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Abstract. Proceeding from the perspective of Physical Oceanography, we study the theoretical models
and analyze the influence of marine channel and offset on the geometrical spreading compensation value.
Concerning the long offset and deep water conditions during the geophysical exploration process, we put
forward the 2.5-D geometrical spreading compensation technique to conduct more accurate amplitude
restoration of the horizontal layered or seemingly horizontal layered medium. The method fully considers
the geometrical spreading compensation and the marine channel outside the plane in the 2-D observation
system to achieve optimal restoration of the amplitude. 2.5-D has small computational amount that can
meet the real-time seismic processing requirement. The energy equilibrium analysis, synthetic and field
data results suggest that the method can ensure the equilibrium of the seismic information energy of
different underwater depths more properly, and improve the information reliability.
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Introduction

Geometrical spreading refers to the continuous spreading of the amplitude energy along
with the increase of the spreading distance during the underground spreading of the seismic
wave. The divergent process of the seismic wave is unavoidable, so the knowledge of how
to quickly and accurately conduct amplitude compensation is of vital importance.

The traditional geometrical spreading compensatiohn theoretic researches mainly
focused on the geometrical spreading compensation of the land layered medium. In
view of the research status, Newman (1973) inferred the zero shot-offset geometrical
spreading compensation formula. It is a convenient and simple method, which has
found wide applications in real life, but its compensation accuracy is limited. Ursin et
al. (1978, 1990, 1992, 2003, 2006) systematically studied the relationship among
seismic ray tracing, travel time and amplitude compensation. Several approximate
formulas to calculate the layered medium under the condition of non-zero shot-offset.
To get better approximate effect, it is necessary to learn the high-order time average
velocity. The speed is got through inversion, thus causing great uncertainty to results. In
1986, Bleistein published the famous 2.5-D theory, pointing out that 2.5-D is the
spreading rule of the point source in the 2-D plane. It is a theory aiming at achieving an
approximate effect of 3-D through items within and outside the plane. The significance
of 2.5-D theory lies in its approximation to 3-D practical conditions with less
computational amount required of 3-D so as to meet the real-time seismic processing
requirement and lay theoretical foundation for 2.5-D geometrical spreading
compensation. Later, many scholars (Cerveny and Ravindra, 1971; Bortfeld, 1989;
Tygel et al., 1992; Sun, 1996; Cerveny, 2001; Stovas et al., 2009) studied different
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aspects of geometrical spreading. In 2002, Ettrich studied the issue of geometrical
spreading compensation under the marine condition, analyzing the compensation curve
with the seawater velocity as constant as 1,500m/s. However, in that article, the
influence of the marine channel on geometrical spreading was not considered. Generally
speaking, to conduct survey of the subsea oil and gas under the condition of the constant
seawater velocity will cause significant errors. Research (Han et al., 2012) suggested
that marine channel in the seawater exert a considerable influence on the seismic ray
path, travel time and amplitude. Quite often, the deeper seawater has an more obvious
influence on geometrical spreading. While the conventional compensation style does
not take underwater channels into consideration, it will impair the accuracy of the
geometrical spreading compensation. Such compensation illusions might influence the
post-stage processing of seismic data..

Since previous scholars did not consider the influence of marine channel on
geometrical spreading compensation, this paper studies how to quickly and accurately
conduct amplitude compensation under the deep-water condition. First, the basic
principle of 2.5-D geometrical spreading compensation is introduced. Then, the
seawater velocity changes of the marine deep-water model are analyzed. Based on
research findings of previous scholars, the variable seawater velocity model is adopted
for 2.5-D geometrical spreading compensation to verify the accuracy and validity of this
method. At last, this paper gives the calculation example with the field data.

Theory

In order to realize the 2.5-D geometrical spreading compensation technique, the
geometrical spreading compensation formula should be built first. Geometrical
spreading refers to geometric divergency. The farther the wave spreads, the more wave
energy is spread. In the homogeneous medium, the energy density and the square of the
wave travel distance is inversely proportional to each other. The elastic waves have
several reflections and transformations in the elastic medium of the level course. When
there is one turning point at most, the amplitude of the received wave is proportion to
the following formula(Ursin, 1990; Sun, 1996; Sun, 2000):

V,
A=—— A (Eq.1)
L(9,s) Re

Where, R. stands for the reflection coefficient of the reflection point in R ; A stands
for the total transmission loss when the ray passes through the interface; L (g,s)stands

for the relative geometrical spreading compensation factor.
According to the ray theory, in the homogenous layered medium, it is assumed that
the ray, Q, generated by s is spread to the receiving point, g; L (g,s) and L*(g,s)are

called relative geometrical spreading within and outside the plane, respectively, (the two
are reciprocal ). To the 2-D line source, the ray spreads only in the 2-D plane. The
geometrical spreading outside the plane is L*(g,s)=1. In terms of the point source,

below is the expression formula:

L'(9,5)=|Q, (g,s.)r/2 = |cos 6, cos 6, (ox/ap )| (Eq.2)
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L*(9,5)=|Q; (9.5) (Eq.3)

1/2 1/2 g v X
=lo(g,s) =| |vds =‘—
oto0)” - Jus| -2

x stands for the horizontal distance betweens and g; ¢, stands for the angle of

incidence of the n layer; p=sing, /v, stands for the ray parameter; Q, stands for the

submatrix of ray spreading matrix.
In the vertical inhomogeneous medium, x meets the condition of the following ray
equation in terms of any ray section:

z  pvdz
X = f m (Eq.4)

Where, z stands for the underground medium burial depth. The expression of the
relative geometrical spreading factor is shown below:

z

2
¢ vdz vdz
L, (9,s)=L(9,s)L"(9,s)=| cosd,cosé, (Ea.5)
(@)=L (@301 (9= oo [ s

If the source and the receiving point are in the same stratum when the ray is reflected
in the medium, the equation is as follows:

z z

y2
d d
Lan (S;J, S) =200s6, {J. (1_ \;2\2/2 )1/2 J- (1_ \F/)z\zlz )3/2 } (Eq.6)

Assuming that cot@ —1, we can get the relative spreading factor of the zero shot-
offset:

L(s=g)= jvdz (Ea.7)

Zy

To sum up, Eq.6 and EQq.7 are the relative geometrical spreading compensation factor
of 2.5-D non-zero shot-offset and the zero shot-offset. During practical applications,
compared with the issue of the 2-D line source, the issue of geometrical spreading
generated by a point source in the plane interest the researchers more. This issue is in
essence an issue related to 2.5-D. The geometrical spreading of 2.5-D and the standard
2-D is the same when the wave propagates within the 2-D plane. The only difference is
whether geometrical spreading outside the plane has been considered. Under the general
2-D conditions, there is no geometrical spreading outside the plane. However,
geometrical spreading outside the plane should be conformed to the data outside the
plane. Therefore, a 3-D observation system is required. In fact, the integral of o(g,s)

through the ray can be worked out to conduct a simple and approximate confirmation of
geometrical spreading outside the plane. From the numerical perspective, the difference
between 2-D and 2.5-D lies in whether the integral of o(g,s) is calculated along the

ray. Just to be equivalent to a 3-D calculation conducted in a 2-D model. This not only
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meets the calculation of amplitude under the 2-D conditions, but also effectively
reduces the computational amount. Thus, it is of vital importance to improving the real-
time software interaction processing speed of data.

Synthetic data analysis

The modern marine oil exploration has the following characteristics: 1) Seismic
exploration through long shot offset; 2) Thick seawater; 3) Non-ignorable influence of
marine channel on spreading velocity of seismic wave. Thus, during the geometrical
spreading compensation of the seismic data, these characteristics should be taken into
full consideration. In other words, the conventional zero shot-shot offset compensation
methods cannot meet requirements of the modern marine seismic data processing. In
view of the problems, 2.5-D geometrical spreading compensation is adopted for
amplitude restoration.

Under general conditions, the seawater velocity is usually assumed to be constant as
1,500m/s during the practical processing of marine seismic data. However, the research
of Han et al. in 2012 suggested that from the perspective of Physical Oceanography the
spreading velocity of acoustic waves in the seawater relies on seasons, time, positions,
water depth and ocean currents. The major influencing factors are temperature, salinity
and pressure. In China’s South China Sea area, the temperature variation range is0 < T
< 30°C in the first 1,000m. The temperature is relatively high near the sea level. After
1,000 under the sea, the temperature remains basically the same at around 0°C. The
pressure variation range is 1 < P < 300 kg/cm?. The salinity variation range is 33 < S <
37 (%o). In this way, the velocity variation curve can be obtained. (See Fig. 1)
Considering the non-ignorable influence of seawater velocity variation on ray path,
seismic travel time and amplitude, theories of Physical Oceanography can be adopted to
optimize the seawater velocity model partially so as to get the optimal amplitude
restoration.
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Figure 1. The change of the seismic wave velocity with depth in the seawater.

From the curve variation rules shown in Fig. 1, it can be seen that the seawater
velocity has an obvious inflection point at the seawater depth of 1,000m. This is caused
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by the influence of marine channel on the seawater velocity. The seawater velocity
decreases in the shallow layer and then increases in the deep layer.

In order to analyze the difference between the conventional compensation and the
2.5-D compensation, the influence of the marine channel is considered. Two layered
medium models, namely the seawater with the constant seawater velocity and the
optimized seawater velocity (refer to Table 1 and Table 2 for the velocity models), are
adopted for numerical simulation and analysis. Table 1 and Table 2 provide the velocity
of various layers and the two-way travel time of each corresponding primary reflection
wave. In the model with the optimized seawater velocity, the seawater depth of 1,000m
is adopted as a boundary line. The seawater layer is divided into two. The average
velocity is used to replace the seawater velocity variations so as to get a more accurate
seawater velocity model. The shot point and the receiver point are put on the sea
surface. Left blasting is adopted. There are 600 channels totally. The shot-receiver
offset is 200m; the channel interval is 10m; the sampling interval is 1ms; the number of
sampling points is 7,000. Through the two models mentioned above, we compare
differences of compensation factors of different compensation methods.

Table 1. The velocity model 1 with constant seawater velocity

level 1 2 3 4 5
Velocity (m/s) 1500 2000 2400 3200 3500
Two-way time (s) 4 45 4.917 5.542 6.113

Table 2. The velocity model 2 with optimized seawater velocity

level 1 2 3 4 5 6
Velocity (m/s) 1509.5 14858 2000 2400 3200 3500
Two-way time (s) 1.325 4.017 4517 4.934 5.559 6.130

During the marine data processing process, the compensation value of the 2-D zero
shot-offset compensation method and the 2.5-D geometrical spreading compensation in
the constant seawater velocity and the optimized seawater model, respectively, are
obviously different.

From Fig. 2a, it can be seen that the relative error between the 2.5-D compensation
and the conventional compensation is extremely huge. When the offset is small, such
error is within the tolerable range. However, with the increase of the offset, the relative
error even exceeds by more than 200%. This suggests that under the condition that
offset is small and certain error is tolerable the conventional geometrical spreading
compensation methods are quick and convenient compensation methods. However, in
terms of compensation under the condition of a large offset, the error is huge. From Fig.
2b, it can be seen that the relative error of compensation factors is obvious when offset
is huge. All relative errors are below 11%. Some relative errors are above 5%. This
indicates the hypothesis of the constant seawater velocity widely adopted at present is
reasonable. However, it also shows that changes of compensation factors caused by the
influence of marine channel on the ray path, seismic travel time and amplitude are
obvious.
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(a) (b)

Figure 2. (a)Percentage of contrast between 2.5-D geometrical spreading compensation factor
and zero shot-offset distance compensation factor in the constant seawater velocity.(b)
Percentage of contrast between the constant and the optimized seawater velocity with 2.5-D
geometrical spreading compensation.

From Fig. 3a, it can be seen that the influence of the marine layer on compensation
factors can almost be ignored through compensation factors comparison in the 600th
channel, and is almost in line with the compensation curve of the constant seawater
velocity. Since the travel time of various reflection layers to each receiver is different,
the constant seawater velocity compensation curve is first smaller and then larger than
the compensation value after 4s.

Fig. 3b shows the compensation value comparison of the 6,000th sampling point.
The compensation value under the condition of zero shot-offset must be a constant
value in certain sampling point. The influence of the seawater layer on the
compensation factors is shown in Fig. 3a obviously. The compensation value increases
along with the shot-offset gradually, and then decreases around the 400th channel,
because the bottom reflection has not yet reached the receiver far away.

[} 26
25 T
L N R Zero shot-offset 1 s E—
Constant seawater velocity 24
e Qptimized seawater velocity
2
23
2
3t S22
$ £
g 21
g
i—4 L g
g 2r
o
. 19+
------------- Zero shot-offset
\ 18 Constant seawater velocity
6} 1T ] Optimized seawater velocity
- 17
7 . . L . n 16 . . . .
0 1 2 3 4 5 6 [ 100 200 300 400 500 600
Compensation value 10" Trace nummber

Figure 3. Comparison among zero shot-offset compensation factor and 2.5-D compensation
factor in constant seawater velocity and in optimized seawater velocity:(a)Comparison diagram
of compensation values in trace 600th.(b)Comparison diagram of compensation values in the
6000th sampling point.
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Fig. 3 shows the comparison of different channels and sampling points. The 2.5-D
optimized seawater velocity compensation curve and the compensation curve under the
condition of zero-offset and constant seawater velocity are obvious different from each
other. The zero-offset compensation and the 2.5-D constant seawater velocity
compensation cannot accurately realize the compensation of various layers. However,
the 2.5-D optimized seawater can make it and is more suitable for geometrical
spreading compensation of long-offset data.

Fig. 4 provides the compensation factors of the 2.5-D constant seawater velocity and
optimized seawater velocity compensation factors along the reflecting interface. As is
shown, seawater channel can exert an influence on the seawater velocity. Consequently,
compensation factors of various reflecting layers are influenced. Besides, the influence
is augmented due to a long offset. The influence of marine channel on the compensation
value increases along with the increase of offset.
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Figure 4. Compensation values at the arriving time from reflectors in the case of 2.5-D
compensation factor in constant seawater velocity and in optimized seawater velocity.

Field data processing

In order to verify the correctness and reasonability of the method put forward in this
paper, we choose field data of a sea for geometrical spreading compensation.

The original seismic records of common shot gathers are shown in Fig. 5a. It can be
seen that the energy in the shallow layer is relatively huge, easy to recognize and
abundant in information; but the attenuation in the deep layer is fast, and the seismic
information cannot be recognized. First, amplitude restoration is conducted of the
original seismic records of common shot gathers through the conventional geometrical
spreading. From Fig. 5b, it can be clearly seen that the deep-layer energy has achieved
favorable restoration. The seismic information has been enriched, but the energy
restoration in the long shot-offset is not optimistic. In terms of energy equilibrium, the
energy in the shallow and deep layer does not completely match each other. This
suggests that the amplitude energy compensation is uneven and inaccurate.
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Figure 5. Comparison diagrams of seismic record after applying geometrical spreading
compensation in different methods: (a) initial seismic record,(b)seismic record that
compensated by zero shot-offset compensation factor (c)seismic record that compensated by
2.5-D compensation factor with constant seawater velocity(d) seismic record that compensated
by 2.5-D compensation factor with variable seawater velocity

Fig. 5¢ and Fig. 5d show the 2.5-D geometrical spreading compensation of seismic
records of common shot gathers in the model with the constant seawater velocity and
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the optimized seawater velocity. The seismic records after 2.5-D compensation show
that the energy either in the near and long shot-offset or the deep and shallow layer is
more balanced than that in Fig. 5b. Basically speaking, the seismic amplitude is restored
completely. Compared with Fig. 5¢ in terms of energy, Fig. 5d shows that the energy in
the shallow layer is slightly stronger, but weaker in the deep layer. However, the whole
records are more balanced and reasonable, because the influence of the seawater layer

- 461 -

on the ray tracing and geometrical spreading compensation is considered.
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Figure 6. Comparison diagrams of the No.100 trace amplitudes in seismic records
corresponding to Fig.5:(a)initial seismic record,(b)compensated by zero shot-offset

compensation factor,(c) compensated by 2.5-D compensation factor with constant sea
velocity,(d) compensated by 2.5-D compensation factor with variable sea velocity

APPLIED ECOLOGY AND ENVIRONMENTAL RESEARCH 15(3): 453-463.
http://Awww.aloki.hu e ISSN 1589 1623 (Print) e ISSN 1785 0037 (Online)

DOI: http://dx.doi.org/10.15666/aeer/1503_453463

© 2017, ALOKI Kft., Budapest, Hungary



Liu et al.: 2.5-D geometrical spreading in a layered isotropic medium under deep-water condition
- 462 -

Fig. 6 shows the amplitude curve of the 100th channel corresponding to the seismic
records in Fig. 5. From Fig. 6, it can be directly seen that the amplitude curve under the
zero-offset compensation registers a huge improvement in terms of equilibrium
compared with the original amplitude curve. Its energy value is more balanced under
the seabed interface. This suggests that the zero offset compensation can achieve
preliminary compensation. However, compared with the zero-offset compensation
results, the energy equilibrium effect after 2.5-D compensation is improved more than
two times. The amplitude curve of 2.5-D seawater compensation is slightly superior to
the amplitude curve under the 2.5-D constant seawater velocity, but the difference is not
huge generally speaking. This is related to the seawater depth. When seismic data in the
deeper seawater layer calls for compensation, the influence of marine channel becomes
extremely significant. From Fig. 6, 2.5-D compensation can achieve a more accurate
restoration of amplitude.

Conclusions

Proceeding from the perspective of Physical Oceanography, this paper studies the
theoretical models and analyzes the influence of marine channel and offset on the
geometrical spreading compensation value. Concerning the long offset and deep water
conditions during the geophysical exploration process, this paper puts forward the 2.5-D
geometrical spreading compensation technique to conduct more accurate amplitude
restoration of the horizontal layered or seemingly horizontal layered medium. The
method fully considers the geometrical spreading compensation and the marine channel
outside the plane in the 2-D observation system to achieve optimal restoration of the
amplitude. During the processing of the practical marine seismic data, the following
problems were encountered:

1) The reflecting wave generated by different reflecting layers is recorded by the
receiver in different time. When the offset of the practical marine seismic exploration
data is long, the reflection record might be interacted with each other in seismic records
in the long shot. Similarly, the compensation factors about the specific reflecting layer
worked out in advance are also overlapped. Considering the conditions of the
intersection point of reflecting record, we adopts a larger compensation value as the
final compensation value of the point.

2) The seismic signals are made up of reflection records and seismic wavelets. The
seismic wavelets have certain duration length. As a result, during geometrical spreading
compensation of seismic records, it is necessary to compensate every wavelet in the
reflection records and ensure that the compensation value is the same. Generally
speaking, the duration length of a seismic wavelet is 200ms.

3) Marine seismic exploration data usually cover large scale of fields. The special
marine sedimentary environment has resulted in turning the underground medium into
the layered medium or seemingly layered medium in a small area (such as within the
single shot scope). In a huge scope, the underground medium might be the rugged
seabed or the steep angle or other special conditions. In my opinion it is feasible to
subdivide the velocity model of the whole measuring line by dividing the part with slow
velocity variation into one area and the area such as the rugged seabed or the steep
angle or other harsh conditions into multiple small areas. In this way, various areas after
division can be approximately regarded as the layered medium for 2.5-D geometrical
spreading compensation.
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4) After marine seismic data collection in certain sea area, we guess that it is
necessary to consider partial seawater velocity distribution obtained through physical
oceanographical methods, and find the feasible seawater velocity model according to
the position of marine channel so as to achieve proper geometrical spreading
compensation.

During the processing of practical marine seismic data, the above problems
encountered are solved. By comparing with the conventional compensation methods,
the accuracy and reasonability of the 2.5-D compensation method are verified. The
method put forward in this paper improves the reliability of amplitude restoration.
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