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1. Introduction.

As part of the Southwest Fisheries Science Center research on the impact of gill net 
fishing of tuna a series of tests were executed in a wave tank at Arctec Offshore 
Corporation's facility in Escondido, California. In May of 1991 a series of wave tank 
tests were performed with a 12 feet deep by 150 feet long piece of a gill net partially 
loaded with tuna. Instrumentation included wave measurements and sensing of net 
motions by accelerometer packages tied to the net. The test set-up is illustrated in 
Figure 1-1. The data report was prepared by Goebel (1991).

Observations of the fish loss for various waves were made. The fish loss data are 
summarized in Table 1-1 (from Holts, personal communication).

Typical "at sea" wave conditions would be considered as; wave heights up to 2 meters 
with wave periods from about 6 to 10 seconds. In the test basin the wave heights are 
restricted to about 0.6 m. and wave periods of 2 to 3 seconds. Normally, the simulation 
of more realistic seas would suggest the application of a reduced scale model. It was not 
possible to scale the prototype tuna. Initially, the model study in the tank was planned as 
one task in a longer range program in which measurements of motions of prototype nets 
would be made. In the tank tests accelerometers were attached to the net at selected 
locations and the "fish loss" versus "acceleration" fields were measured. The question 
remaining was whether the observed data in the test tank could be extrapolated to more 
realistic open ocean conditions.

To extrapolate the laboratory test data to prototype conditions, three steps are required:

1. Relationship of fish loss rates to the relative acceleration and velocity fields 
experienced by the fish at various locations on the net,

2. Definition of a procedure for the extrapolation of measured fish loss as a 
function of velocity and acceleration to sea state and,

3. Definition of the joint occurrence of such velocity and acceleration fields at 
representative fishing grounds in the North Pacific.

This report presents the results of these investigations.
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Figure 1-1
General Net Layout and Accelerometer Locations

TEST WAVE PROPERTIES RUN TYPE PERIOD HEIGHT(sec) (in)
TEST
TIME
(min)

PISHIN NET DROPOUTS No. %

201 Regular 4.0 14.6202 Regular 3.0 23.7203 Regular 3.0 23.6205 Regular 2.5 20.1301 Irregular 2.5 23.5303 Irregular 2.5 27.4305 Irregular 2.5 29.3307 Irregular 2.0 20.0309 Irregular 2.0 30.0311 Irregular 2.0 19.0313 Irregular 3.0 23.5315 Irregular 2.0 23.5317 Irregular 3.0 23.5

26
34
32
25
30
30
3030
30
30
30
30
30

12
12
12
12
1010
10
1010
10
10
10
10

0 02 171 39 750 02 101 103 303 301 100 06 602 20 ‘

Table 1-1
Summary of Fish Losses Observed During the Tests
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2^ Hydrodynamic Forces on Gil-Netted Fish

Once a fish is trapped in a net it must be anticipated that the motions of the net and the 
motions of the water near the net will not be the same. This implies that there will be 
hydrodynamically induced loads on the fish as it is "jerked around" relative to the water.

The water particle motions can be defined in terms of the wave heights and wave periods. 
The net would be expected to respond to some "average" property of the hydrodynamic 
loads on the surface floats and the motion damping induced by the sink weights attached to 
the net base. This was readily observed, through the glass window in the test tank.

The hydrodynamic loads on any body in a moving fluid are normally considered to consist 
of two types: drag loads induced by the relative velocity of motion and inertia loads due to 
relative acceleration. Such loads can be expressed by the so-called "Morison" formula 
(Morison, O'Brien, Johnson and Schaaf, 1950) as modified to take into account the fact 
that the body itself may be moving. The relationship can be written;

F = 0.5 p Cd A (xw-xf) |(xw-xf)| +pCmV (xw-xf) (Eq. 1)

where;

F is the force on the body 
p is the density of the fluid 

is the drag coefficient
A is the projected area normal to the flow 
xw is the position of the body
xf is the position of a fluid

the dot denotes first time derivative (velocity) and the double dot denotes the 
second time derivative (acceleration)

m s the mass of the body 
Cm is the added mass coefficient

V is the displaced volume of the submerged body

It is noted from an examination of the above equation that if there is no relative motion 
between the body and the fluid the only net force is that required to accelerate the fish. 
However, if the fish which is trapped in the net does not follow the water motions in the 
waves precisely there will be resultant hydrodynamically induced loads on the fish.

The net was supported by floats at the water surface and included weights at the bottom. 
Visual observation of the net motions in the waves was possible due to the presence of a 
large glass window in the wave tank. It was observed that, as the waves passed by, the 
net moved up and down in response to the waves but the floats did not follow the water
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surface exactly. On the other hand, in the wave trough the surface floats would follow 
the water surface. This would imply that even if the waves were sinusoidal, the net 
motions at the top of the net could not be. At deeper positions of the net both the 
horizontal and vertical motions of the net were generally greater than the water particle 
motions. At some intermediate depth it would be expected that the net motions ( and 
hence any trapped fish) would follow the water motions fairly closely.

The water particle velocities and accelerations as a function of depth of submergence in 
moderate seas for a wave height, H, and period, T, propagating in the positive x- 
direction (see Figure 2-1), can be estimated from classical (first order) wave theory 
(see for example, Lamb,1945):

x (xQ, z, t) = H/2 * exp (kz) * cos (kx0 - rot) (Eq. 2)

x (xQ, z, t)= u (xQ, z, t)= (jtH/T) * exp (kz) * cos (kx0 - cat) (Eq 3)

x (x0, z, t)= a (x0, z, t)= -(2rt2H/T2) * exp (kz) * sin (kx0 - cot) (Eq 4)

where:

H is the wave height
k is the wave number defined as 2n/(wavelength) and is equal to co2/g
(a is the radian frequency defined as 2rc/(wave period)
g is the gravity constant
z is the mean vertical position measured positive upwards from the surface 
xQ is the mean horizontal position of the water particle
u is x-component of the particle speed 
a is the x-component of the particle acceleration

A preliminary evaluation of the relative importance of the hydrodynamic forces can be 
made by assuming that the fish do not move and the maximum values of the two types of 
forces will be:

1 • Drag = 0.5 p Cd A u |u| (Eq. 5)

2. Inertia = pCmVa (Eq. 6)

It is noted that the maximum drag loads are proportional to the square of the wave height
divided by the square of the wave period (H2/T2) and the product of the fish diameter 
and length (broadside area in this case). The dependence on depth of submergence (with 
this simplified model) is exponential. On the other hand, the maximum inertia loads are
proportional to the wave height divided by the square of the wave period (H/T2) and 
increase with increasing fish size (volume). This force also decays exponentially with 
depth of submergence. The apparent decay of loads with depth of submergence will not be

4
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Figure 2-1 Definition of Wave Terminology and Co-Ordinate System



quite correct in practice, since it has been noted during the tests that with deeper 
submergence the net usually moves more than the water particle motions.

A comparison of the relative magnitude of inertia and drag loads can be made by taking

the ratio of maximum Inertia to maximum Drag as:

(P CmV a) / (0.5 p Cd A u2) (Eq. 7)

substituting the values for u and a from Equations 3 and 4 yields;

Ratio of Inertia to Drag load = (4 Cm V) / (Cd A H exp (kz)). (Eq. 8)

Now, V/A is the diameter of the fish (about 15 cm.), Cm = 2.0, Cd = 0.5 and at a vertical
elevations of -2.0 and -3.0 meters, the relative ratio of inertia to drag load will be 
given by the relationship:

Maximum Inertia/ Maximum Drag = 16 X / (H exp(kz)) (Eq. 9)

where, X is the length of the fish.

The distribution of the length of the fish appears to follow a tri-modal distribution (see 
Bartoo et al, 1991 and 1992). The tri-modal distribution is apparently related 
directly to the age of the fish. For purposes of this report the modal length of 65 cm. 
will be used.

The relationship of Equation 9 is illustrated in Figure 2.2 for a range of wave heights 
and wave periods for depths of submergence of 2 and 3 meters. It is seen that in the 
model tank the loads on the fish were dominated by inertia type loads which were about 
10 times the drag components. On the other hand, in open ocean conditions in waves of 
height 1.0 to 1.5 meters this ratio would be between 2 and 3.

Equations 5 and 6 can be used to estimate the actual magnitudes of the forces. It must be 
remembered that these maxima are out of phase by 90° and the resultant maximum load 
magnitude would be given (approximately) by;

Fmax = V <lnertiamax2 + Dra9max2) (Eq. 10)

Figures 2-3 and 2-4 present the estimated maximum hydrodynamic loads on a trapped 
fish for the case of an immobile net in various wave heights and wave periods. In the 
real case the net will respond to the waves but may not always be in phase. For the 
purposes of the estimation of the wave induced loads on trapped fish the theoretical 
values given by Equation 10 will be assumed. Actual loads could be greater or smaller 
than those indicated in Figures 2-3 and 2-4. For example, Figures 2-5 through 2-8

6
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Z = -2.0 m

H, meters

Wave Period, seconds

Figure 2-2 Ratio of Inertia to Drag Forces for 2 and 3 meter Mean Submergence Depth
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show measured (from the test program) and theoretical response ratios for wave 
amplitude versus acceleration amplitude.

The “theoretical" lines in Figures 2-5 through 2-8 have been derived according to 
Equation 4. The “observed” data was taken from the results obtained during a series of 
tests in which the accelerometers were relocated and distributed over the vertical 
through Stations 1 and 2 of Figure 1-1. The response amplitude operators (RAO's) 
were derived using standard cross spectral analysis techniques from the random wave 
tests.

It is seen that at all elevations the x and z accelerations of the net are greater than the 
water particle accelerations for low frequencies (wave periods longer than 4 seconds). 
At higher frequencies (shorter periods) the net accelerations tend to be less than the 
theoretical particle accelerations near the surface and greater at a depth of 9 feet (2.74 
m.).

Co-incident with the development of the so-called, Response Amplitude Operators 
(RAO's) of the net accelerations, the phase relationships between the accelerations and 
the wave motions were derived. Theoretically, the vertical accelerations should be 180° 
out of phase with the surface motion (i.e. the vertical acceleration is directed downwards 
under a wave crest and upwards under a trough). The horizontal accelerations should be 
zero under a crest and under a trough. These relationships were found to be true.

The net has vertical and horizontal compressibility so the gradients of the loads may be 
important. If the net is being stretched at the time of maximum loads the fish will stay 
trapped as “the noose” is tightened. On the other hand, if the gradients are such that the 
net slackens at the time of maximum loads the fish may fall out. The practical case is 
that the vertical acceleration gradients are “in phase" with the vertical acceleration 
whereas the horizontal acceleration gradients are 90° out of phase with the horizontal 
acceleration. It is not clear what would be the relative importance of the two modes but 
it would be expected that having the vertical and horizontal accelerations and 
acceleration gradients with differing phses would imply tight nooses under most 
conditions.

An additional consideration is that all of the test data were collected with the waves 
propagating along the line of the net. It is not clear that the results can be applied 
directly for other relative angles of wave propagation.
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3 Extrapolation to Open Ocean Conditions

Figures 2-3 and 2-4 have presented estimates of the expected range of hydrodynamic 
loads on a trapped fish. It is seen that the general magnitudes of the loads generated in 
the test range (typically 5 to 15 newtons) would not be vastly different from the 
computed loads induced by wave heights up to 1.5 meters with periods of 6 to 10 seconds 
at a depth of submergence of 2 to 3 meters. The extrapolation of the measured data in the 
tank to ocean conditions would appear reasonable for such a range.

It is noted from the test data that when the peak hydrodynamic loads were less than 10 
newtons no fish loss was observed. There was considerable scatter in the fish loss data 
(see Table 1-1) as might be expected due to the range of fish sizes, method of attachment 
to the net, location with depth, "natural" variability, etc. and the loss data do not clearly 
show an expected trend with greater losses as the hydrodynamic forces increased. 
Nevertheless, it would be expected that such would be the case. From the present data, a 
mean loss ratio of slightly more than 20% was observed for all cases when the estimated 
peak hydrodynamic forces exceeded 10 newtons. This is proposed as the critical 
criterion.
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4_. Summary of Characteristic North Pacific Wave Conditions

The general tuna fishing areas are shown on Figure 4-1 (from Bartoo, Holts and Halko, 
1992). Gill net fishing is apparently performed in weather up to Beaufort Force 5. 
Table 4-1 presents a summary review of the Beaufort Scale (from Bowditch, 1966). 
Wave heights up to about 2 meters can occur. Bretschneider (1956) has proposed a 
relationship between significant wave height height and mean wave period given (in feet, 
second units) by;

H / T2 = 0.22
or T = 2.13 VH if H is in feet
or T = 3.86 VH if H is in meters.

Generally, it has been noted by more recent studies that the mean wave periods are 
slightly greater than this relationship would imply. According to Bales (1983) from a 
review of North Pacific wave observations the relationship between mean wave height 
and modal wave period is given by Table 4-2. This table indicates much longer wave 
periods.

It would be expected that in a rising sea in a fresh breeze a relationship similar to that 
of Bretschneider's would be expected from the point of view of the physics of air-sea 
energy transfer. Coefficients between 4.0 and 5.0 have been reported from analysis of 
meteorological summaries.

T = 5.0 VH

will be adopted. The various H vs. T relationships are illustrated in Figure 4-2. This 
figure also illustrates the region of test data and the expected region of open ocean 
conditions with the above criteria for the wave period.
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5. Estimated Fish Losses.

It is assumed that gill net fishing will take place whenever the waves are less than 2.0 
meters high. This corresponds to Beaufort 5 which in turn corresponds to Sea-State 4. 
It is also assumed based on the test data summarized in this report that for peak 
hydrodynamic loads of less than 10 newtons there will be minimal fish loss. Hence, a 
20% (approximately) loss is estimated for the period of occurrence of waves between 
this lower limit and 2 meters.

Figure 5-1 from Bales (1983) indicates that a 2.0 meter (Seastate 4) or greater 
significant wave (corresponding to Beaufort Force 5) occurs about 45% of the time in 
the North Pacific and a 0.75 meter (seastate 2.5) is exceeded about 90% of the time. 
The waves will be between 0.75 m. and 2.0 m. for 45% of the time. Hence as a first 
approximation it is concluded that fishing can take place 55% of the time and the fish 
loss would be 20% for about 80% of the time that gill net fishing can be performed.

Such an estimate of fish losses from a gill net in the open ocean appears to be consistent 
with observations by Bartoo, Holts and Brown (1991) and Bartoo, Holts and Halko 
(1992). These observations were taken by observing apparent net induced scars on 
tuna caught by trolling.
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Figure 5-1 Sea State Percent frequencies of Exceedance for North Atlantic, North 
Pacific and Northern Hemisphere (after Bales, 1983)
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6, Summari-Discussion and Recommendations

The preceding sections have presented a proposed method for the extrapolation of the 
observed tank test data to a range of open ocean conditions. The total magnitude of forces 
induced in an open ocean environment were shown to be similar to those present in the 
test basin if the relative motions of the net to the water particles are similar. 
Verification of this similarity should be confirmed by field measurements of net motions 
and waves.

The hydrodynamically induced loads on trapped fish in the laboratory tank data have been 
shown to be dominated by forces induced by acceleration (inertia forces). This is less 
true for prototype waves which would have stronger velocity fields and weaker 
acceleration fields.

If further investigations of the physical interaction of gill nets on trapped fish are 
considered, three principal recommendations are offered:

1. Obtain measurements of drift net motions in the open ocean at the same time as 
waves are being measured

2. Measure the forces required to "break" a trapped fish loose by direct 
measurement or the performance of "forced oscillation tests" in controlled laboratory 
conditions.

3. Develop a numerical simulation of drift net motions in waves.
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