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SUMMARY

As seismic imaging moves towards the imaging of more complex media, properly modelling
elastic effects in the subsurface is becoming of increasing interest. In this context, elastic
wave conversion, where acoustic, pressure (P-) waves are converted into elastic, shear (S-)
waves, is of great importance. Accounting for these wave conversions, in the framework of
forward and inverse modelling of elastic waves, is crucial to creating accurate images of
the subsurface in complex media. The underlying mechanism of wave conversion is well
understood and described by the Zoeppritz equations. However, as these equations are highly
nonlinear, approximations are commonly used. The most well-known of these approximations
is Shuey’s approximation. However, this approximation only holds for small angles and small
contrasts, making it insufficient for realistic forward and inverse modelling scenarios, where
angles and contrasts may be large. In this paper we present a novel set of approximations,
based on Taylor expansions of the Zoeppritz equations, which we name the extended Shuey
approximations. We examine the quality of these approximations to the Zoeppritz equations and
compare them to existing approximations described in literature. We then apply these extended
Shuey approximations to the elastic full-wavefield modelling algorithm for a simple, synthetic,
1.5-D example, where we show that we can accurately model the P- and S-wavefields in a
forward modelling case. Finally, we apply our approximations to the elastic full-wavefield
migration algorithm for a simple, synthetic, 1.5-D example, where we show that we can
recover an accurate image in an inverse modelling case.

Key words: Inverse theory; Numerical approximations and analysis; Numerical modelling.

1 INTRODUCTION

Properly modelling the propagation and scattering of elastic waves throughout the subsurface of the Earth is an important aspect in many
seismic applications. In this context, the process of wave conversion, which occurs due to the elastic nature of the Earth’s subsurface, has
received increased interest in recent years. Wave conversion is a process where acoustic, pressure waves, known as P waves, convert into
elastic, shear waves, known as S waves. This conversion takes place when a wavefield strikes an interface between two different media. This
process is highly relevant in multiple areas, such as subsurface imaging in complex media, anisotropy analysis, and reservoir characterization
(Stewart et al. 2003).

The underlying mechanism by which wave conversion occurs is well understood in literature, and exact reflection and transmission
coefficients can be derived for flat interfaces between two media. These exact reflection and transmission coefficients are known as the
Zoeppritz equations (see Zoeppritz 1919 and Aki & Richards 2002). However, while these equations are exact, they are also notoriously
difficult to work with. This is due to the nonlinearity of the Zoeppritz equations, which presents itself in two different ways. First of all,
the Zoeppritz equations depend on the medium properties of the two media in a very nonlinear fashion. This makes it difficult to use these
equations in inversion settings, where one wishes to recover the medium properties from the measurement data. Secondly, as an additional
complication, the Zoeppritz equations need to account for critical angles, where the reflection and transmission coefficients diverge, which
can cause a multitude of issues.

Due to these challenges, when working with the Zoeppritz equations in practice, approximations are commonly applied. By far the
most well-known of these approximations is Shuey’s approximation (Shuey 1985). With Shuey’s approximation the Zoeppritz equations are
linearized, which makes them simple to invert, and removes the critical points from the Zoeppritz equations. Due to this ease of inversion, it
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has become the standard in amplitude variation with offset (AVO) analysis. However, Shuey’s approximation is only accurate for small angles
and weak contrasts, which limits its applicability. Also, it only describes the P P-reflection coefficient, which means that wave conversions
are not taken into account.

To address these issues, alternative approximations have been developed. The most influential of these alternative approximations are
the linearized approximations of Aki and Richards (Aki & Richards 2002). These approximations do address wave conversions, extending
their applicability. However, these approximations are also only applicable in situations where the contrasts are weak. Other approximations,
such as by Wang (Wang 1999), have also been developed. However, most of these approximations focus on the P P-reflection coefficient, as
this coefficient has been of the most interest historically.

In recent years, the forward and inverse modelling of wave paths including wave conversions have become of greater interest. As the
focus of seismic imaging shifts towards more challenging scenarios, specifically those with strong reflectors (Jones & Davison 2014), or
towards cases where the goal is the recovery of the elastic parameters (Prieux et al. 2013), it is important to accurately describe these wave
conversions. To do this, high quality approximations of the full set of Zoeppritz equations are required.

In this paper, we present a novel set of accurate approximations to the full set of Zoeppritz equations, which we name the extended Shuey’s
approximations, based on applying Taylor expansions to the Zoeppritz equations. We show that the result of this approximation reduces to the
well-known Shuey’s approximation in the linear case. In addition, we show how it can be extended to retrieve more accurate approximations
for both the P P-reflection coefficient as well as the other reflection and transmission coefficients. We then apply our approximation to a
simple forward and inverse modelling scenario to give a proof-of-concept of how this approximation can improve the accuracy of modelling
wave conversions in practice.

2 THEORY

This section is split into three parts. First, in Section 2.1, we derive the extended Shuey’s approximations, where we focus on the Rpp term,
and show that they are a natural extension of the traditional Shuey approximation. Next, in Section 2.2, we apply this approximation to a
simple, elastic, forward modelling algorithm called elastic full-wavefield modelling (FWMod). Finally, in Section 2.3 we discuss the inverse
problem associated with the forward model of Section 2.2, referred to as elastic full-wavefield migration.

2.1 Derivation of the extended Shuey’s approximations

We begin by deriving the extended Shuey’s approximations of the Zoeppritz equations. Consider a flat, laterally invariant interface between
two media located at a depth level z = z,,. Following the notation used in Aki & Richards (2002), each medium is characterized by its P-wave
velocity «, S-wave velocity B, and mass density p. The subscript 1 is used to denote properties within the medium above the interface (at a
depth z < z,), while properties within the medium below the interface (at a depth z > z,) are denoted by the subscript 2.

In this situation, the reflection and transmission coefficients are given analytically by the Zoeppritz equations. As these equations are
unwieldy to write down directly, we once again follow the notation used in Aki & Richards (2002) and introduce a set of intermediate
variables. We begin by introducing the dimensionless contrast parameters

a —a B — B P2 — P

= = = 1
Mo +ay) “ 1B+ B ‘ Lo+ p1) W

Rewriting the medium parameters above and below the interface in terms of these contrast parameters gives

1 _ 1 1
051=5!<1—§Ca>a,31=5<1—Ecﬂ>,,01=,5<1—§%>,

Cq

1 _ 1 1

a2=0_[<1+Eca)sﬂ2=ﬁ(l+icﬂ>7p2=p<l+Ecp)s (2)
where
a=3(@+m), B=5B+p). p=13(o1+p). 3)
Next, we introduce the intermediate variables a, b, ¢, and d, which we write in terms of the contrast parameters c,, cg, and c,, viz.
a=pi=p(c,—dVsin’ (9)) . b=ph=p (1 + e, — st 9)).

—s - 1 F72ain 7205 _ =72 1.2 “)

c:pc:p(l — 3¢, +dVsin (9)), d=pp*d=pp (40;; +20K,(1+Zcﬁ)),

with generalized angle of incidence 6, and where we use the shorthand notation V=5 /é. Also note the use of the ~ symbol in eq. (4) to
indicate dimensionless variables.

In eq. (4) we have introduced the generalized angle of incidence 6, which is defined implicitly using Snell’s law, viz.
sin(0) sin(i;) sin(ip)  sin(j;)  sin(j)
— — = = = N (5)
o o o Bi B
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where i, and i, are the angles of incidence and refraction of the P waves in the medium above and below the interface, respectively, while j;

and j, are the angles of incidence and refraction of the S waves in the medium above and below the interface. Using eq. (5), along with the
trigonometric identity sin? (6) + cos? (9) = 1, we write the associated cosine terms as

2 2
cos(iy) = \/1 — (1 — %ca> sin? (0), cos (j1) = \/1 — f/2<1 — %%) sin? (9),
1\’ N 1\’
cos (i) = \/1 — (1 + 5%) sin? (0),cos (j») = \/1 — V2<1 + Ec,g) sin? (0). (6)

Next, we introduce the additional intermediate variables

_ PR _ D cos(i]) ~ ©0s(iz) _ Db F o b (7 cos(j1) ~ cos(/2)
E_EE_E<b1 cl/2+ 1+c2/2> F_%F_%(bl—ctjl/z’*'clﬂﬁz/z)’
= - cos(iy) cos(jp) =7 _ = cos(iy) cos(ji)
G=pG= ,0( — A cal2 1+cﬁ2/2> H_pH_p< dV1+La/21 cﬁl/z) ™

2

D=EF+GHp* =% (EF + G iIsin (0)),

\_/

where we have once again indicated dimensionless variables with the ~ symbol. Finally, using eqs (2), (4), (6) and (7), the Zoeppritz
P P-reflection coefficient for waves coming from above equals

A cos (i1) _z cos (ip) 5_ atai cos(iy) cos(ja)
1—ce/2  1+cq)2 1 —ca/2 14c4/2

)H in” (6)

Rpp (sin(0), ca, cp. cp) = (3)

hjz

G Hsin? (9)

v

As expected, R% (sin @), ca, cp, cp) is dimensionless, and only depends on the dimensionless variables cq, cg, ¢, ¥, as well as the angle
sin (0). In a similar way, the expressions for the remaining reflection and transmission coefficients can be found.

The goal of our work is to find accurate approximations of the Zoeppritz reflection and transmission coefficients. To do this, we begin by
noting that ¢,, cg, ¢, and sin (@) all have a magnitude smaller than 1 for normal seismic applications. Therefore, a natural approximation is
given by taking the Taylor expansion of eq. (8) with respect to ¢4, cg, ¢, and sin (9). For a function of multiple variables, the Taylor expansion
is given by

R%P (sin @), ca, cp, cp) ~ Z 1 dn+m+k+lRUp sin” (6) c"’ck . ©)
o= nlmlkl! d(sin (9))" dendcgdc!, o £

where the argument |, is used as shorthand for sin(6) = 0, ¢, = 0, ¢g = 0 and ¢, = 0. As the Zoeppritz equations are well-behaved up to
the critical angle sin (6.) = @/ max (¢, «2), we know that the Taylor series of eq. (9) will converge to Rpp for angles 6 < 0., given enough
terms. For ease of interpretation we order the terms of eq. (9) in terms of the power n of the sin” (6) term and the total power A = m + k + [
of the contrast terms ¢/, cﬂ and c , hence

N A
R%, (sin ©), ca, cg, cp Z Z s1n @), (10)
with

b A 1 d"*RY,
_z::g tmlk! (h — k= m)! d(sin (6))" dcmdc;;dc“ e

k k—
CmCﬁ l(o)\ m) (] 1)

0)

While eq. (11) is difficult to evaluate by hand, by using mathematical software such as Maple it is straightforward to calculate the necessary
terms. The first few terms of eq. (11) are given by

(R2p)) = 1 (e +s) - (REp); = 0. (R2p); = —geucy (cute5).
(Rip)) = (bew =202 (e +2¢5) ) (R2)s = (72(ep +26)" = L F7€2). (12)
(RY,)! = Ley, ...

Also note that (i?;ﬁ P)Z = 0 for odd values of 1, as we know that R}, is an even function with respect to & [meaning that it contains no sin” (9)
terms for odd values of n].

Let us now examine the terms of eq. (11) in more detail. We begin by writing the two-term Shuey approximation (Shuey 1985), which,
using the notation used in this paper, is denoted as

1

Rpp (sin(0), ca, cp.cp) ~ = (ca +¢,) + (%ca =272 (c, + 2c5)> sin” (0) . (13)

N
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However, this is exactly equal to the approximation given by taking N = 2 and A = 1 in eq. (10). Continuing in this manner, we examine the
three-term Shuey approximation (Shuey 1985), which can be written as

1 (ca + cp) + (%ca —27? (cp + 2c5)> sin? () + %ca (tan2 (6) — sin’ (6)) . (14)

RﬁP (sin(@),ca, cg, cp) ~ >

We note that the Taylor expansion of tan? (8) — sin? (9) is given by
tan? (0) — sin® (8) ~ sin* () + sin® (9) + sin® (O) + . . ., (15)

which, once again, matches the approximation given in eq. (10) for N = 8 and A = 1. Therefore, we conclude that the approximation
presented here can be viewed as an extension to Shuey’s approximation.
In a similar way, we can construct approximations to the rest of the Zoeppritz equations. For example, the S P-reflection coefficient Ry,
which describes the conversion of P waves to S waves for waves coming from above, is given by
- ~~ €OS(iz) cos(j
(& hasdp (i2) (J2)

T 21+ clg/Z) cos (i1)sin (9)

RS, = -2 — (16)
(1=cp/2) (EF + G iV sin? (9))
Once again, we take the Taylor expansion
RSy (sin(0), ca, cp. c,) ~ Z (Ryp); sin” (), (17)
n,a
with
A A—m

~ 1 dn+ARu

Ru — SP Cmck (A—k— m). (18)
(Rsr) ; Z nimlk! (. — k= m)! d(sin (0))'depdchdef ™| 5%
The first few terms of eq. (18) are given by

~ 1 A

(Rep)y = = (7 (¢ +2¢9) + 3

(Rgp); = (% (217 - 1) o+ 1C (f/ (4cp + 2ca) — cﬁ) + f/cacﬁ) ) (19)

(RY,) =1 (&2 (8cs +3¢,) + V (2, + 4cﬁ)) .
In a similar way as before for the R}, terms, we note that (Rj,); = 0 for even values of 7, as we know that Ry, is an odd function with
respect to 6.

A thorough analysis of the quality of these extended Shuey approximations are given in Sections 3.1 and 4. In Section 3.1 we examine
how many terms of the Taylor expansion are required to produce an accurate approximation. In Section 4 we compare the approximation
introduced here with well-known approximations from literature, such as the standard Shuey’s approximation and the linearized approximation
of Aki & Richards (2002).

2.2 Elastic full wavefield modelling

We now apply these extended Shuey approximations, described in Section 2.1, to the elastic full-wavefield modelling (FWMod) algorithm
(Berkhout 2014a). For simplicity’s sake we consider a 1.5-D medium: a laterally homogeneous, but potentially vertically changing medium,
characterized by a P- and S-wave velocity profile « (z) and B (z), respectively, and a mass density profile p (z). As the medium is laterally
homogeneous, we will work in the (k,, w)-domain, where £, is the lateral wave number and w is the angular frequency. Our goal is to describe
the propagation and scattering of the P and S wavefields pp (k,, w, z) and py (k,, w, z), respectively.

Assume the existence of an interface at a depth level z,,, illustrated in Fig. 1. At a depth level z, right above the interface, the P and S
wavefields are given by

prss (ke 0,2,) = phys (ke @, 2,) + 45 (ks @, 2,) 5 (20)

where we have split the P and S wavefields pps (k.. w, z, ) into downgoing components, p}, /s (k¢, w, z,,), travelling towards the interface,
and upgoing components, ¢ p g (kx, w, z;), travelling away from the interface. Similarly, at a depth level z right below the interface, the P
and S wavefields are given by

Pr/s (k w,z )—qP/S (k ,z )-l—pp/s(kx,w,z:), (21)

where we have once again split the P and S wavefields into upgoing components, pj s (k w,z ) travelling towards the interface, and
downgoing components, ¢} /s (kx, w,z ) travelling away from the interface. Note the notation used here. Superscripts above the field
quantities p and ¢ are used to indicate the direction of propagation, where + and — denote downwards and upwards propagation, respectively.
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4 (z.) \a:(z) HERY AHEN))
(’;‘P‘P ’,:, J“ “n-12"= /“S (‘.M l"’ [

[WS(:,_-.:,,u)/wp(:,,.:nJ(T;P T;SJ [R;P R;SJ o (Zauts --\“s(-rl “-\'

T, T.)| R, R

SP Ss
a:(z.) /ax(z.) Z,.1 pilz )\ p; (z;;l)\

Figure 1. Schematic representation of the wavefields and operators at depth level z,, and its neighbouring levels.

The characters p and ¢ are used to denote wavefields propagating towards or away from the interface, respectively. Finally, the subscripts P
and S are used to differentiate between P and S wavefields, respectively.
At the interface at z = z,,, the relationships between these wavefields are given by

ar REp Ris Pp Tep Tps Pr
+ = n n |t + 7+ + |’ (22)
qs Rgp Ry Ps Tgp Tss Ps
9 ) = (Ror Res) (P2) o (Ter Tes) (21, (3
qs Rsp Rgs Ps Tsp Tss Ps

where, for ease of legibility, we have omitted the dependence on (k,, ®), as well as the dependence on the depth level z,,. For similar reasons,
we also introduce the following shorthand notation for eqs (22) and (23), viz

9" () =R"(z)p" () + T (z)p" (z,), 24

q (z,)= R” (zn) P+ @)+ T ()P~ (), (25)
which we will use throughout the rest of this paper.

Ineqs (22) and (23) the terms R" and T+ represent the reflection and transmission coefficients for waves coming from above, respectively,
while the terms R” and 7 represent the reflection and transmission coefficients for waves coming from below. In principle, it is possible
to use the true Zoeppritz reflection and transmission coefficients for these terms. We will, however, use the extended Shuey approximations
detailed in Section 2.1 instead, to simplify the inverse problem described in Section 2.3. Applying the extended Shuey approximations to
R}, for example, we write

L &)k \"
Rpp (ks ,2,) ~ )Y (Rpp (), ( - ) : (26)
n=0 1=0 ®
where we have used the relationship
f, = @S0 © ) @n
a(z,)

In a similar way, we can write the approximations to the other reflection and transmission coefficients.
Next, we write the relationship between wavefields at different depth levels, viz.

(p; (zn+1)> _ ( WP (Zn+ls Z,,) 0 > (Q;— (Zn)> (28)
p;‘r (Zn-H) 0 WS (Zn+17 Zn) Q; (Zn) !

p; (Zn—l) _ WP (Zn—I,Zn) 0 q;’ (Zn)
(ps (zn—o) B ( 0 Ws(z,,_l,z,J) (qs (zn))’ (29)

where we have introduced the propagation operators Wp and Wy for P and S wavefields, respectively. These operators are given by

Wp(znﬁ,zn):exp[—mz ((+)) } Ws(znﬂ,zn)—exp[—mz (ﬁ(g))z—k,z},

(30)
Wp(zy—1,z,) = eXp |:iAz (a(Zn)) — k2 } , Ws(zy—1,2,) = exp |:iAz (m) — k2:|
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where Az is the distance between neighbouring depth levels. Note that the quantity / (w/a (z;))2 — k2 may become imaginary for certain
values of w, (z;) and k, . To avoid problems during modelling and inversion, we make the following substitution

(/a () — & — Re [ (/e (=) — kg] i |tm [ (/e (z)) - kg] (31)
in practice. Finally, we once again introduce shorthand notations for eqs (28) and (29), viz.
P Ear) = Wz, 2) q" (20), (32)
P (z-1) = W(zpm1.2:)q" (2,). (33)

With the building blocks of eqs (24), (25), (32) and (33) in place, we now examine the forward modelling algorithm. To initialize
the algorithm, we set all upgoing and downgoing wavefields to zero, that is, p~° (z,) = p*** (z,) = 0. Note the notation of p~° and p*°,
where we have introduced an extra number in the superscript, which denotes how many so-called ‘round-trips’ have been modelled. Each
round-trip increases the maximum order of multiples which are taken into account by one, up to the chosen number of round-trips to
be modelled. Furthermore, for simplicity’s sake, we assume that there are no sources within the subsurface, only at the surface. In that
case, we set p™”" (z9) = s, for all m round-trips, where s, is a vector containing the source wavefield for one shot at z = z,. Finally, we
assume that there are no upgoing waves coming from below the deepest depth level z, = zy.. Therefore, we write p—" (z N:) =0 for all m
round-trips.

We then begin by computing the downgoing wavefields for the first round-trip. Starting at z, = z, we use eq. (24) to write q*! (z9) =
TV (zo)p™' (z0) + R (z0) p° (20). Next, we apply the propagation operators, using eq. (32) to write p™' (z;) = W (z1, z0) ™' (z¢). At the
depth level z, = z; we simply repeat this process with the appropriate transmission, reflection and propagation operators. In this way, we
model the downgoing wavefield p*! (z,) at all depth levels.

Next, we compute the upgoing wavefield p~' (z,) at all depth levels. We start at the deepest depth level z, = z,.. We then use eq. (25)
to writt q ' (zy.) =T (zx.) p ' (zx.) + R” (zx.) p*' (2x.) and apply the propagation operators of eq. (33) to write p—' (zy._1) =
W (zy.-1.zx.) @' (2x.). Once again, we continue to apply these operators to find the upgoing wavefield p~' (z,) at each depth level.

We now repeat this process as many times as we wish to account for higher order scattering, where the scattering order is increased by
one after each round-trip. The full process for finding the wavefields p™* (z,) and p~ (z,) for up to M scattering orders is illustrated in
algorithm 1.

Result: p™ (2,) and p~" (2,) for all z,,.
Input: s

1 Setp Y (z,) =0;

2 form=1:Mdo

s | Setp™™ (z9) = so:
4 forn=0:N,—1do

5 q™m (zn) = T (2n) p~" (2n) + R (2n) p_m_1 (2n);
6 P (2n11) = W (2041, 20) 7 (20):

7 end

8 | Setp ™ (zn,)=0;

9 forn=N,:-1:2do

0 || A () = T (5) D (20) + RY (20) P (20
1 P " (2n-1) = W (201, 2,) 47 (20);

12 end

13 end

2.3 Elastic full wavefield migration

Next, we examine the elastic full wavefield migration (FWM) algorithm (Berkhout 2014b), which is the inversion process associated with the
elastic FWMod algorithm described in Section 2.2. As in Section 2.2, we limit our analysis to the 1.5-D case. Note the acronyms used here,
FWMod refers to the forward modelling algorithm, while FWM refers to the associated inversion process.

Consider a situation with known, P- and S-wave measurement data d (k,, w) at the surface. We also assume the source wavefield s, and
the propagation operators W (z,41, z,) and W (z,_1, z,) to be known. Our goal is to recover the contrast parameters ¢, (z,), cg (z,) and ¢, (z,,)
at all depth levels z,.
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To achieve this, we first define a cost function J, which measures the mismatch between the measured data d (k,, w) and the forward

modelled data at the surface after M roundtrips, p~ (k, w, zo), viz.
- 2
=Y ke o)~ k0,20 (34)
ky w

To retrieve the contrast parameters, we now apply a gradient-descent algorithm with respect to these parameters to minimize J. Taking the
gradient of the cost function with respect to the contrast parameter ¢, at depth level z,,, for example, yields

op " (ke . 20)"
aca(zn) ZZ [ac(z) e("x’w)} (39)

where e (k,, ) = d (ky, ) — p~M (ky, 0, ).
We now examine the derivative of p~* (k,, w, z,) with respect to ¢, (z,). To evaluate this, we first examine the contribution of a scatterer

located at the depth level z = z, to the forward modelled wavefield p~ (k,, w, z,), viz
p M (z0320) = w- (0, 22) [RU (zn) P+’M (z2) + T (z4) P_‘M (Zn)]
+WY (20, 2,) [RM ) p~ " (z) + T ) pHY (24)] (36)

where we have assumed p~*~! (z,) ~ p~" (z,). In eq. (36) we have also introduced the generalized propagation operators W~ (zg, z,) and
WV (29, z,). These operators are constructed by applying sequences of propagation, reflection and transmission operators and are defined as

Jj+1
W (zpz) = [] [WGenrz) T G)W Gt 22) Vi <, (37)
m=i—1
j—1
w (stzi) = l_[ [W(Zm+17Zm)T7 (Zm)]W(ZiJthi) Vj >, (38)
mjvl;rl
WG z) = D W (20, 2) RY Ga) W (2, 20). (39)
m=n+1

If we assume that the contrast parameters are independent at each depth level, we can write

8p7'M(kx1waZO) _ apin(ZO;Zn)

= ) (40)
0cy (z4) dcy (z4)
with
M (2oszn) &, - -
B I o W, z) [OR Y G BT ) 0T G )]
dcq (z4)

FWY (20,20 [IRD ) @)D (20) + 0T ) ™ )] (41)
where BRC ) 8RC @) oT; oy and 0T, - are2x2matrices. These matrices are constructed by calculating the derivatives of the approximate
reflection and transmission coefficients introduced in Section 2.1. For example, the P P component of the matrix 8RC () 18 given by

ARY, (ke, @, 2,) 2D (REp (20)) (@ (2n) K )"
3RU X — pp Uy n n) Kx i 42

wuten) (2 )|” 9cy (z,) nX(; ; dcy (z4) ) “2)

with similar definitions for the other components. Using eqs (41) and (42) we can now evaluate eq. (35) for all depth levels z,,.
In a similar fashion, we can calculate the gradients with respect to cg (z,) and ¢, (z,). Using the full gradient, we calculate the linearized
wavefield perturbation at the surface, viz.

o aJ  9p~M(zo;2za)
Ap (20)—2 Z dc(z,) c(zn) h

n CE€Cq,Cp,Cp

Finally, using eq. (43), we calculate the update to the contrast parameters using

aJ
Cnew (Zn) = Cold (Zn) + Yo 9c (Z ) (44)

for ¢ € ¢y, cg, ¢,, where the (real) constant y is given by

S Y Re[Ap~M(ky, w,z0)"e (ke, w)]
ky

- ’ 45
’ DY AP (ke . z0)| (45)

ky o

Repeating the process described above for as many iterations as desired, one can retrieve the contrast parameters ¢, (z,), ¢g (z,) and
¢, (z,) at all depth levels z,,. This process is summarized in algorithm 2
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Result: ¢, (z,), ¢ (2,) and ¢, (2,,) for all z,,.
Input: d, so, W (2,11, 2,) and W (z,,_1, 2,,) for all z,,.
1 form=1:Mdo
Use algorithm 1 to calculate p™™ (z,,) and p™

2 My
3 forn=1:N,do

4

5

Zo);

for c € c,,c3,c,do
Construct the matrices OR" GRQ(Zn), 6Tj(2n) and 0T

c(zn)? e(zn)°
0
6 Calculate the gradient ———;
Oc (zn)
7 end
8 end

9 Calculate the wavefield perturbation Ap~— (z);
10 Calculate ~;

11 for c € ¢,,c3,c,do

date th trasts usi (2n) = Cola (2n) + 0T
12 Update the contrasts using Cpew (21) = Cold (2n y D (Zn) it
13 end
14 end

3 NUMERICAL RESULTS

This section is, once again, split into three parts. First, in Section 3.1, we examine how many terms of the extended Shuey’s approximation
introduced in Section 2.1 are required to accurately approximate the Zoeppritz equations. Next, in Section 3.2, we compare the forward
modelled wavefields using the FWMod algorithm of 2.2 to true, synthetic, data generated using an elastic Kennett algorithm. Finally, in
Section 3.3, we examine the inversion results of the elastic FWM algorithm of Section 2.3.

3.1 Extended Shuey’s approximations

We begin by examining the quality of the approximation of eq. (26) of Section 2.1. Specifically, we are interested in how many terms n < N
and A < A of the Taylor expansion are required for a good approximation. The Taylor expansions of R}, and Ry, for different values of N
and A for both a low- and a high-contrast interface are shown in Fig. 2. The associated medium parameters used for the low- and high-contrast
interface are displayed in Table 1.

From the results of Fig. 2 we can draw a number of conclusions. First of all, we see that increasing N and A improves the approximation
up to the critical angle, as we would expect. If the contrasts at the interface are low, we see that the quality of the approximation is mostly
determined by the number of sin” (0) terms N taken into account. By contrast, if the contrasts are high, we see that the quality is mostly
determined by the number of contrast terms A taken into account.

In general, we conclude that, in order to obtain a high-quality approximation, one should choose a value of N > 2, as well as a value
of A > 1, at the very least, especially for interfaces with high contrasts. In this case, the extended Shuey’s approximation yields reasonable
results for both R}, and Rj,. Note that, while Fig. 2 only shows the results for R}, and Ry, a similar analysis has been performed for the
other reflection and transmission coefficients. These results can be found in the appendix.

3.2 Elastic FWMod

Next, we examine the results of the elastic FWMod algorithm, as described in Section 2.2. To benchmark the method, we compare the results
to synthetic data generated using an elastic Kennett algorithm (Kennett 1984), which takes the full, Zoeppritz, reflection and transmission
coefficients into account. The medium parameters used are equivalent to the high-contrast scenario described in Table 1. Note that, as we
know that the approximation presented in Section 2.1 only holds up to the critical angle 0., data corresponding to angles 6 > 0.8 - 6, have
been removed from the data.

In Figs 3 and 4 we have displayed the difference between the forward modelled data and the true, synthetic, data at the surface for P and
S waves, respectively. From these figures, we see similar behaviour as in Fig. 2. The difference between the true data at the surface and the
forward modelled data decreases as N and A increase. Once again, we see that high-quality results are only achieved for N > 2 and A > 1.

G20z aunr 9 uo 3senb Aq 6/88508/928/2/1 ¥2/a191LE/IB/w0o dnoolwapede)/:sdiy Woly papeojumoq


art/ggaf078_ufig2.eps

884 L. Hoogerbrugge, K.W.A. van Dongen and D.J. Verschuur

PP, low contrast, A=1 SP, low contrast, A=1 PP, high contrast, A =1 SP, high contrast, A=1
1 - 1 7
—Real ———N=§ |I = i P
N=Q ——N=8 |! i / 7
N=2 N=10f 08 ' / ’
N=4 N=12)! ' 4
0.5 . e : i/
a [ o T 4
o o /
4 L -4
04
0
[ T
[ L 1
i N=§ !
0.5 . 0.5 0 . E
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 40 60 80
Angle [deg] Angle [deg] Angle [deg] Angle [deg)
" PP, low contrast, A=2 i SP, low contrast, A =2 PP, high contrast, A = 2 SP, high contrast, A=2
0.1
0.5
0.2
a o a
& & &
3 4 4
0.3 1
0 '
'
0.4 N
1
0.5 0.5 L A L
0 20 40 60 80 0 20 40 60 80 0 20 40 60 80 0 20 40 60 80
Angle [deg] Angle [deg] Angle [deg] Angle [deg]
PP, low contrast, A=3 SP, low contrast, A=3 PP, high contrast, A=3 SP, high contrast, A=3
i 1 5 ! 1
[ T
1 08 ]
ik [ 1
[ a8 1
a 1 a o L a
o 2] o ]
4 s [:4 [:4 [:4
= 0.4 T
0 [ '
1 1
1 0.2 1
1 L}
0.5 A 0 . A 5
0 20 40 60 80 ] 20 40 60 80 0 20 40 80 B0 0 20 40 60 80
Angle [deg] Angle [deg] Angle [deg] Angle [deg]

Figure 2. A comparison of the extended Shuey approximation to the exact Zoeppritz equations. On the left-hand side, results for a low-contrast interface are
shown, while the right-hand side shows the results for a high-contrast interface. The medium parameters used for both interfaces are displayed in Table 1.
Within each figure, the number of contrast terms A taken into account is constant, while the different coloured lines represent the results for different values
of N. These results are compared to the true, Zoeppritz, equations, which are represented by the solid black lines. Also note the dashed vertical lines, which
indicate the maximum angle 6,,,c = 0.8 - 6. up to which the approximation holds.

Table 1. Parameters Fig. 2

Low contrast High contrast

o) = 1500 ms~! oy = 1800 ms~! o) = 1500 ms~! oy = 3000 ms~!
A1 =750ms"! Br = 1000 ms~! B =750ms"! By = 1600 ms~!
p1 = 1000 ms~! p2 = 1400 ms~! p1 = 1000ms~! p2 = 1700 ms~!

This conclusion is supported by the plots of the cost function J, seen in the top-right corner of Figs 3 and 4. In these plots we see that
the cost function sharply decreases up to N = 4, after which it remains more or less constant. Also, we see a considerable improvement when
comparing the curves for A = 1 (blue lines) to the curves for A = 2 (red lines).

3.3 Elastic FWM

Finally, we examine the results of the FWM algorithm using the extended Shuey approximations, as described in Section 2.3. We apply the
FWM algorithm to synthetic data, generated using the same elastic Kennett algorithm as we used in Section 3.2 for the high-contrast case of
Table 1. The results of this process are shown in Fig. 5.

From this figure, we initially conclude that the FWM algorithm recovers the contrasts to a reasonable accuracy, irrespective of the value
of N and A chosen. Looking closer, however, we note that increasing the value of N to at least N = 4 improves the result somewhat. From
the figures of the contrasts, we see a slightly improved recovery of the ground truth for N = 4 compared to N = 2. Also, examining the cost
function (displayed in the top-right corner of Fig. 5), we see that the cost function still decreases between N = 2 and N = 4.

Also note the case N = 0, A = 1, displayed as blue lines in the plots on the left-hand side of Fig. 5. This case is of special interest, as it
represents the result of applying conventional, angle-independent, acoustic FWM to the data. Note that, in this case, the contrasts ¢, and ¢,
are impossible to separate. This can be seen in Fig. 5, where the results for ¢, and ¢, are identical for the acoustic result. Also, we see that cg
cannot be recovered in this case. These effects may lead to artefacts, which can be seen in the area between the two reflectors, as well as the
area below the lowest reflector. While some artefacts are also visible for the other cases, they are reduced compared to the acoustic result.

Finally, we note that, in this case, taking A > 1 does not appear to improve the results significantly. This is most likely due to the fact
that, due to the band-limitation of the source wavefield, it is impossible to recover the sharp interfaces present in the medium. Instead, a
spread-out, band-limited approximation of the contrasts is recovered. As this reduces the value of the contrasts, higher order powers of the
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Figure 3. Comparison of the FWMod results to true, synthetic, data for P waves. In the top-left corner the synthetic data, generated using an elastic Kennet
algorithm, is displayed. The top-centre image shows the underlying model parameters used. In the top-right corner the cost function J for the P waves is
displayed for different values of N and A after five iterations. The remaining figures show the data misfit between the synthetic data and the forward modelled
data at the surface for different values of N and A after five iterations. Note that these figures have been clipped to a value of 10 per cent of the maximum value
of the data.

contrasts do not notably impact the result. In cases where this band-limitation is compensated for, however, taking A > 1 will improve the
results.

4 DISCUSSION

In this section, we compare the extended Shuey’s approximations derived in this paper to two existing sets of approximations in literature.
The first set of approximations we consider are the two- and three-term Shuey approximations, given by

1 1 - .
RIUDP.shueyz ~ 3 ( ot CP) + <§Ca -2/ (Cp + Zcﬂ)) sin’ (6) (46)
U 1 1 ) -2 1 2 -2
REp Shuers X 5 (ca +¢,) + 36— 212 (¢, + 2cp) ) sin® () + 7o (tan’ (9) — sin® (9)) . (47)
Secondly, we also consider the linearized approximations of Aki and Richards (Aki & Richards 2002), which are given by
1 Ay 1 fo
Ryp aui ™ 5 (1 — 47 sin? (9)) ¢, + mca — 47%sin* (9) ¢p, (48)
sin (0) - S . .
RSp api ™ “2eos()) [cp - (2 V2sin® () + V cos (i) cos (])) (cp + 20,3)] , (49)

where we have introduced the average P-wave angle i = (i; + i) /2 and the average S-wave angle j = (j; + j») /2, following the notation
of Section 2.1.

The reflection coefficients for the approximations under consideration at different angles are shown in Fig. 6. From this figure, we can
draw a number of conclusions. First of all, we note that for high contrasts, both the 2- and 3-term Shuey’s approximations, shown in blue, as
well as the linearized Aki-Richards approximations, shown in red, fail for angles up to the critical angle. In this case, one requires nonlinear
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Figure 4. Comparison of the FWMod results to true, synthetic, data for S waves. In the top-left corner the synthetic data, generated using an elastic Kennet
algorithm, is displayed. The top-centre image shows the underlying model parameters used. In the top-right corner the cost function J for the S waves is
displayed for different values of N and A after five iterations. The remaining figures show the data misfit between the synthetic data and the forward modelled
data at the surface for different values of N and A after five iterations. Note that these figures have been clipped to a value of 10 per cent of the maximum value
of the data.

terms with respect to the contrasts to properly approximate the reflection coefficients, which are absent in these approximations. This can be
seen most clearly in the bottom right of Fig. 6, where we see that one requires third-order terms with respect to the contrasts to accurately
approximate the reflection coefficient up to the critical angle.

Secondly, we see that the standard, 2-term Shuey approximation (solid blue line), as well as the equivalent approximation for Ry, using
N =1, A =1, only holds for small contrasts and angles far from the critical angle. While this behaviour is expected, one should note the
very small range of angles for which this approximation holds, especially for the R, term. This limits the applicability of this approximation
for forward and inverse modelling, where good performance of the approximation over a range of angles is required.

Finally, we note that the linearized Aki-Richards approximation (solid red line) performs very well for low-contrast scenarios, showing
a very good approximation for all angles. This is due to the 1/ cos? (i) and 1/ cos(j) terms in eqgs (48) and (49). While these terms lead
to a high-quality approximation, they also introduce critical points in the approximations, making them difficult to invert for directly. The
extended Shuey’s approximations of this paper avoid this problem, while showing similar behaviour up to the cutoff angle 6, for N > 4 and
A > 2. For high-contrast scenarios, the linearized Aki-Richards approximation deteriorates, due to the lack of higher order terms with respect
to the contrasts. In these situations, the extended Shuey’s approximations yield a more accurate approximation when taking A > 2.

5 CONCLUSION

In this paper, we present an alternative set of approximations to the Zoeppritz equations for the elastic reflection and transmission coefficients,
which we call the extended Shuey approximations. We show that these approximations can be applied to the elastic FWMod forward modelling
algorithm as well as the elastic FWM migration algorithm, where we have shown that using the extended Shuey approximations improves
the forward and inverse modelling results compared to using the standard Shuey approximations. Finally, we have compared the extended
Shuey approximations to the conventional approximations in literature, where we have shown that the extended Shuey approximations achieve
comparable performance in cases where the contrasts are low, up to the critical angle, and achieve better results in cases with large contrasts.
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Figure 5. Results of the FWM method after 30 iterations, applied to synthetic data generated using an elastic Kennett algorithm. The underlying medium
parameters are displayed in Table 1. On the left-hand side, the results for ¢4, cg and ¢, are displayed. The band-limited, ground truth contrasts are displayed in
black, with the results for different values of N and A displayed in different colours. In the top-right corner, the cost function J after 30 iterations is displayed
for different values of N and A. Finally, the data residual for both P and S waves after 30 iterations is displayed in the centre-right and bottom-right figures,
respectively, for N =4 and A = 1.
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Figure 6. Comparison of the extended Shuey approximations with the standard two- and three-term Shuey approximations and the linearized Aki-Richards
approximations. On the left-hand side the P P-reflection coefficients are shown for a low and high contrast case. The parameters used are given in Table 1. On
the right-hand side, the S P-reflection coefficients are shown.
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Based on these results, we conclude that the extended Shuey approximations presented in this paper are a useful addition to the existing

approximations to the Zoeppritz equations, specifically in their application in forward and inverse modelling.
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APPENDIX A: ADDITIONAL REFLECTION AND TRANSMISSION COEFFICIENTS

In this section we show the approximations to the full set of reflection and transmission coefficients. Fig. Al shows the four terms of R,
Fig. A2 shows the four terms of R, Fig. A3 shows the four terms of T* and Fig. A4 shows the four terms of T~.
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Figure Al. A comparison of the extended Shuey approximation to the exact Zoeppritz equations for RV, The left-most column shows the 1,1-element, which
corresponds to the P P term. The centre-left column shows the 1,2-element, which corresponds to the P .S term. The centre-right column shows the 2,1-element,
which corresponds to the SP term. Finally, the right-most column shows the 2,2-element, which corresponds to the S§ term. The medium parameters used
for the interface correspond to the low-contrast parameters displayed in Table 1. Within each figure, the number of contrast terms A taken into account is
constant, while the different coloured lines represent the results for different values of N. These results are compared to the true, Zoeppritz equations, which
are represented by the solid black lines. Also note the dashed vertical lines, which indicate the maximum angle 6,5 = 0.8 - 6. up to which the approximation

holds.
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Figure A2. Same as Fig. Al, but for the R" terms.
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Figure A3. Same as Fig. A1, but for the T* terms.
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Figure A4. Same as Fig. A1, but for the T~ terms.
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