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Abstract. In the field of geophysics, although the first-order Rytov approximation is
widely used, the higher-order approximation is seldom discussed. From both theo-
retical analysis and numerical tests, the accumulated phase error introduced in the
first-order Rytov approximation cannot be neglected in the presence of strong veloc-
ity perturbation. In this paper, we are focused on improving the phase accuracy of
forward scattered wavefield, especially for the large-scale and strong velocity pertur-
bation case. We develop an equivalent source method which can update the imaginary
part of the complex phase iteratively, and the higher-order scattered wavefield can be
approximated by multiplying the incident wavefield by the exponent of the imaginary
part of the complex phase. Although the convergence of the proposed method has not
been proved mathematically, numerical examples demonstrate that our method can
produce an improved accuracy for traveltime (phase) prediction, even for strong per-
turbation media. However, due to the neglect of the real part of the complex phase,
the amplitude change of the scattered wavefield cannot be recovered. Furthermore, in
the presence of multi-arrivals phenomenon, the equivalent scattering source should be
handled carefully due to the multi-directions of the wavefield. Further investigations
should be done to improve the applicability of the proposed method.

AMS subiject classifications: 74]20, 86A15
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1 Introduction

From the analysis of scattering characteristics, we know that the forescattering is con-
trolled by the D.C. component (zero-wavenumber part and long wavelength component)
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of the medium spectrum [1,2]. The D.C. component of the medium spectrum increases
almost linearly with the propagation distance in general. The validity condition for the
Born approximation is the smallness of the scattered field compared with the incident
field. Therefore, in the case of long-range propagation of forward scattering, due to the
accumulation of phase changes caused by the velocity perturbations, the validity of the
Born approximation is easily to be violated. However, phase-change accumulation can
be easily handled by the Rytov transformation. This is why the Rytov approximation has
been widely used for long distance propagation with only forescattering or small-angle
scattering involved, such as the line-of-sight propagation of optical or radio waves [3-5],
transmission fluctuations of seismic waves at arrays [6-8], diffraction tomography [9-12],
seismic imaging using one-way propagators [13] and the calculation of finite-frequency
sensitivity kernel for travel-time tomography [14-17].

It is well-known that for long-range wave propagation in the regime of small-angle
scattering, Rytov approximation is superior to the Born approximation. However, the ac-
curacy and convergence of Rytov series is still not established. Some discussions on the
validity conditions are in the literatures [4,18-22]. In the area of diffraction tomography,
it is clear that the first-order Rytov approximation is not accurate enough for large strong-
contrast media in forward and inverse problems, therefore higher-order Rytov inversion
was proposed and the results showed improved inversion accuracy [23]. For statistical
wave propagation problem, Manning [24] derived a second-order Rytov approximation
for general beam wave propagation through turbulent media. Kim and Tinin [25] used
the second-order Rytov approximation to calculate the ionospheric residual error of dual-
frequency satellite navigation system, which considered the diffraction arising where the
Fresnel radius becomes larger than the inner scale of the spectrum of ionospheric turbu-
lence.

Different from previous researches, we mainly focus on increasing the phase accuracy
of the scattered wavefield in order to develop a non-linear traveltime inversion method
for strong-perturbation media. This paper is organized as following: In the second sec-
tion, we will demonstrate how to iteratively approximate the imaginary part of the com-
plex phase function. In the third section, we will use numerical examples to show the
improvements of the proposed higher-order Rytov approximation method over the first-
order Rytov approximation. Finally the perspectives and limitations of our method are
discussed.

2 Method
Let uo(x;w)be the solution in the absence of perturbation, i.e.,
(V2 +K2) up=0, (2.1)

where the wave-number k is defined as: k=w/cp(x) and cy(x) is the background velocity,
up=1up(x;w) is the unperturbed wave field.
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Suppose the perturbed wave field after interaction with the heterogeneity e(x) is
u(x;w), where (x) = c3(x)/c*(x) —1, and ¢(x) is the velocity model containing the het-
erogeneity. We normalize u(x;w) by the unperturbed field 1 (x;w) and express the per-
turbation of the field by a complex phase perturbation function ¢(x;w), i.e.,

u(x;w)/ug(x;w) =e?*), (2.2)

The accurate expression for the complex phase [4,22,26] is

P(x)= / (e(xX')+Vip(xX) Vip(x'),) Go(x;x ) uo(x")dx’, (2.3)

where Go(x;x") is the Greens function in the background medium and the integral is over
the entire volume V of the medium. For simplicity, we omit the frequency variable in
(2.3) and the equations hereafter.

Eq. (2.3) is a nonlinear (Ricatti) equation. Suppose that V- V| < |k%¢|, the first-
order Rytov approximation becomes
Pl (x)= ! /kzs(x')Go(x;x')uo(x')dx'. (2.4)
to(x)

Note that Eq. (2.4) is only valid for small scattering angle and small velocity perturbation
[22].

In literatures, to calculate the higher-order approximation of the complex phase, ¥
can be expanded as a series in powers of v [4,12]:

gb:l/?,b(l)—i-l/ng(z)-l-"-, (2.5)

where v is a small parameter.

The higher-order Rytov series can be obtained by substituting (2.5) and (2.2) into the
perturbed wave equation (2.1), and the calculation of the nth-order Rytov approximation
needs to solve an integral equation where the source term is composed of all the lower
terms of Rytov series [4,12,27]. However, the convergence of Rytov series is still not
rigorously proved, and the series was calculated up to only the third order as far as we
know.

In this paper, we will present a new iterative scheme to solve the nonlinear Eq. (2.3).
First, we can rewrite (2.3) as:

{p(x) = [ (V(X')-Vi(x')) Go(x:X o (x')dx,

v (2.6)
P =9l (x)+L2,

where p(x) is an auxiliary wavefield, generated by the equivalent volume source Vi (x)-
Vip(x) which is neglected in the first-order Rytov approximation. An intuitive scheme



B. Feng, R.-5. Wu and H. Wang / Commun. Comput. Phys., 28 (2020), pp. 98-110 101

for solving (2.6) is:

P(”) (x) — f <V¢(n—1) (x/) .le(n—l) (x’)) Go (x;x’)uo (x’)dx/, )
V .
) (x) = D (x) 4 22

up(x) ’

where (") (x) is the nth-order approximation to the complex phase in (2.3), and 7> 1.

Eq. (2.7) will give rise to a sequence ¥ (x),? (x),--- which is hoped to converge
to the complex phase itself. However, from our numerical tests, we find that (2.7) is a
computationally unstable iteration scheme, due to the numerical errors at very low and
high frequency ends.

Note that the real and imaginary part of ¢ stand for amplitude and phase informa-
tion of the scattered wavefield, respectively. Since the phase information is very im-
portant for the inversion of large-scale velocity structures, we mainly focus on improv-
ing the phase accuracy of the Rytov series using higher-order approximation. To avoid
numerical instabilities and make the iterative scheme more computationally tractable,
we introduce a frequency-independent traveltime perturbation field by calculating the
weighted-average of the imaginary part of phase:

T(x) = / W(w)T(x;w)dw, (2.8)

where T(x;w) is a frequency-dependent traveltime perturbation field defined by

T(x;a)) = w, (2.9)
w
and W(w) is a weighting function defined by the normalized power spectrum of source
wavelet spectrum s(w)
s(w)s™(w)

- [s(w)s*(w)dw’

The introduction of the normalized weighting function can suppress the noises arisen
from the numerical calculation of the background Greens function at both low-frequency
and high-frequency ends, resulting to a stable traveltime perturbation field.

Now the imaginary part of complex phase can be approximated by the product of a
frequency-independent traveltime perturbation field and the angular frequency:

W(w) (2.10)

Imy(x;w) ~wT(x), (2.11)

Substituting (2.11) into (2.7) and keeping the imaginary part of i leads to a new iterative
scheme:

p(x)=— [w? (VT(”*U(X’) -VT(”*l)(x’)> Go(x;x" ) ug(x")dx’,
J 2.12)

P (x) =M (x)+ P

1o (x)
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Recall that the first-order Rytov approximation also has a similar expression:

fw c2 Go (X ug(x')dx,
(2.13)
MRS

1o(x)

Comparing (2.12) with (2.13), we can find that for higher-order approximation, the
secondary source term in the first-order Rytov approximation is replaced with an equiv-
alent scattering source term in the higher-order Rytov approximation, where the equiva-
lent scattering source is given by:

Qe(x) = —w?up(x) (VT (x)-VT(x)). (2.14)

The direct calculation of (2.12) in the frequency domain still requires huge compu-
tational cost, due to the explicit calculation of Greens function of two arbitrary points.
Therefore, by defining a time-domain equivalent scattering source g(x,f):

_e(x) Pup(xt) n=1
(M(x, =4 ,ak o 7 ’ (2.15)
1 (vT(n D(x)-VT=1(x )) 32uaot(2xlt), n>1
the higher-order Rytov approximation can be efficiently implemented in the time domain

as:

1 9
( () o VZ)P(”)(XJ)ZQW)(XJ), n=12,. (2.16)

Finally, the nth-order Rytov approximation of the total wavefield is:
u™ (x;w) :uo(x;w)eﬂmlp(n>(x"“’). (2.17)

Since only the imaginary part of the complex phase is taken to calculate the higher-order
Rytov approximation, the amplitude will stay unchanged. Therefore, the neglect of the
real part of the complex phase will cause amplitude differences compared with the total
wavefield. As mentioned before, we only focus on improving the phase accuracy of
the forward scattered wavefield for it might be benefit to future non-linear traveltime
inversion in large-scale strong perturbation media.

3 Examples

To show the limitations of first-order Rytov approximation and the improvements of
the proposed higher-order Rytov modeling method, we conducted a set of forward-
scattering experiments using Gaussian-shape velocity perturbations.
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Fast Gaussian perturbation

The background velocity is a homogeneous velocity (vg =2 km/s), and the true velocity
model is a fast Gaussian anomaly embedded in a constant background. The scale of the
Gaussian anomaly is 4 =1.0 km, in the form:

r? 2 2
dv(x,z) =evpexp <—@>, r:\/(x—xo) +(z—20)%, (3.1)

where xp=>5.0 km, zo=5.0 km, and ¢ is the percentage perturbation, a is a scale parameter.

The grid number of velocity model for x and z directions is 1001 and 1001, respec-
tively, and the grid interval is 0.01 km. The experiments configuration, as shown in Fig. 1,
is similar to the case of transmission tomography. The source wavelet is a Ricker wavelet
with 10 Hz peak frequency at (x=2.5 km, z=0 km). A line of receivers are placed at z=7.0
km, starting from x =1.0 km to 9.0 km. The wave length in the background velocity is
Ap=0.2 km. Therefore, the scale of anomaly is five times of wave length (=1 km =5A).

0 4

35
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o IS
w
Velocity(km/s)

2.5

10 2

Distance (km)

Figure 1: Velocity model with a fast Gaussian anomaly (¢=100%) and the geometry.

To demonstrate the advantages of higher-order Rytov approximation, three models
with different percentage perturbations are tested (e =10%, 50%, 100%). We calculated
up to the fifth-order approximation and the results are shown in Fig. 2(a)-(c). In Fig. 2,
the seismic waveforms simulated by the true velocity model are plotted by wiggle traces.
The grey solid traveltime curve is calculated from the background model. The green-
dashed-, sky-blue-dashed and the red-dotted traveltime curves are calculated from the
first-order, the third-order and the fifth-order Rytov approximation, respectively. Note
that the traveltime is defined as the time where the maximum amplitude is detected.

In the first example (e =10%, Fig. 2(a)), we can see that the first-order Rytov approxi-
mation traveltime has a good agreement with the true result, and is also coincide with the
third-order and the fifth-order results. The first example demonstrates that the accuracy
of first-order Rytov approximation is adequate due to the small perturbation strength.
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Figure 2: Traveltime comparison for the fast Gaussian ball perturbation model with (a) e=10%, (b) e=
50%, and (c) e=100%. The background waveform is calculated from the true velocity model. The grey
solid traveltime curve is calculated from the background model. The green-dashed-, sky-blue-dashed and

the red-dotted traveltime curves are calculated from the first-order, the third-order and the fifth-order Rytov
approximation, respectively.

In Fig. 2(b), the percentage perturbation is increased to 50% which stands for a rela-
tively strong perturbation, implying that the validity condition of first-order Rytov ap-
proximation is not satisfied any more. Therefore, the traveltime of first-order Rytov ap-
proximation (green-dashed curve) shows clear derivation from the waveforms in the true
velocity model. On the other hand, the third-order Rytov approximation traveltime (sky-
blue-dashed curve) matches well with the true traveltime. In addition, the fifth-order
traveltime (red-dotted curve) fits the waveforms very well, and the difference between
the third-order and the fifth-order traveltime is hard to distinguish. In this case, we con-
clude that the third-order Rytov approximation can produce a good accuracy for travel-
time prediction of forward scattering.

In Fig. 2(c), the percentage perturbation is increased to 100%, and we find that the
first-order traveltime dramatically deviates from the true waveforms. Nevertheless, the
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third-order traveltime is still close to the true result, except for some apparent errors at
far offset range (receiver horizontal positions from x =8500 m to 9000 m). Furthermore,
the fifth-order traveltime can match with the true waveforms everywhere, indicating that
the fifth-order Rytov approximation can achieve an acceptable accuracy.

To further compare the traveltime and amplitude behaviors, Fig. 3 shows compar-
isons of seismic waveforms calculated by different methods for fast Gaussian perturba-
tion models (blue curves: waveforms calculated in the true model; green curves: wave-
forms calculated by the first-order Rytov approximation; red curves: waveforms calcu-
lated by the fifth-order Rytov approximation; black curves: waveforms calculated by the
first-order Born approximation) for e=10% (a), 50% (b) and 100% (c).

From Fig. 3(a), in the area where the horizontal coordinate x <2 km, the first-order
Born, the first-order and the fifth-order Rytov modeling results are coincide with the true
waveforms, because the seismic wave only penetrates the marginal part of the Gaus-
sian velocity perturbation. As the perturbation strength increases, the seismic rays bent
slightly, resulting to an amplitude focusing phenomena which can be observed in Fig. 2(b)
and (c). Since the real-part of complex phase is neglected, the amplitude change cannot
be recovered, and we can see the amplitude differences in Fig. 3(b) and (c). For x >4
km, the first-order Born modeling results only show strong amplitudes but no traveltime
shifts although the perturbation strength is small. Wu and Zheng [28] demonstrated that
for large-scaled perturbation, the first-order Born approximation cannot get satisfied re-
sult. On the contrary, the proposed higher-order Rytov approximation results, especially
the fifth-order result, can predict the traveltime shifts very well.

From Fig. 2(b), the traveltime shifts between the true and background waveforms
become obvious for x >3 km. Due to the large perturbation strength, the first-order
Rytov approximation is not valid any more. Therefore, in Fig. 3(b), the green-dashed
curves (first-order Rytov approximation) have apparent traveltime deviation from the
true waveforms, but the fifth-order Rytov approximation (red-dotted curves) still match
the true waveforms very well.

For the e=100% example, as shown in Fig. 3(c), the traveltime deviations between the
first-order Rytov approximation result and the true waveform become more evident. But
the fifth-order Rytov approximation results only have small traveltime shifts compared
with the dominant wave period, except that the amplitude cannot be recovered due to the
neglect of the real part of the complex phase. Since the defocusing effect of the positive
Gaussian anomaly will cause an amplitude decrease, the amplitudes of the total wave-
fields are weaker than the background wavefield. However, the Born modeling results,
in both Fig. 3(b) and (c), show very strong amplitude (about 1 order of magnitude higher
than the true waveforms).

Slow Gaussian perturbation

Next, we will test the higher-order Rytov approximation in the presence of low velocity
anomaly. The shape Gaussian anomaly is identical to the previous perturbation described
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Figure 3: Comparison of seismic waveforms for fast Gaussian perturbation models: (a) e=10%, (b) e=50%, and
(c) e=100%. The blue curves are waveforms in true model; the green and red curves stand for the first-order and

the fifth-order Rytov modeling results, respectively; the black curves are the first-order Born modeling results.
The reduced traveltime is defined as the true traveltime minus the background traveltime.

in (3.1), except that now the percentage perturbation are negative values: &¢ = —10%,
—25%, —50%. Besides, we increase the homogeneous background velocity to 3 km/s
(vo =3 km/s) to reduce numerical dispersion of the finite-difference algorithm. In all
examples, the Rytov series is also calculated to the fifth-order.

In the second example (e = —10%, Fig. 4(a)), the results are similar to the positive
perturbation case in Fig. 2(a). Both the first-order and higher-order traveltime have a
good agreement with the true result. When the percentage perturbation is increased to
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Figure 4: Traveltime comparison for the slow Gaussian ball perturbation model with (a) e=—10% and (b)
e=—25%. The background waveform is calculated from the true velocity model. The grey solid traveltime curve
is calculated from the background model. The green-dashed-, sky-blue-dashed and the red-dotted traveltime
curves are calculated from the first-order, the third-order and the fifth-order Rytov approximation, respectively.

—25%, as shown in Fig. 4(b), the first-order Rytov approximation result (green-dashed
curve) has large traveltime errors for x =5—8 km, due to the accumulated phase errors
neglected in the first-order approximation. On the contrary, the third-order traveltime
(sky-blue-dashed curve) has a big improvement over the first-order approximation. Fur-
thermore, the fifth-order result (red-dotted curve) has a better agreement with the true
record. Finally, the percentage perturbation is increased to —50%. However, the multi-
arrivals phenomena are observed due to the presence of strong slow-velocity Gaussian
anomaly. In such case, it is hard to calculate the gradient of complex phase accurately,
resulting to a divergent Rytov series. Further research is needed to calculate an accurate
gradient in the presence overlapping wavefronts and multi-arrivals.

We can also make a comparison for the traveltime and amplitude behaviors. Fig. 5
shows comparisons of seismic waveforms calculated using the negative Gaussian pertur-
bation models with e=—10% (a) and —25% (b). For the small perturbation case (e=—10%,
Fig. 5(a)), in the area where x > 2 km, both the Born and Rytov modeling results are close
to with the true waveforms. For x <5 km, the first-order Rytov approximation traveltime
(the green curves) gradually deviates from the true result, but the fifth-order approxima-
tion result still matches with the true result very well. When the strength is increased
to —25%, the waveform mismatches are more apparent. From Fig. 5(b), for x =4—9 km,
the first-order Rytov approximation results have a large traveltime difference compared
with the true result. But the traveltime errors for fifth-order result are still very small
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Figure 5: Comparison of seismic waveforms for slow Gaussian perturbation models: (a) e=—10% and (b)

e¢=—25%. The blue curves are waveforms in true model; the green and red curves stand for the first-order and
the fifth-order Rytov modeling results, respectively; the black curves are the first-order Born modeling results.
The reduced traveltime is defined as the true traveltime minus the background traveltime.

compared with the dominant wave period. Due to the focusing effect of the low-velocity
Gaussian anomaly, the seismic amplitude of the total wavefield at x =6 km is ampli-
fied dramatically. As previously discussed, the amplitude change of the total wavefield
cannot be recovered by the higher-order Rytov modeling method. However, our main
objective is to recover the phase information which is hoped to be used for future non-
linear traveltime inversion.

4 Discussions and conclusion

To approximate the complex phase from lower to higher order gradually, we intro-
duced an equivalent scattering source composed of the product of incident wavefield
and gradient-square of the nth-order traveltime perturbation field. Since we mainly fo-
cus on the phase accuracy of the complex phase, the imaginary part of complex phase is
then approximated using the weighted-average of a traveltime perturbation field multi-
plied by frequency. The physical interpretation for the phase-traveltime variable change
is that only primary waves are considered. Therefore, in the presence of multi-arrivals,
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the equivalent scattering source should be handled carefully due to the multi-directions
of the wavefield.

The neglect of the real part of the complex phase implies that the amplitude cannot
be recovered accurately. Nevertheless, considering that the phase information plays an
important rule for the subsequent non-linear traveltime inversion, these assumptions are
still reasonable and acceptable.

In this paper, we developed an equivalent source method which can update the imag-
inary part of the complex phase iteratively, and the higher-order scattered wavefield can
be approximated by multiplying the incident wavefield with the exponent of the imagi-
nary part of the complex phase. Numerical examples demonstrated that the accuracy of
the first-order Rytov approximation is not enough if the perturbation strength is strong,
while the proposed method can produce an improved accuracy for traveltime (phase)
prediction. Even if the percentage perturbation is 100 per cent, the fifth-order Rytov
approximation can produce a satisfying result. The application of the proposed higher-
order Rytov approximation method to non-linear traveltime inversion is our future re-
search.
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