

dimensionless anisotropic parameters can be thought of as perturbations themselves. This257

opens the door for the potential inversion for reflector depths in anisotropic media, which258

was thought to be unattainable. Alkhalifah (2016) suggested this opportunity for VTI259

media, but he was a little cautious in his conclusions.260

For a δ or ε that has values around 0.1 (10%), the corresponding traveltime shift is261

also about 10%. So for a reflection at 1 s, a 5 Hz frequency signal is at the threshold of262

cycle skipping. In fact, with 2 Hz energy available in the data, we should be comfortable in263

resolving the long wavelength, as well as the short wavelength components at high frequency.264
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Of course, we are considering here that the vn or vh are accurate in their long wavelength265

description. This might be furnished by MVA, RWI, or the diving waves.266

Of course, most of the conclusions drawn here are applicable mainly to surface seismic267

data. Other acquisition setups like vertical seismic profiling or cross well data may require268

different parameter combinations. Our analysis, however, demonstrates that any combina-269

tion benefits from having one of the parameters with an isotropic radiation pattern and270

the others describing the deviation from the isotropic radiation pattern. In the anisotropic271

case, such parametrization is given by a single velocity and dimensionless parameters. An-272

other insight that might help with other acquisition setups is the identification of the data273

sensitivity to the short and long wavelength model components, in which we establish a274

combination that makes the dependences unique to the parameter.275

APPLICATION ON NORTH SEA DATA

The Volve dataset corresponds to a 3D ocean bottom cable (OBC) acquisition with multi276

component sensors that may provide ample data for an elastic inversion (Szydlik et al.,277

2007). Considering the size of the problem we decided to invert for a model with dimensions278

12.3 km (inline) 6.8 km (crossline) 4.5 km (depth). The wavefield at the sea bottom is279

recorded using 12 sensor cables with 400 m lateral separation between cables. Each cable280

contains 240 sensors at a 25 m interval.281

The vertical-component shot gathers shown in Figure 5 shows clear reflection events.282

The maximum offset in the inline direction is 5 km. Meanwhile, the maximum offset in283

the crossline direction is only 1 km. The limited offset and especially azimuth will reduce284

our ability to invert for some of the long wavelength information of the model, but more so285
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limit our ability to invert for parameters describing azimuth change. In FWI, we use only286

1200 shots, and we confine our inversion to data corresponding to vertical displacements as287

observed data. Also for cost purposes, we invert for data with frequencies ranging between288

2.75 Hz to 5 Hz. The initial models are shown in Figures 6a-6d. They were obtained by289

smoothing VTI tomographic results provided by the owners of the data. The horizontal290

P -wave (Figure 6a) and S-wave (Figure 6b) velocities reflect a general velocity increase291

with depth with a mild low velocity zone under 3.0 km depth in the critical reservoir region292

(Szydlik et al., 2007). The η model, not shown here, is extracted from the provided δ293

and ε, but not updated here. The initial ε model, shown in Figure 6c, conveys the long294

wavelength behavior of the anisotropy, as we expect FWI to focus on reflectivity updates295

for ε (Alkhalifah, 2016). Meanwhile, the εd model (Figure 6d) is set to zero as azimuthal296

anisotropy information is absent.297

As a first stage of the 3D elastic ORT FWI, we perform 35 iterations to update only vh298

and vs to recover an isotropic elastic model. The resulting inverted models are shown in299

Figures 7a-7b. Now, as a result, we see a clear low velocity zone at 3.1 km depth. In the300

depth slice, the boundaries of the this zone are also better defined.301

In the second stage, we include ε in the inversion (15 iterations), which scatters energy302

mainly at narrow opening angles, thus we can mainly obtain high-resolution updates result-303

ing in the model shown in Figure 7c. The high resolution features are helpful in fitting the304

reflection amplitude at near offsets, where vh and vs are not enough in the orthorhombic305

representation of the model. In addition, the inverted ε reveals low anisotropy zone at 3.0306

km depth, with area given in the depth slice that correlates with the low velocity zone. In307

the final stage, we include εd in the inversion (10 iterations), which should reveal the az-308

imuthal anisotropy with low resolution at depth as the radiation pattern predicts. Figure 7d309
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supports such expectations with generally low regional azimuthal anisotropy. However, the310

small offset in the crossline direction with a maximum of 1 km limited our ability to resolve311

εd, especially at depth. Using velocities extracted from a slightly deviated well located at312

about {8.2 km, 3 km} as given by the color dots in Figure 7a showing the location of the top313

and bottom of the well, we check the accuracy of the inverted vertical P -wave velocity at314

the location of the well. We also include in the Figure the initial velocity and the provided315

VTI-based tomographic velocity. Clearly, the FWI velocity for data up to 5Hz provided316

higher resolution information with better fit to the well than the tomographic result, espe-317

cially at depth. The vertical velocity, however, is affected by the inverted ε as theoretically,318

we can not constrain the long wavelength vertical velocity in an orthorhombic (or VTI)319

model. As a result, the vertical velocity from the inverted model is generally lower than the320

well velocity. It however, reasonably captured many of the higher resolution features.321

CONCLUSIONS

Through the analysis of the data dependency on the scattering and transmission components322

of a particular (we think optimal) anisotropic parameter representation of Orthorhombic323

media, we managed to understand our inversion limitations, and outline a strategy for a324

practical inversion of Orthorhombic anisotropy using multi-azimuth surface seismic data325

acquisition. The combinations we used here given by either the horizontal or NMO velocity326

and the corresponding dimensionless parameters provided minimum tradeoff for FWI and327

MVA methods, respectively. Handling the azimuth variation as a deviation from VTI328

allowed the VTI parameters to have stationary scattering potential with azimuth, and thus,329

decouple the azimuth dependency to the new deviation parameters. A similar approach is330

utilized in the elastic stage allowing for the application of the elastic orthorhombic inversion331
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in a separate stage.332
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Figure 1: Radiation patterns of the acoustic orthorhombic model parameters as a function
of scattering angle, θ, for various azimuths φ (a-c), and d) the radiation pattern for a 180
degree scattering angle as a function of azimuth (like a horizontal slice of a-c).
Alkhalifah –

23



��
η

δ

δ�
ϵ�
δ�

ψ=0o 

270o 

180o 

90o 

φ=0o 

(a)

��
η

δ

δ�
ϵ�
δ�

ψ=0o 

270o 

180o 

90o 

φ=45o 

(b)

��
η

δ

δ�
ϵ�
δ�

ψ=0o 

270o 

180o 

90o 

φ=90o 

(c)

��
η

δ

δ�
ϵ�
δ�

90o 

φ=0o 

270o 

180o 

ψ=90o 

(d)

Figure 2: Radiation patterns of the acoustic orthorhombic model parameters as a function
of transmission angle, ψ, for various azimuths φ (a-c), and d) the radiation pattern for a 90
degree transmission angle as a function of azimuth (like a horizontal slice of a-c). Same as
Figure 1d, but with different parametrization.
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Figure 3: Radiation patterns of the elastic orthorhombic model parameters as a function of
scattering angle, θ a) for P to P waves, and b) for P to SV waves. For perturbations invs,
which induces stationary radiation pattern with azimuth, in both plots they coincide with
the radiation pattern of γd(φ = 900).
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Figure 4: The wavefield response to thirteen scatterers placed at an equal distance from
the source in the middle (Red dot). The scatterers correspond to a) vs, b) γ, and c) γd
perturbations. The locations of these scatterers are meant to provide a good coverage of
angles.
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Figure 5: Example vertical component shot gathers from three different cables.
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Figure 6: The initial 3D models for a) vh, b) vs, c) ε, and d) εd. The plots are showing
three slices of the 3D model; a horizontal slice (top), an inline slice (bottom left), and a
crossline slice (bottom right). The location of slices are given by the blue lines.
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Figure 7: The inverted 3D models for a) vh, b) vs, c) ε, and d) εd. The plots are showing
three slices of the 3D model; a horizontal slice (top), an inline slice (bottom left), and a
crossline slice (bottom right). The location of slices are given by the blue lines. The blue
and red dots in (a) shows, respectively, the locations of the top and bottom of the well used
in Figure 8.
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Figure 8: A vertical profile of the models located extracted from, which is about the location
of a slightly deviated well with information between 1.6 km and 3.3 km depth.
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