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Abstract

In the processing of conventional marine seismic data, seawater is often assumed to have a constant velocity
model. However, due to static pressure, temperature difference and other factors, random disturbances may often
frequently in seawater bodies. The impact of such disturbances on data processing results is a topic of theoretical
research. Since seawater sound velocity is a difficult physical quantity to measure, there is a need for a method
that can generate models conforming to seawater characteristics. This article will combine the Munk model and
Perlin noise to propose a two-dimensional dynamic seawater sound velocity model generation method, a method
that can generate a dynamic, continuous, random seawater sound velocity model with some regularity at large
scales. Moreover, the paper discusses the influence of the inhomogeneity characteristics of seawater on wave field
propagation and imaging. The results show that the seawater sound velocity model with random disturbance will
have a significant influence on the wave field simulation and imaging results.
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1  Introduction
In marine seismic exploration, seawater is commonly con-

sidered as a static or constant velocity “geological body” for data
collection. However, this assumption does not account for the
impact of physical factors, such as temperature and pressure,
which cause the seawater velocity to vary with time. Additionally,
multiple observations made at the same location to suppress
multiple waves can distort and disturb the seismic rays in the
seawater, altering the propagation path and affecting the pro-
cessing results of seismic data (Wei, 2021; MacKay et al., 2003; da
Silva Ritter, 2010). Due to the difficulty in accurately measuring
seawater sound velocity, it is necessary to develop a method for
generating a seawater sound velocity model to study various
wave fields in the presence of seawater inhomogeneity.

When using wave equation or seismic ray method for forward
modeling, generally, the generation of forward model is carried
out by hand-drawing (Wang et al., 2020, 2021). When it is neces-
sary to study the randomness and stratification of the formation,
a special model generation method is required. At present, ran-
dom medium model theory is often used for model generation in
land seismic forward modeling. This method is mainly based on
statistical principles to describe inhomogeneity stratigraphic
models, and uses autocorrelation functions to constrain their
random distribution (Xi and Yao, 2001; Ikelle et al., 1993). Many
scholars have conducted forward modeling simulations and ana-
lyzed the seismic wavefield response characteristics of random
media models (Korn, 1993; Holliger and Levander, 1994; Holliger
et al., 1994). These studies have also demonstrated that small
perturbations within the medium can have a significant impact
on the seismic wavefield characteristics (Xi and Yao, 2001; Yong
et al., 2021). However, for the forward modeling of marine seis-

mic exploration, because seawater has completely different prop-
erties from land, such as dynamics, the stochastic medium mod-
el theory cannot fully simulate the characteristics of seawater,
and a new method is needed to generate the seawater sound ve-
locity model.

The Munk model was originally proposed by Walter H Munk
in 1974 (Munk, 1974), which is a method for simulating sound ve-
locity profiles using mathematical methods, and the resulting
equations are empirical equations. In general, to know the velo-
city parameters of seawater at a certain position, information
such as pressure, temperature, salinity, etc. are required. But the
Munk model is designed to collect only parameters such as
depth. Since pressure, temperature, salinity and other informa-
tion are often not collected in marine seismic exploration, the
Munk model is very suitable for solving problems related to sea-
water sound velocity in marine seismic exploration (Sun, 2021).
Some scholars have also conducted research on the characterist-
ics of the acoustic wave field in the case of the deep sea channel
(Han et al., 2015). The Munk model, however, only describes the
vertical changes of the seawater with varying depth, but it fails to
describe the horizontal changes. Therefore, only using the Munk
model for seawater sound velocity modeling will have certain
limitations. In order to make the seawater sound velocity ex-
pressed by the Munk model also have a certain random variation
in the horizontal direction, Qi (2015) superimposed random
noise on the Munk model for wave field forward modeling.
However, this method destroys the second-order continuity of
the original model, and also has limitations. Therefore, this art-
icle considers using the second-order continuous Perlin noise for
superposition to add more continuity to the generated seawater
sound velocity model.  
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Perlin noise is a noise generation method in the field of com-
puter graphics. In the 1980s, in order to improve the shortcom-
ings of the discontinuous gradient of white noise, Perlin (1985)
used the gradient grid as the basis to generate first-order continu-
ous random noise. In 2002, he improved this method by adding
second-order continuity to Perlin noise. Because the Perlin noise
is simple to generate and easy to expand, it was quickly applied to
film and animation production after it was proposed. Another
characteristic of Perlin noise is that it is easy to dynamize. By ro-
tating the gradient, the Perlin noise can show a dynamic and con-
tinuous characteristic, which is consistent with the dynamic
characteristics of seawater expected in this article.

Based on the issues mentioned above regarding the scarcity
of seismic data or forward models for inhomogeneous seawater
conditions, this paper presents a method for generating a dy-
namic seawater sound velocity model that incorporates the
Munk model and second-order continuous Perlin noise. The pro-
posed approach enables the seawater sound velocity model to
exhibit desirable features such as continuity, randomness, dy-
namics, and regularity at a macroscopic scale. This approach can
provide a more diverse theoretical model for theoretical research.
Furthermore, this study investigates the impact of seawater in-
homogeneity on wave field propagation and imaging, providing
valuable insights into the field of marine seismic exploration.

2  Basic theory

2.1  Perlin noise
In early film and television animation production, when

people want to show some random phenomena, they often
achieve it through random white noise. When we observe ran-
domly undulating mountains, endless rivers, randomly distrib-
uted hills, such randomness tends to be regular and continuous.

But if we run random simulations with white noise, the results
will be inappropriate. As shown in Fig. 1, Fig. 1a shows random
white noise and Fig. 1b shows continuous Perlin noise. Obvi-
ously, most natural phenomena fit Fig. 1b rather than Fig. 1a.

The generation method of Perlin noise is shown in Fig. 2.

× 

Divide the calculation area A into two sets of grids: the calcu-
lation grid and the gradient grid. The calculation grid is the stor-
age location of each random number; the gradient grid is the
basis for generating random numbers. As shown in Fig. 2, in the

 grid, the red line is marked as the gradient grid, and a
gradient direction and size are randomly generated at each gradi-
ent point. For the random number at the calculation point, the
calculation can be performed according to the vector corres-
ponding to the calculation point to the nearest four gradient
points and the gradient on the gradient point.

As shown in Fig. 3, for the Perlin noise value of point P, the
calculation method is as follows.

First calculate the respective vector dot products:

TA = A · AP,

TB = B · BP,

TC = C · CP,

TD = D · DP.

(1)

“Smooth” the above three results as the value of point P:


l = TA+ (TB− TA)× fade(xP),

l = TC+ (TD− TC)× fade(xP),

uP = l + (l − l)× fade(zP).

(2)

fade (x)
where, uP is the generated random value of point P, where

 is a smoothing function. TA, TB, TC, TD, l1 and l2 were in-
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Fig. 1.   Random white noise (a) and Perlin noise (b).
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Fig. 2.   Schematic diagram of Perlin noise generation.
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termediate variables.
During the calculation, the smoothing function used is

fade (t) = t − t + t, (3)

twhere  is the amount that needs to be smoothed.
Since seawater is dynamic all the time, there needs to be a

way to convert Perlin noise to something dynamic. The method
used in this article is to rotate the gradient direction, as shown in
Fig. 4.

× 

When the rotation rate is determined, the noise distribution
at the new time is determined according to the new gradient dir-
ection, so that the overall Perlin noise can be guaranteed to be
dynamic at all times. Under the grid of , the generation
effect is shown in Fig. 5.

It can be seen from the figure that in the static case, Perlin
noise can well demonstrate the “continuity”. Unlike random
white noise, every point of Perlin noise is theoretically second-or-
der derivative. Figure 5a is the Perlin noise distribution map of
four moments with a gradient grid size of 10 × 10; Fig. 5b is a Per-
lin noise distribution map of four moments with a gradient grid
size of 20 × 20. Comparing Figs 5a and b, it can be seen that as the
gradient grid becomes denser, the noise will change more
drastically with the position (that is, the frequency of noise

changes in the same size area is faster). The Fig. 5c, is designed to
show that Perlin noise can also generate continuous noise distri-
butions with fractal properties. If the seawater sound velocity dis-
tribution is considered to have fractal characteristics, then differ-
ent gradient grids, that is, the superposition of noise distribu-
tions at different scales, can be used to generate similar noise dis-
tributions at different scales. Under the dynamic effect, the noise
distribution changes smoothly at each moment, and there is no
sudden change in the time dimension. In this case, it is much
more convenient to calculate the travel time and ray path, and it
also convenient for the subsequent discussion on the inhomo-
geneity characteristics of seawater sound velocity.

Compared with the random medium modeling method used
by other scholars in their numerical simulations, the method of
using Perlin noise to generate seawater background disturbance
has two main advantages. One is that Perlin noise has a simpler
calculation form. Compared with the random medium modeling
method, Perlin noise does not need to be operated on the spec-
trum, but only needs to be interpolated in the space domain,
which is easier to implement on a computer. The second is that
Perlin noise can easily generate time-discrete dynamic noise by
means of rotating gradients, while random medium modeling
methods do not have advantages in generating dynamic back-
ground disturbances.

2.2  Munk model
The mathematical form of the Munk model is

v (z) = v{+ ε[e−η − (− η) ]} . (4)

v ε =
WγA


W γA

γA = .  km− η =
(z− z)

W
z z

In the formula,  is the velocity at the channel axis; ,

where  is the channel width,  is the adiabatic velocity gradi-

ent, and the general value is ; ,

where  is the computed depth and  is the channel axis depth.
× 

v =   m/s W = z =   m
In the case of a  grid (grid width is 10 m), the para-

meters are set to , , the simula-
tion effect is as shown in the Fig. 6.

Under the constraints of the formula, the generated seawater
sound velocity model can show the deep-sea channel phe-
nomenon, which is similar to the actual situation. However, in
practice, the seawater sound velocity changes not only vertically
with depth, but also in the horizontal direction. In the actual sea-
water medium, it is not exactly as described by the Munk model.
The seawater medium is a heterogeneous medium. Seawater is
filled with a large number of suspended particles, bubbles, aero-
sols and other substances. Compared with seawater, these sub-
stances have a small scale, so the seawater has small-scale het-
erogeneity. These substances are widely distributed, and have
certain randomness and dynamics. Therefore, when sound
waves propagate in seawater, affected by these substances, the
speed of sound waves varies from place to place. Only using the
Munk model to describe the seawater acoustic wave velocity
model cannot show the randomness and dynamics at the relat-
ively small scale mentioned above, so the Munk model has cer-
tain disadvantages.

3  Model building process
As shown in Fig. 7, the generation of the model is mainly di-

vided into the following steps.
Step 1: Perform grid planning, that is, distinguish between

gradient grids and computational grids.
Step 2: Generate random gradients on the planned gradient

grid.
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Fig. 3.   Schematic diagram of gradient calculation.
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Fig. 4.   Schematic diagram of gradient direction rotation.
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a. Perlin noise at 4 moments when the gradient grid is 10 × 10

b. Perlin noise at 4 moments when the gradient grid is 20 × 20
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Step 3: Calculate the corresponding dot product of each cal-
culation grid point according to the distribution of the random
gradient.

Step 4: According to the calculated dot product, smooth the
point and calculate the random value of the point.

Step 5: For the next point, repeat Step 3 and Step 4 until all
points on the entire computational grid are traversed.

Step 6: If you want to calculate the dynamic model, you need
to rotate the random gradient generated in Step 2, and repeat
Step 3−Step 5.

Step 7: According to the computational grid size, generate the
Munk model and sum it with the previous noise distribution.

Step 8: Output the static/dynamic random seawater sound
velocity model.

× In the model generated this time, the grid size is ,

 m

v =   m/s W = z =   m

and the grid spacing is . In the following discussion, if the
grid spacing has no unit, it represents the number of grid points
in the interval. The parameters of the Munk model are set as

， .
The model integrating the Munk model and Perlin noise can

also guarantee at least second-order continuity as either of them
can guarantee at least second-order continuity. For static models,
as shown in Fig. 8, whether it is wave field calculation, travel time
calculation or ray calculation has certain advantages. In addition,
since both define the speed points on the grid, they can also fit
well with the undulating sea surface.

The seawater sound velocity has the characteristics of ran-
dom distribution on both large and small scales, so the use of
multiple grids to superimpose can better demonstrate this prop-
erty. In this article, the above two superposition methods are
used as examples to generate the two models shown in Fig. 9. For
Fig. 9a, using a larger gradient grid can show a large-scale ran-
dom distribution of velocity; Fig. 9b shows a small-scale vari-
ation of seawater sound velocity. Different generation methods
can explore different scientific problems, and can also generate
models according to different sea conditions.

4  Influence and analysis of heterogeneous seawater on seis-
mic travel time, ray path and imaging

4.1  Seismic wave travel time analysis under inhomogeneity sea-
water sound velocity model

× 

In order to demonstrate the usability of the model and the ef-
fect of random seawater sound velocity on the travel time, this
paper conducts a travel time calculation experiment on the static
model. The size of the model used in this paper is , the
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Fig. 5.   Perlin noise generation effect.
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Fig. 6.   Sound speed simulation effect of Munk model.
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v =   m/s
W = z =   m

grid spacing is 10 m, and the distribution of Perlin noise in it is
[−10, 10]. The parameters of the Munk model are ,

. The model settings are shown in Fig. 10.
(250, 20)The hypocenter position is set at , and the travel

time distribution of the two calculated by the Fast Marching
Method (Sun et al., 2017) is shown in Fig. 11.

The absolute errors of the two are shown in Fig. 12.
The distribution of absolute errors has certain randomness.

Compared with the speed of seawater, the sound wave in seawa-
ter travels several kilometers per second, so the change caused by
this speed disturbance is less than 1%, and this change also
brings a higher error. For example, in Fig. 12 the lower left and
lower right areas, the travel time error is between 0.020 and 0.025.
If it is converted into distance, the error will come to about 30 m.
The above discussions are all carried out in seawater, and Fig. 13
considers the error of travel time in the presence of strata.

Figure 13 adds 300 m of media with a velocity of 3 000 m/s un-
der seawater. The error distribution of the travel time is similar to
the above. In the stratigraphic part, it can be clearly seen that the
travel time of the two models produces a large error at the same
position. There is a similar manifestation in the absolute error. As
shown in Fig. 13c, the minimum of the absolute error is above
0.025 s, because of the 3 000 m/s’s media, it can be converted in-
to distance, the error will come to about 75 m.

4.2  Numerical simulation and discussion of underwater ray paths
in inhomogeneous seawater
In order to demonstrate the usability of the model and the ef-

fect of random seawater sound velocity on the ray path, this pa-
per conducts ray path calculation experiments for static and dy-

v =   m/s W = z =   m
×  × 

namic models. The selected static model is shown in Fig. 10, and
the dynamic model is shown in Fig. 14, where the Munk model
parameters are: , . The random
offset of Perlin noise uses a gradient grid of  and ,
and rotates the gradient direction at a speed of (pi/75) rad per
second.

Figure 14 shows the seawater sound velocity model at four
times. Compared with the static model in Fig. 10, the dynamic
model in Fig. 14 not only achieves random effects in space, but
also achieves random changes in time scales. The next step is to
perform ray tracing experiments on the model shown in Fig. 10
and the model shown in Fig. 4.

Firstly, the travel time calculation test is carried out for the
Munk model with no random offset, the random seawater model
with a deviation range of [−1, 1], and a random seawater sound
velocity model with a deviation range of [−10, 10]. The results ob-
tained are shown in Fig. 15 and Fig. 16.

It can be seen from the comparison results that for the static
model, when the random deviation is small, it has little effect on
the travel time results. However, when the deviation increases,
the impact on the ray path will become larger and larger. Finally,
for the rays emitted from the same angle, the final position may
deviate from the original position by more than 50 m (in the case
of seawater at a depth of 5 000 m).

For the dynamic seawater random velocity model, the travel
time results are shown in Fig. 17.

The calculation results in Fig. 17 were performed with a ran-
dom deviation of [−1, 1]. The dynamic random seawater in this
case does not change the results much compared to the static
seawater sound velocity model. The ray paths have changed
slightly. The ray paths below the red dividing line have changed
slightly, but the ray paths have not changed much. On the whole,
the longer the forward distance of the ray, the greater the differ-
ence between the ray paths under the static model and the dy-
namic model.

Figure 18 is a random seawater sound velocity model with de-
viation in the range of [−10, 10].

In Fig. 18c, it can be seen that in the area below the red divid-
ing line, the rays of static seawater and dynamic seawater deviate
significantly (the red ray representing dynamic sea depth and the
blue ray representing static sea depth no longer overlap). This
means that when we study the seismic forward and inversion in
the deep sea, we must overcome the problem of seismic propaga-
tion path distortion caused by dynamic seawater from the per-
spective of accuracy.

Next, we discuss the effect of random seawater medium on
the ray path of the seabed formation. The model used above was
changed to replace the medium below 3 000 m with a static me-
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Fig. 7.   Model building process.
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Fig. 8.   Random seawater sound velocity model result under stat-
ic condition.
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b. the result of combining with the Munk model when the gradient grid spacing is 50 and the gradient grid spacing is 10

 

Fig. 9.   Random seawater sound velocity model result under dynamic conditions (from top left to bottom right figure means the speed
distribution for four consecutive times for a and b respectively). vp means primary wave velocity.
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dium with a velocity of 1 800 m/s. The result is shown in Fig. 19.

z = 

It can be seen that the dynamic seawater has a great influ-
ence on the ray path in the seabed formation. Even in the seawa-
ter layer, when the static and dynamic paths are not much differ-
ent, the propagation directions of the two will be changed by the
dynamic seawater. In the formation, the part below , the
propagation path is greatly deviated.

The above is the discussion of travel time calculation for
simple models, then for complex models, the problem of wheth-
er the ray path deviates will be magnified, which is a problem
worthy of study.

The travel time calculation results for the complex model in

this paper are shown in Fig. 20.
In this model, the depth within 3 000 m is set as seawater, and

the rest is static formation medium. The seawater medium is set
as dynamic and static, respectively, and a comparative calcula-
tion is carried out. The Perlin noise perturbation employed by
both models is [−1, 1].

It can be seen from the figure that although the seawater lay-
er accounts for about 19% of the entire model, it still has a great
influence on the deep medium. In Fig. 20c, it can be seen that the
red and blue rays are almost completely misaligned as the rays
propagate forward. However, the effect is mainly for the change
of the ray along the longitudinal direction, and the change of the
component along the transverse direction of the ray propagation
is limited. This result shows that the influence of the randomness
of seawater on the ray path must be considered when conduct-
ing deep-sea seismic exploration.

4.3  Imaging features of inhomogeneity seawater
The most direct effect of the distortion of the ray path shown

in Fig. 20 is the imaging effect. This section will take the Gaussian
beam imaging method as an example to explore the influence of
static random seawater in the imaging process. The imaging ef-
fects under the horizontal layer model, the undulation model and
the complex model are discussed respectively.

The horizontal layer model is shown in Fig. 21.
The above three models are used as the ray solution basis for

Gaussian beam imaging (the smoothing times of the model are
fixed at 100 times), and the random disturbance model of seawa-
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Fig. 10.   Munk model result and random seawater sound velocity model result. a. Munk model without Perlin noise; b. random seawa-
ter sound velocity model with Perlin noise superimposed.
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Fig. 11.   Travel time distribution diagram. a. Travel time diagram of Munk model; b. travel time diagram of random seawater sound
velocity model.
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Fig. 12.   Travel time absolute error.
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ter layer is used as the basis for the simulation of seismic records,
and the Gaussian beam imaging experiment is carried out. The fi-
nal result is shown in Fig. 22.

Compared with the other two, the imaging results of the con-
stant velocity seawater layer have a certain deviation in the hori-
zon, and the energy is relatively deconcentrated on the event ax-
is, which may be caused by random factors in the seismic re-
cords. For the imaging results of using the Munk model as the
seawater layer, its energy is relatively concentrated. For the res-
ults of Gaussian beam imaging using the random seawater sound
velocity model, further irregularities are exhibited in the event
axis. Moreover, due to the instability of the ray path, there will be
a lot of data similar to “random noise” near the offset horizon.

For the undulation model, the model is shown in Fig. 23.
The Gaussian beam imaging parameters are the same as the

former, and the final imaging result is shown in the Fig. 24.
The results under the constant velocity model still exits hori-

zon upshift. For the second horizon, due to random disturbance,
the imaging effect is not good, and distortion and bending also
occur. At the same time, there is also energy discontinuity in the
undulating horizon. These phenomena are caused by inhomo-
geneity seawater sound velocity.

For complex models, the model is shown in Fig. 25.
The Gaussian beam imaging parameters are the same as the

former, and the final imaging result is shown in the Fig. 26.
In the case of complex models, the imaging results produce
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Fig. 13.   Travel time and its absolute error after adding strata.
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Fig. 14.   Random seawater sound velocity model result under dynamic conditions (the results of four moments combined with the
Munk model when the gradient grid spacing is 50 and the gradient grid spacing is 10). vp means primary wave velocity.
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Fig. 15.   Calculation results of ray path. a. The calculation results of the ray path of the Munk model without random offset; b. the cal-
culation results of the ray path of the random seawater model with a deviation range of [−1, 1]; c. the calculation results of the ray path
of the random seawater sound velocity model with a deviation range of [−10, 10]. vp means primary wave velocity.
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Fig. 16.   Comparison of ray path results. a. Comparison of the ray path results of the Munk model without random deviation and the
random seawater model with a deviation range of [−1, 1]; b. comparison of the ray path results of the Munk model without random de-
viation and the random seawater model with a deviation range of [−10, 10].
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larger distortions. Under the undulating interface, a false undu-
lating interface is created. In addition to this, the energy discon-
tinuity is more pronounced on the event axis. And because the

calculated ray path is deviated, there will be a lot of messy data
on the seabed stratum, which will interfere with the judgment of
the normal horizon position.
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Fig. 17.   Travel time calculation results and contrast (deviation is [−1, 1]). a. Static model ray paths; b. dynamic model ray paths; c.
comparison of the Static model and dynamic model ray paths. vp means primary wave velocity.
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Fig. 18.   Travel time calculation results and comparison (deviation is [−10, 10]). a. Static model ray paths; b. dynamic model ray paths;
c. comparison of the Static model and dynamic model ray paths. vp means primary wave velocity.
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Fig. 19.   Ray paths in a two-layer dynamic medium. a. Static model ray paths; b. dynamic model ray paths; c. comparison of the Static
model and dynamic model ray paths. vp means primary wave velocity.
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Fig. 20.   Ray path in complex dynamic medium. a. Static model ray paths; b. dynamic model ray paths; c. comparison of the Static
model and dynamic model ray paths. vp means primary wave velocity.
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Fig. 21.   Horizontal layer model result. a. Horizontal layer model with constant velocity of seawater layer; b. the seawater layer is the horizo-
ntal layer model of the Munk model; c. horizontal layer model with seawater layer disturbance [−10, 10]. vp means primary wave velocity.
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Fig. 22.   Gaussian beam imaging results of the horizontal layer model. a. Imaging results of the constant velocity horizontal layer mod-
el; b. Munk horizontal layer model imaging results; c. imaging results of random seawater sound velocity model.
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Fig. 23.   The undulation model result. a. The fluctuation model of the seawater layer with constant velocity; b. the seawater layer is the
undulation model of the Munk model; c. the undulation model with seawater layer perturbation as [−10, 10]. vp means primary wave
velocity.
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Fig. 24.   Gaussian beam imaging results of undulation model. a. Imaging results of constant velocity fluctuation model; b. imaging res-
ults of the Munk undulation model; c. imaging results of random seawater sound velocity fluctuation model.
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Fig. 25.   Complex model result. a. Complex model with constant velocity of seawater layer; b. the seawater layer is a complex model of
the Munk model; c. complex model with seawater layer perturbation as [−10, 10]. vp means primary wave velocity.
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5  Conclusions
This paper presents a novel method to generate static or dy-

namic random velocity models of seawater by combining the
Munk model and Perlin noise. The method allows for the genera-
tion of continuous, random, and dynamic seawater sound velo-
city and enables the revelation of the velocity distribution at dif-
ferent scales through noise layering adjustments.

Building on this approach, this paper discusses the applicab-
ility of the model in relation to travel time error, ray path, and
imaging effect. The method proposed in this paper is suitable for
generating static or dynamic seawater velocity models at differ-
ent scales, providing valuable data support for theoretical seis-
mic forward modeling. However, when using this model to calcu-
late travel time and ray path, there is a notable difference
between the calculation using only the Munk model and the cal-
culation using the stochastic seawater velocity model proposed
in this paper. Furthermore, the difference between static and dy-
namic seawater ray paths cannot always be considered negli-
gible. As a consequence of these discrepancies, the event in the
imaging results may be distorted to a certain extent, leading to
potential challenges for geological interpretation researchers.

Regarding the calculation results of the ray path of the dynamic
and static seawater random velocity model, it is essential to consider
the influence of seawater dynamics or randomness. Specifically,
if the random deviation of seawater sound velocity is small, the
influence of seawater dynamics or randomness will be minimal,
and analysis may be carried out directly according to the explora-
tion data. However, when this deviation increases, the error
caused by the distortion of the ray path cannot be ignored. The
imaging results of the static random seawater sound velocity
model indicate that the primary effects of inhomogeneous sea-
water are the discontinuity of the energy axis, the random dis-
turbance of the energy near the axis, and the generation of false
horizons. Consequently, it is necessary to take into account several
factors such as sea surface fluctuations, deep ocean currents, and
others, in addition to the random disturbance of seawater when
considering seawater. This highlights the importance of develop-
ing a correction method based on the forward modeling results.
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Fig. 26.   Gaussian beam imaging result of complex model. a. Imaging results of constant velocity complex model; b. imaging results of
the Munk complex model; c. imaging results of complex model of random seawater sound velocity.
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