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MODELLING MARINE SEISMIC ACQUISITION 
SYSTEMS IN THE kf DOMAIN’ 

PETER M. DUNCAN’ 

ABSTRACT 

Modelling and meax~rement of the far field signature of 
airgun arrays have been used for some time now to design a 
better marine seismic sowce. tn this paper the presentation of 
the array signature is made in the Fourier (kfl domain. This 
aIIow6 for the inclusion of source and receiver ghosts and 
source and receiver group rrsponre. As a result. a total system 
response is derived. The presentation in this fashion not only 
lends insight to Lhe acquisition process hut also provides a 
relatively simple yet useful tool to aid in solvingtheexperimen- 
tat design problem. One can quickly test ways of tuning the 
syskm so that its response matches the predicted response uf 
the exploration target. 

INTRODUCTION 

The past few years have seen the emergence of the 
airgun array as the source of choice for exploration- 
oriented marine seismology. Airguns are mechanically 
soundand reliable, are relatively safeandeasy todeploy, 
give a fairly repeatable signal, and can be tuned both 
temporally and spatially to suit the exploration target. 
In other words, they are relatively efficient and cost- 
effective as a seismic source. 

In the design and evaluation of such arrays the most 
commonly used parameters are the peak-to-peak ampli- 
tude measure and peak-to-bubble ratio of the far field 
signature (Giles and Johnston, 1973; Nooteboom, 1978; 
Johnston, 1982). Thetirst isameasureofsourcestrength. 
The second is, to some extent, a measure of bandwidth. 
Unfortunately a simple statement of peak-to-peak gives 
no indication of the direction in which the energy is 
transmitted.Thiscanbeimportant,forenergynotaimed 
at the seismic target not only may be wasteful but in fact 
may generate noise on the seismic section. Similarly, 
the simple peak-to-bobble ratio is related only rather 
obscurely to the “whiteness” of the actual signal that 
reachesa target at somedepth in theearth(Larnerrtu/., 
1982). 

It is the intention of this paper to suggest using a kf 
domain presentation of the source signature in addition 
to the more standard displays. This presentation allows 
for a multifrequency demonstration of array directivity 
in a single diagram. As well, the presentation can easily 
incorporate all aspects of system response in such a way 
that the signature presented is not simply that of the 
source but is the Fourier domain response of the entire 
acquisition system. 

MODELLING THE kf SYSTEM RESPONSE 

The kf presentation will be introduced by taking a 
particular array as an example. The array consists of 
four subarrays as shown in Figure I. Each subarray has 
eight guns that iire tired simultaneously. These range in 
volume from 40 to 300 co in, with the total volume of the 
array being 4520 co in. The subarrays are towed in an WI 
rchelvn pattern such that the inline length of the array is 
43 m. The arrays are deployed with a ZS-m crossline 
separation so that the total width of the array is 75 m. 

Figure 2 is a simulated far field signature of the array 
in time. The signature is derived by simply summing the 
measured signatures of each of the individual guns in 
the array directly below the array. This is the most 
straightforward method of estimating array response, 
though by no means the most accurate. For a more 
complete discussion of such estimates the reader is 
referred to Dragoset (1984). Vaage el al. (1983). Parkes 
eta/. (1982),orZiolkowski(l970). Themodelledpeak-to- 
peak amplitude of this array is something in excess of 
one hundred bar-metres. The peak-to-bubble ratio for 
this array exceeds IO-to-l. Thefrequencydomainrepre- 
sent&ion of this far-field signature (Fig. 3) shows that 
the effect of the bubble is to cattse a ripple on the 
spectrum within the seismic band. The signature is 
relativelywhitefromabout IOto60H~.Thecharacteris- 
tic notch caused by the surface ghost appears at 97 Hz, 
as is appropriate for a source depth of 7.6 m (Giles and 
Johnston, 1973). 
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‘Pulsonic Grophysical Ltd.. 700. lOZOl Southport Rd. S.W.. Calgary. Alberta 
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Fig. 1. Diagramshowinggunvolumesand locationsforthe4520-cu.in 
wide array used as the first axample. The Ship would be located 
approximately at (-50.0) while the seismic ~freamer would begin at 
about (250.0) 

These figures represent the standard way in which 
one would evaluate this particular array. Figure 4 is an 
attempt to relate how the energy at 30 Hz is being 
distributed in space. The angle from the horizontal in 
degrees is plotted around the outside ofthis circle, with 
the boat off to the right. The contours represent, for a 
single frequency, the amount of power that the array is 
producingindecibelsrelative tothepeakofitsspectrum. 
At YO degrees, or straight downward, the array is gencr- 
ating its peak power. At 30 degrees off the vertical, the 
power is down 6 to 8 dB and becomes progressively less 
toward the horizontal. The radiation pattern is clearly 
asymmetric and tilted slightly aft toward the CMPs 
being sampled. The 40.Hz radiation pattern in Figure 5 
demonstrates the result of destructive interference 
between the various signals. Again, most of the energy 
is being directed back toward the cable. 

Such diagrams are fairly useful, though a little bit 
cumbersome in that they illustrate only one frequency 
at a time. Let us now progress to the kf representation, 
which will provide directional information over a wide 
band as well as some idea of source strength in a single 
diagram. 

Figure 6 is the inline kf far-field representation of the 
signature for the 4520.co-in array. Ghost and group 
response operators have not been included. The dia- 
gram results from a simple two-dimensional Fourier 
transform ofthe three-dimensionitl array that completely 

Fig. 2. Simulated far-field time signature of the 4520.u-in array. 

00. 

Fig. 3. Power spectrum of the far-field signature of the 4520.w-in 
array. 

describes the source (see Fig. 7). Transformation has 
beenperformedon thex(inlineposition)and tco-ordinates 
ofthe array, ignoring thccrossline offsets (y co-ordinates) 
at” the guns. This gives a result in k,f space valid for 
k, = 0. The result is approximately valid for all k, 
when the width of the array is small compared with the 
wavelengths observed. Positive wavenumbers repre- 
sent the increasing offset direction ofwave travel. Nega- 
tive wavenumbers represent energy that is propagating 
back up the cable. The power in dB relative to peak that 
the array is transmitting as a function of frequency at 
various wavenumbers is contoured at 12.dB intervals. 
Signal that is travelling with a horizontal wave front will 
plot on the vertical axis. The implication of this diagram 
is that most of the energy from this array is being 
directed downward. It should be noted that a similar 
procedure could be used to obtain the cross line (k,) 
characteristics of the array. For a complete analysis. 
the full-blown thl-ee-dimensional transform could he 
performed. 

Now consider some of the other factors that the 
acquisition system encounters. In Figure R, the gun 
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Fig. 4. Polar plot of the in-line radiation pattern at 30 Hz for the 
4520.a-in array. The array orientation is assumed with the ship off to 
the right and the cable lo the leff 
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Fig. 5. War plot of the in-fine radiation pattern at 40 Hz for the 
4520.cu.in array. The array Orientation is as in Figure 4. 
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Fig. 5. Kf domain plot of the gun signature for the 4520-w-k array. 
Ghosting and cable group response are not included. Contour intewal 
is 12 dB. Pwitive wave numbers represent waves travelling in the 
positive x direction. 

ghost has been added in. As before it produces a notch 
at about 97 Hz and multiples of 97 Hz. This notch is 
identified quite clearly along the zero wavenumber 
axis. What the previous diagram couldn’t show is that 
the ghost notch is offset-dependent. At lower apparent 
velocities the ghost notch moves to higher frequencies. 
This produces a chevron pattern in the contours. 

In Figure 9 the wavenumber response of the cable 
group has been included. (Schoenberger. 1970). This is 
a 25-m. l4-phone group which will respond with its first 
zero in wavenumber space at 0.04 mu’. The notches in 
the spectrum introduced by the response of the cable 
group are evident in the figure. The cable will also have 
a ghost, the effect of the water surface reflection on its 
response. Figure IO incorporates theghost operatorfor 
a IO-m cable depth. This has the effect of introducing a 
second notch at about 74 Hr. Again this is offset- 
dependent, so the effect moves to higher frequencies at 
higher wavenumbers. 

The last figure represents the entire system response 
of the marine acquisition system, except perhaps for 
instrument filters. What possible use can be made of 
these’? Perhaps one can compare one system with another, 
using not only the common far-field signature diagrams, 
but also the kf representation. 

USING THE MODEL FOR ARRAY SELECTIVN 

Figure I1 is a cartoon of the three arrays to be 
compared. The result for array A, where the four 
subarrays are towed in a chevron pattern that is about 
40 m long. has already been shown. Next, the result of 
towing four arrays abreast so that the total length of the 
array is 20 m, will begivenand,finally, thatforanarray 
over 300 m in length will be discussed. 

/ 

STREAMER 

Fig. 7. Schematic diagram to illustrate layout of array in (x.y.t) space. 
Fourier transforms of the x and f co-ordinates are pedormed to derive 
the kf diagrams presented. 
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1, 
Kf domain plot of the ghosted gun signature for the 4520.cu-in 

Fig. 9. Kf domain plot of the ghosted gun signature forthe4520.w-in 
array with the response of a 25-m. 14.phone. unweighted hydrophone 
group included. 

Ff9.10. Kf domain plot of the lull system response for the 4520-w-i” 
array and a 25-m group. Gun and cable ghosts are included. 

Figure I2 illustrates the configuration where the 
subarrays are towed parallel and abreast. The modelled 
far-field time signature is given in Figure 13. The peak- 
to-peak amplitude for this array, at close to 120 bar- 
metres. is a little larger than for the previous array 
because the total volume is 5000 cu in. The pcak-to- 
bubble ratio is smaller because the bubble pulse at 
around 100 ms after the initial pulse is slightly larger 
than previously. The effect of this can be seen in Figure 
14, which is just the power spectrum of the signal. The 
poorpeak-to-bubbleratiotranslatt:sintodeepernotches 
within the seismic band. In Figure I5 the kf representa- 
tion ofthe entire system is displayed. Again one can see 
the prevalent effect of the cable and source ghost, the 
limitingwavenumbernotchforthecablegroupresponse, 
and the over-all distribution of transmitted energy. The 
focusing mechanism of the array is still active, but not 
so effectively as before. Slower apparent velocities are 
being excited because the array is shorter. WC will now 
look at the long array and xc it” our arguments hold 
true. 

Figure I6 displays the set-up of the 300.m-long array. 
The array is made up of 40 identical 80-u-in guns 
spaced at about 8 m along a string. The lotal volume is 
3200 cu in. These guns arc identical, so their bubbles 
reinforceeachotherratherthaninte~eringdestructively: 
therefore a very poor peak-to-bubble ratio is 10 be 
expected. This is borne out in both the time response 
(Fig. 17) and the power spectrum (Fig. IX). The pcak-to- 
peak amplitude is quite a bit smaller than in the previous 
arrays, because the total volume of the gun system is 
only 3200 cu in. The peak-to-bubble ratio is only about 
I. On the power spectrum (Fig. 18) this peak-to-bubble 
ratio results in notches within the seismic hand that are 
very deep. This is not a very attractive spectrum from 
the point of view of whiteness within the seismic band. 

Moving to the kf domain (Fig. IY), the effect of the 
length of the array is very apparent. The concentration 
of energy is distinctly on the zero wave-number axis. 
This is effectively a plane wave source. Very little 
energy is transmitted at the low apparent velocities. 
Very little energy is directed at shallow angles from the 
horizontal toward the back or the front of the system. 
As before, the signature shows the two ghost notches 
and some wave-number band-limiting as a result of the 
cable group response 
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Fig. 11. Schematic lavout of three arrays to be compared. Array A is 
!he 4520-w% example already discussed. 
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Fig. 12. Gun layout diagram for array B. The towing direction is 
decreasing x as in Figure 1. 

Fig. 13. Modelled far-field time signature of array B. 

Clearly, the differences between one array and another 
can be seen as a result of doing this kind of analysis. but 
which array is better? 

One can, of course. look at some real data from the 
target area to see what kind of frequencies, spatial and 
temporal, are characteristic of the area. Figure 20 is 
data from Canada’s east coast presented in kf domain. 
The source array was in a 40 by 75 m chevron pattern 
with a total volume of about 4000 cu in. The cable group 
length and interval were I5 m. Note the 1500 m per 
second apparent velocity line, the lower limit of any 

Ffg. 14. Power spectrum of far-field signature, array B. 
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Fig. 15. Kf domain plot of the full system response for array B. 

available data. There is some noise evident at about 
2500 m/s. The largest part of the reflected energy has an 
apparent velocity of 4500-5000 m/s. Also notice the 
aliasing of the slowest data at the higher frequencies. 
By examining this sort of diagram, one could determine 
what part of the kf plane the acquisition system should 
be tuned to (Schoenberger, 1970). Such a study can be 
useful before returning to shoot in an area, but what if 
there are no previous data to analyze? 

It is possible to estimate the apparent velocities to be 
expected with rather simple calculations of the form: 

Vapp = 
t, v* 

x + T, V sin @ 

where x is the shot-to-receiver offset, 
t, is the event arrival time at offset x, 
T,, is the zero-offset vertical incidence 

arrival time, 
#is the dip of the event, 
V is the rms velocity. 
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Fig. 16. Gun layout diagram for array C. The towing directian is 
decreasing Y as in Figure 1. 

Figure 2 I presents a model that consists of four seis- 
mic events. The first will be recognired as the water 
bottom by its velocity. The second, third and fourth are 
set at 700, 1300 and 2X00 ms two-way time and 1870, 
2000 and 2800 m/s rms velocity. Figure 22 presents the 
apparent velocities as a function of offset calculated for 
reflections from these events. The apparent velocity of 
the water-bottom multiple has also been included. In 
this manner the apparent velocities of the key events 
can be predicted. This in turn indicates what part ofthe 
kf plane needs to be sampled by the system. Returning 
to the model example, let us assume we will limit this 
experimenttoapparentvelocitiesof3000misandfaster. 
By doing this nothing is lost, in terms of the modelled 
objectives, out to offsets of 2000-3000 m. Most of the 
water bottom is not imaged. but this is usually not a 
problem. If 3000 m/s is accepted as a good lower limit to 
theapparent velocities that should be retained, then the 
target band for system response is as pictured in Figure 
23. 

How do the three arrays modelled compare with this 
target?Figurer24,25and26arereplotsofthe kfresponse 
of the chevron (array A), four-abreast (array B) and 

Fig. 17. Modelled far-field time signature, array C. 

Fig. 18. Power spectrum of far-field signature of array C 

-0.05 -0.83 %%P”W, 0.03 0.85 

Fig. 19. Kf domain plot of the full system response for array C. 

long(arrayC)arrayswiththetargetzonesuperimposed. 
Clearly, array B is best suited to this particularexplora- 
tion requirement. 
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SElSMlC MODEL 

EVENT I TO = 100 nl88c “S = 1470 m/s 

EVENT 3 TO = 700 msec “s-1870 m/s 

EVENT 4 TO -1300 msec “S -2cco #lb4 

EVENT 5 TO = 2800 msec “*=2800 m/s 

Flg.21. Simplelayeredeallhmodelusedtocalculateapparentveloci- 
ties to be expected in data. 

MODEL APPARENT ‘VELOCITIES 

Fig. 22. Plot of the apparent velocities as B function of offset to be 
expected from the events shown in Figure 20. Event 2 is the water- 
bottom multiple. 

WAVENUMBER bl-ll 
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Fig. 23. Target band to be sampled by the acquisition system. 

Fig. 24. Comparing the target band with the system response of array A. 

-0.05 -0.03 W-~%PUMBE, 0.03 v1.05 

Fig. 25. Comparing the target band with the system response of array B. 
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Fig.25. Comparingthetarget bandwiththesystem responseofarrayc. 
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CONCLUSION 

What this paper presents is not some new and 
astounding mathematical tool which breaks open the 
acquisition business. but rather an application of a tried 
and true analysis technique to a familiar problem. A 
data presentation is obtained that graphically illustrates 
the imporl~ant properties of not only the seismic source 
but the entire acquisition system. A proper consider- 
ation of the exploration target should make it possible 
to use this kind of presentation to design a more appro- 
priate acquisition system and, hopefully. to acquire 
better da&. 
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