
Appendix B

Layer stripping workflow and

discussion of earlier simple

application by Spetzler and Øyvind

(2006)

This appendix discusses the practical aspects of how to estimate the reflectivity

change from post-stack seismic data using the spectral ratio.

B.1 Calculating the spectral ratio from post-stack

seismic data

Assume a seismic record in the time domain starting at time zero with two seismic

events recorded, event 𝑒1 = 𝑒(𝑡1) at the two way traveltime 𝑡1 and event 𝑒2 = 𝑒(𝑡2)

at the two way traveltime 𝑡2 (Figure B.1(a)). These two reflection events are equiv-

alently described in the frequency domain instead of the time domain, indicated

by the red box in Figure B.1(a) (for example, a fast Fourier Transform (FFT) will

perform the mapping of the events from the time to the frequency domain). More-

over, this seismic record is the equivalent of the generalised reflectivity, 𝑟02𝐷 , of a
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stacked layered medium with reflections occurring at two interfaces. Any source

and receiver terms are neglected initially in this analysis. The super script 02 rep-

resents the reflectivity for the complete region from the surface, index 0, down to

the second interface, index 2. According to Section 4.1, the total seismic response,

𝑟02𝐷 ≈ 𝑟01𝐷 + 𝑡01𝑈 𝑟
12
𝐷 𝑡

01
𝐷

(a) Seismic reflection
events 𝑒1 and 𝑒2

(b) Seismic reflection event
𝑒1

(c) Seismic reflection event
𝑒2

Figure B.1: Schematic representation of the generalised reflection addition rule
used in order to generate a seismic trace consisting of two reflection events, 𝑒1 and
𝑒2.

𝑟02𝐷 , is the addition of the generalised reflectivity of the first layer 𝑟01𝐷 and the sec-

ond layer, 𝑡01𝑈 𝑟
12
𝐷 𝑡

01
𝐷 , indicated at the top of Figure B.1(b) and B.1(c), respectively.

Figure B.1(b) represents the seismic response for the first layer, thus shows only

the event, 𝑒(𝑡1). Figure B.1(c) outlines how the reflection response of the second

layer is constructed. In the later case, interface 1 is marked with a dashed line, in-

dicating that only transmission effects, 𝑡01𝑈 and 𝑡01𝐷 , are considered at this interface,

whereas the reflection at interface 2 is causing the seismic event, 𝑒(𝑡2). However,

the problem is that real data always contain both events, 𝑒1 and 𝑒2, in the seismic

trace. Therefore, it is not possible to separate the response into its two constituents

by taking the FFT of the complete seismic trace (red box in Figure B.1(a)) The

situation as shown in Figure B.1(c) where a reflection occurs at one specific interface

and transmission at the remaining interfaces does not occur in reality and the usage
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of the FFT has to be adjusted accordingly.

Figure B.2 consequently illustrates how the plane wave propagation in stratified me-

dia is used in order to derive each factor of the generalised reflectivity summation

from the recorded seismic trace in the time domain. This figure sketches an idealised

𝐷 𝑟01𝐷 𝑆 ≈ 𝐷𝑆 𝑟
𝑡𝑤𝑖𝑛𝑑𝑜𝑤1
𝐷 𝑒𝑖𝜔𝑡𝑤𝑖𝑛𝑑𝑜𝑤

(a) (b)

Figure B.2: Schematic representation of breaking the generalised reflectivity into
its additive parts for the first reflection event, 𝑒1, of the layered media.

seismic trace of the first reflection event, 𝑒1, in the time domain, as recorded at 𝑡1

(TWT). Hence, the generalised reflectivity, 𝑟01𝐷 , is the product of the source and

receiver term with the reflectivity, 𝐷 𝑟01𝐷 𝑆, in the frequency domain. The red box

encloses the part of the time series that is transferred into the frequency domain,

which includes the local reflection event at interface 1 and the time delay due to

propagating from the surface down and up again. However, these effects can be

approximated when the seismic reflection event is transferred within a narrow time

window into the frequency domain (Figure B.2(b)). Nevertheless, the time window

around the reflection event, 𝑒1, has to be large enough to capture the full wavelet.

No time delay due to the wave propagation from the surface to the onset of the time

window is taken into account in this case. However, a time delay due to propaga-

tion is equivalent to a phase shift, 𝑒𝑖𝜔𝑡𝑤𝑖𝑛𝑑𝑜𝑤 , because plane waves are considered.

Therefore, this phase shift is multiplied with the Fourier transform of the windowed
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signal, 𝐸1(𝜔), in order to obtain an approximate representation of the time series

event in the frequency domain, as in Figure B.2(a). This phase shift is determined

by the difference between time zero and the time of the onset of the window, 𝑡𝑤𝑖𝑛𝑑𝑜𝑤.

Nevertheless, the small time window centred around the seismic response creates

errors in the frequency domain, because the time series is sharply truncated at

both ends. Ringing in the frequency domain is the result, which is known as Gibbs

Phenomenon. The windowed time series needs to be tapered on both sides, which

reduces the error, but widens the spectrum. Hence, calculating the Fourier trans-

form of the time series within such a narrow tapered window around the reflection

signal and subsequently adjusting the phase to account for the wave propagation is

an approximation. This does not fully substitute the Fourier transform calculated in

a large time window. Figure B.3 illustrates the equivalent for the case of the second

reflection event, 𝑒2, and therefore presents an approximation to recover the 𝑡01𝑈 𝑟
12
𝐷 𝑡

01
𝐷

term from the seismic time series recorded at the surface. Figure B.3(a) represents

𝐷 𝑡01𝑈 𝑟
12
𝐷 𝑡

01
𝐷 𝑆 ≈ 𝐷𝑆 𝑟

𝑡𝑤𝑖𝑛𝑑𝑜𝑤2
𝐷 𝑒𝑖𝜔𝑡𝑤𝑖𝑛𝑑𝑜𝑤

(a) (b)

Figure B.3: Schematic representation of breaking the generalised reflectivity into
its additive parts for the second reflection event, 𝑒2, of the layered media.

transmission only at interface 1 (dashed line) and reflection at interface 2. In this

hypothetical situation, the reflection event in the time domain, 𝑒2 is transferred into
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the frequency domain by taking the Fourier transform of the time series within the

red box (Figure B.3(a)). Hence, the reflection event 2 represented in the frequency

domain, 𝐸2(𝜔), is expressed as: 𝐸2(𝜔) = 𝐷 𝑡01𝑈 𝑟
12
𝐷 𝑡

01
𝐷 𝑆. On the other hand, a real

seismic trace records the reflection event 𝑒1 at earlier times as well, thus taking

the Fourier transform of the complete trace does not result in the expression for

𝐸2(𝜔), but rather for the generalised reflectivity of the stack of layers. Therefore,

to obtain only 𝐸2(𝜔) the reasoning is similar to the previous case. All transmission

and reflection effects are naturally included in the wavelet 𝑒2 recorded at time 𝑡2.

Hence, the Fourier transform of the wavelet inside the narrow time window in Fig-

ure B.3(b) includes these transmission and reflection effects, as well as the phase

shift from the window onset to the reflection, 𝐷 𝑟𝑡𝑤𝑖𝑛𝑑𝑜𝑤𝑡2
𝐷 𝑆. The reflection event 2 is

approximated in the frequency domain, 𝐸2(𝜔), by applying the Fourier transform to

the reflection event extracted in a narrow, tapered time window and adjusting the

phase to consider the additional phase shift: 𝐷𝑆 𝑟𝑡𝑤𝑖𝑛𝑑𝑜𝑤2
𝐷 𝑒𝑖𝜔𝑡𝑤𝑖𝑛𝑑𝑜𝑤 . The individual

terms of the generalised reflectivity of this two layer example (Figure B.4) are thus

approximated from the complete seismic trace by calculating the Fourier transform

of the individual reflection events in a narrow time window and multiplying a phase

shift to account for the propagation in between reflection events.

Figure B.4: Decomposition of a seismic reflection series into the terms forming the
generalised reflectivity.
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This general two layer case is easily expanded into a multi-layer case. These ex-

tracted terms labelled as 𝐸𝑛(𝜔), with 𝑛 referring to the different reflection events

are equivalent to the terms 𝐵3, 𝐵4 and 𝑀3, 𝑀4, used previously. The spectral ratio

and the reservoir reflectivity change (Equation 4.15) can thus be estimated.

B.2 Practical workflow for the layer stripping

approach

The theory of calculating the spectral ratios from stacked data is discussed in the

previous section. A brief overview of the practical workflow, from picking seismic

events to calculating the Fourier transform is given in this section. The general

workflow used to derive the spectral ratio is outlined in Table B.1. First, the selected

pick seismic reflection event (time domain)

⇓
extract seismic data inside a window centred around the

picked event

⇓
FFT of extracted time series

⇓
adjust the phase using the picked traveltime of the reflection

event

⇓
calculate the spectral ratio (frequency domain)

Table B.1: The workflow for calculating the spectral ratio using seismic reflection
events.

reflection events are picked in the synthetic post-stack seismic data generated from

the ray-tracing model with the Mio-Pliocene channel as well as the Quaternary

channel in the overburden. The two way traveltimes for the horizon picks are then

exported into an ascii file and later used to correct the phase, before forming the

spectral ratios (Equation 4.13). Figure B.5 shows one inline section through a
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post-stack seismic data cube and the orange line marks the traveltime picks of the

Sele reflection event. Subsequently, the seismic data inside a 32ms window centred

Figure B.5: Inline section of seismic data showing the Sele reflection traveltime
being picked for further analysis.

around the picked Sele reflection event are extracted and exported as SEG-Y file

(Figure B.6). This extracted time series of the Sele reflection event is then tapered

at the edges using a cosine function and in turn transferred to the frequency domain

by a Fast Fourier Transform. The picked two way traveltime is used to calculate

the phase shifts for each of the discrete frequencies in the FFT which are in turn

multiplied with the fourier transformed of the Sele reflection event. The previously

discussed Figures B.2 and B.3 illustrate this step as well. The above described steps

Figure B.6: Extracted seismic data inside a 32ms time window centred around the
Sele peak reflection event.

are in turn done for all traces, thus the reflection events are transformed from the

time domain into the frequency domain. The spectral ratio is then computed by

multiplication and division of these complex valued Fourier transforms.
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B.3 Published approach using the spectral ratio

method

The spectral ratio method has also been reportedly used by Spetzler and Øyvind

(2006) in order to separate overburden effects from the time-lapse signal similar

to the study presented in this chapter. Their approach consists of using upgoing

and downgoing wavefields as described by Wapenaar and Berkhout (1989), whereas

the spectral ratio presented in this chapter is derived using the generalised reflec-

tivity approach described by Kennett (1983). Spetzler and Øyvind (2006) test the

spectral ratio on a simple 2D model, where non-repeatability is introduced by a ge-

omechanically changing overburden and a constant shift of the source and receiver

positions. Furthermore, the authors estimate the change in reflection coefficient at

two separate interfaces from pre-stack as well as near offset post-stack gathers. The

fit of the estimated reflectivity change at interface 6 to the theoretical one is good,

however, they obtain poor estimates at interface 7 (Figure B.7).

Figure B.7: Pre- and post-stack estimated reflectivity change at interface 6 and 7
from synthetic 2D time-lapse data (from Spetzler and Øyvind (2006)).

In addition to this simple synthetic example, the authors apply the spectral ratio

method to real 2D seismic data from the Troll West field, offshore Norway. The re-

flectivity change estimated at two reflectors in the reservoir is very spiky and strongly
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varies around a mean value of one (Figure B.8). Hence, their conclusion is that a

change of ±10% indicates that there are no significant time-lapse effects. These

Figure B.8: Estimate of reflectivity change at the Troll West field for two reflectors
in the gas province (from Spetzler and Øyvind (2006)).

results have to be compared to the study outlined in this chapter where changes as

low as 2% are recovered from the seismic data, However, it is acknowledged that

synthetic data are used. Spetzler and Øyvind (2006) calculated the spectral ratio

also for the gas-fluid interface of the Troll West data, where no lateral change in

reflectivity is to be expected. The result is poor and the spectral ratio fails to esti-

mate the reflectivity change correctly. Moreover, the estimated reflectivity change

is highly unstable and estimates vary between 0.6 and 1.2 (Figure B.9).

Figure B.9: Estimate of reflectivity change at the gas-fluid interface at the Troll
West field (from Spetzler and Øyvind (2006)).
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These results do not compare to the reflectivity change estimated for the Sele horizon

presented in section 4.2, where the reflectivity changes derived by the spectral ratio

barely exceed an absolute error of 0.05 for a laterally non-varying reflection event.

Therefore, it is considered that the implementation of the spectral ratio as presented

in this chapter is an improvement over the described application by Spetzler and

Øyvind (2006), which is not sufficiently convincing and furthermore has not been

tested in a full 3D framework.
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