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ABSTRACT

Storm currents are a significant part of the design hydrodynamic flow field in areas subject to tropical
storms. In September 1973, Tropical Storm Delia passed over the instrumented Buccaneer platform
located in 20 m of water 50 km south of Galveston, Tex. Current meter records from three depths show
the storm produced currents on the orderof 2 m s - which persisted to near the bottom. A mathematical
model of wind.driven current generation was successful in hindcasting the observed current development
after a linear slip condition bottom was incorporated in the model.

1. Introduction

The design of an offshore structure is dependent
on the size of the storm waves which the structure
is expected to endure during its life span. Increasingly
sophisticated methods have been developed for cal-
culating the wave climatology in a given region based
on relatively short wave height records (Cardone et al.,
1976).

However, it is important to remember that for
design we are not interested only in the wave heights
per se, but also in the velocities and accelerations of
the water particles as they impinge on the structure.

The oscillatory motions due to the waves can be
theoretically calculated given a history of the sea
surface height, but slowly varying velocities due to
currents are usually present also and the wave cli-
matology is of no help in predicting their magnitude.
Forces due to the fluid motion are typically calculated
using Morison’s equation, which breaks the force
into drag and inertial components. Since the drag in
Morison’s equation is proportional to the square of
the velocity, adding a current with half the magnitude
of the wave orbital velocity would more than double
the calculated drag force.

Large currents can thus be 1mportant Very little
is known about currents during storms because of the
obvious measurement difficulties. It was against this
background that the Ocean Current Measurement
Program was begun with a pilot measurement station
in 1971 (Hall, 1972).

The measurement program now consists of three
stations, whose locations in the northern Gulf of

Mexico off the Texas and Louisiana coasts are shown
in Fig. 1. The stations are on production platforms
from 25 to 145 km offshore in water depths from 20
to 100 m. At each station, the instrumentation con-
sists of an Aerovane, a wave staff, a barometer, and
three or four current meters (Fig. 2).

Even with excellent data from several storms, it
would be necessary to analyze the data within the
framework of a theory of current generation to develop
hindcast techniques and design parameters. Such theo-
retical work has progressed throughout the measure-
ment program. A basic numerical model was developed
(Forristall, 1974) which calculated time-dependent
current profiles from assumed wind records. This
model was preliminary in the sense that while based
on fundamental hydrodynamic theory, it contained
semi-empirical parameters which could only be prop-
erly evaluated through comparison of the model with
current measurements during storms.

The overall success of the program thus depends
ultimately on the vagaries of the weather. Two years
of preparation and waiting were finally rewarded
when Tropical Storm Delia passed almost directly
over our Buccaneer station in September 1973. This
paper describes the currents measured during the
storm and the modifications made to the basic nu-
merical model in order to successfully hindcast these

currents.
2. Tropical Storm Delia

.Satellite photographs in late August located an area
of increasing cloudiness in the southwestern Carribean
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Fic. 1. Location map for measurement stations.

which later proved to be the formation of Tropical
Storm Delia. This area of cloudiness and showers
formed into a weak cyclonic circulation on 31 August
and it continued to strengthen to become Tropical
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Fi1c. 2. Schematic diagram of instrumentation system.
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Storm Delia late on 2 September near 24°N, 88°W.
Fig. 3 gives the storm track of Delia.

Delia deepened during the night of the 2nd and
the morning of the 3rd, and took up a northwesterly
course toward Galveston, Tex. Delia continued on a
fairly regular northwesterly course during the morning
of the 4th, and passed near the Buccaneer station
during the afternoon of the 4th. Delia became erratic
with an ill-defined center late on the 4th when it
crossed the Texas coast near Galveston.

Although Delia was a relatively weak storm, it
passed close enough to Buccaneer to produce a mini-
mum pressure of 987 mb and a peak wind gust of
32 m s%. Analysis of the wind field indicates that
these measurements were near the extreme values for
the storm. The maximum wave heights were 7-8 m.

3. Measurements

Fig. 4 shows a general view of the Buccaneer plat-
form, located in 20 m of water. All of the primary
transducers, with the exception of the electrobarome-
ter, are installed near the center of the 200 ft bridge.
The current meter array is visible in the photograph.
The support system for the current meters is a pair
of taut wires suspended between the bridge and an
18 000 1b steel anchor. The taut wires are constructed
so that the three current meters are readily accessible
and can be raised or lowered easily. The wave staff
is located 6 ft from the current meter array; it is
also suspended between the anchor and the bridge.
The Aerovane is located near the bridge center on a
30 ft tower at a total elevation of ~98 ft above mean
sea level. The structure closest to the suspended
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Fi1G. 3. Storm track of Tropical Storm Delia, September 1973. All times are CDT.

transducer array is the quarters platform, which is
located 75 ft to the south of the anchor. The depths
of the current meters are shown in Fig. 5.

The current meters used are based on Faraday’s'

principle and have no moving parts. Thus, fouling
and mechanical failure problems common to rotor-type
instruments are of little concern. The meters have an
extremely fast response time which is critical for
accurate current measurements in the presence of
large waves; it also makes possible a study of wave
kinematics, which is in progress.

The Buccaneer station was visited on 30 August
1973 for routine maintenance and monthly tape
changing. The station was found to be in excellent
condition with the exception of an inoperative wave
staff transducer. Since field repairs of this instrument
are impossible and no spare was available, the wave
staff was left off. When it became evident that Delia
would affect the station, a spare transducer was
procured and installed on 3 September, with the
result that a complete data set of excellent quality
was collected during the storm.

Although the instruments at Buccaneer performed
well, we later discovered a mechanical problem which
bears on the reliability of the current meter data.
During December 1973, the current meters were raised
for maintenance and the system was carefully in-
spected. We discovered that the taut wires- were no
longer parallel. This could only have been caused
by a rotation of the anchor on the bottom, since the
configuration on the work platform had not changed.

It proved rather easy to accurately measure the
amount of rotation by optical means and the cal-
culated anchor rotation was 31° Using a plumb to
measure the inclination of the cables to the vertical
and knowledge of the spot from which the anchor
was originally lowered, it was also possible to cal-
culate the absolute motion of the bottom sheave and
block. These measurements were not as accurate as
those for the rotation, but it appears that the sheave
moved about 3 ft east and the block moved a few
inches west. These measurements are compatible with
a rotation of 31°.

Inspection of the anchor by a diver proved that
the anchor had shifted position in a large scour hole.
Since the current meters are geographically oriented
by the taut wires, any rotation of the plane of taut
wires causes a rotation of the measured current direc-
tion. Thus, after the indicated rotation, the direction
north as indicated by the current meters was actually
018° true for meter 1, 023° true for meter 2 and 029°
true for meter 3.

It has been impossible to determine when the rota-
tion occurred, although it was most likely during the
storm. If the rotation happened suddenly, the time
of the movement could be found by inspection of the
current meter records, but this was apparently not
the case. Since the analysis of the current meter
records was thus done without any rotation cor-
rection, it must be recognized that there is some
uncertainty in the reported current directions.
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4. Data analysis

The field data are recorded on two 7-track Geotech
analog tape recorders at 0.03 inch per second (ips),
which have essentially flat response up to 5 Hz. The
tapes were then digitized at a playback speed of 7.5 ips
with a sampling rate of 500 Hz and a 160 Hz anti-
aliasing filter. The corresponding real time rates were
2 Hz digitization and 0.64 Hz low-pass filtering. The
filter characteristics are shown in Fig. 6.

The field data tapes included automatic calibration
records written on the tapes every 24 h. For most
channels, the calibration mark is simply a constant
voltage applied to the recorder. However, the current
meters include an internal calibration circuit which
also permits a check on the operation of most of the
meter’s amplification stages. Since the digital tapes
also include the calibration marks, it is possible to
calibrate the digital tapes to engineering units without
a detailed knowledge of the performance of all the
recorders and amplifiers upstream from the digital
tapes. Confidence in the calibrated data is also in-
creased by the fact that the calibration records were
constant to well within 19, over the 8 days digitized.

The current meters used in the program do not
have a perfect cosine response, i.e., for constant flow
speed, the measured velocity is a nonconstant function
of azimuth. The maximum error, for a current at 45°
to the current meter axes, is 8%,. According to the

Frc. 4. Buccaneer A platform. Current meter taut wires,
wave staff and anemometer tower are near the center of the

bridge.
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Fic. 5. Current meter depths.

manufacturer, the response curve is fully repeatable
for all meters of the design used in the program and
for all flow velocities. Thus, the correct velocity V.
can be found from

V.=V (1-0.08|sin26| ), 1)

which was applied to all the digitized and calibrated
current meter records.

The records from the current meters include motions
of two time scales: oscillatory motion associated with
the waves and much more slowly varying currents.
To separate these effects, some sort of averaging is
required; to avoid the side lobes which simple aver-
aging creates, a 249-point numerical filter with a 2 min
cutoff was used. The characteristics of the digital filter
are shown in Fig. 7. The filter is not very sharp and
it might be intuitively thought that the cutoff fre-
quency is too high to properly filter out wave veloci-
ties. In fact, over a wide range, the choice of digital
filter has very little effect on the resulting currents.
Aside from being convenient, this fact confirms the
assumption that the separation of the water velocity
into wave effects with time scales of a few seconds
and currents with time scales of a few hours is a
rational method of analysis.

The final calibrated, corrected and filtered currents
are shown in Fig. 8. Since the meters measure vector
components of velocity, there are two traces for each
meter. A positive x signal denotes a north setting
current and a positive y signal an east setting current.
The scale for the ordinates is in meters per second
and the bottom trace is time, with a pulse mark
each hour.

West-southwesterly currents over 2 m s were ob-
served on the afternoon of 4 September. The strong
current persists to near the bottom; 3 m from the
bottom, the peak currents are 759, of the near-surface
currents. During part of the afternoon the currents
were sufficiently large that the total particle velocities,
including the oscillatory wave motion, never reversed
direction. That is to say, the steady currents were
stronger than the orbital velocities of the highest
waves.
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Fic. 6. Characteristics of filters applied to data prior to digitization.

There are other useful ways of presenting the cur-
rent data. One is the hodograph representation in
Fig. 9 where the vector velocities at each meter are
shown. The current 13 ft (4 m) deep is given by a
small “1,” that 33 ft (10 m) deep by a small “2,”
and that 58 ft (19 m) deep by a small “3.” The total
water depth is ~68 ft (21 m). Twenty minutes of
observed data are given, the samples for each minute
being connected by a solid line. This presentation

0.02

Hz

F1c. 7. Attenuation of low-pass filter used to separate currents
from wave particle velocities.

forcefully demonstrates the constancy of the current
magnitude through the water column.

5. Preliminary model

The development of a current system in a well-
mixed body of water can be described through the
use of simplified momentum and continuity equations
for fluid flow in a rotating coordinate system:

v d%w
———zf'w-l-q'l'gég—;
' ; 2
ok a r° a r°
—=—H— udz-—H—[ vdz
at ax -1 ay —1

where

complex horizontal current velocity [ =#-1iv]
Coriolis parameter
slope of the sea surface
eddy viscosity
-depth of the basin which was used to non-
dimensionalize the vertical coordinate
z vertical coordinate (zero at the surface)
k  vertical displacement of the water surface.

m‘eiﬁ\@

Two boundary conditions must be specified to solve
the momentum equation. At the water surface, the
shear stress can be calculated from the local winds.
The bottom boundary condition used in the prelimi-
nary model was simply that the flow vanished at
the bottom. :
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The momentum equation cannot be simply solved
for the flow at a point, since the slope g of the surface
1s related to the currents through the continuity
equation. However, the momentum equation can be
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Fic. 8. Measured (solid lines) and final hindcast (dashed lines) currents at Buccaneer during Tropical Storm Delia.

integrated in the vertical coordinate to permit solu-
tion on a two-dimensional finite-difference grid and
the vertical current structure then recovered by con-
volution integrals taken over the calculated history
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Fi16. 9. Measured (solid line) and preliminary hindcast (dashed line) current
profiles at Buccaneer, 1200 CDT 9 April 1973.

of surface slope and the wind stress. The assumptions
and methods used in the solution have been described
in greater detail by Forristall (1974).

A preliminary test of the model was made using
a Wilson wind field (Patterson, 1972) based on a
storm track taken from National Weather Service
advisories. Several problems soon became apparent.
The model results are shown as the dashed line in
Fig. 9, where the line connects the tips of the cal-
culated current vectors, represented by dots. The
cross farthest from the origin gives the surface cur-
rent and the others show the currents at successive
2 m deeper levels.

Clearly, the observed currents are much more con-
stant with depth than the calculated currents and the
direction of the near-surface calculated currents is
badly in error. Since the surface currents are strongly
influenced by the local winds, it was natural to be
suspicious of the wind field used. We thus made an
unbiased redetermination of the storm track directly

from the available reconnaissance data and the wind
measurements at the Buccaneer platform. The aircraft
eye fixes support the erratic track shown in Fig. 3,
with alternating periods of slow looping motion and
rather fast relatively straight motion. These track
characteristics were corroborated by the wind trace
at Buccaneer, which showed responses to the depar-
ture of the storm track from a simple approach to
the station.

The wind field was recomputed using the method
of Cardone et al. (1976) which is an application of
the theoretical model of horizontal air flow in the
boundary layer of a moving vortex, as derived origi-
nally by Chow (1971). The model requires as input
a specification of storm track and pressure field. The
latter is prescribed by the pressure drop across the
storm, the scale of the pressure field (which is defined
by the scale radius of an exponential radial pressure
profile), and the magnitude and orientation of the
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Fic. 10. Central pressure in Tropical Storm Delia.

large-scale ambient pressure field or geostrophic as shown in Fig. 10. After consideration of the error
“steering” current in which the storm is embedded. typical of dropsonde determinations of minimum sea

The available central pressure data suggest that level pressure, the minimum pressure observed at
Delia intensified in the 24 h period prior to landfall, Buccaneer is consistent with the aircraft data, and
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F1c. 11. Delia wind speed.
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F1G. 12. Delia wind direction.

because of Delia’s large eye is probably within a few
tenths of a millibar of the true minimum central
Ppressure,

The specification of the scale radius of the pressure
profile was based mainly on the timing of occurrence
of maximum sustained winds at Buccaneer and Gal-
veston, with respect to the storm track. At the Gal-
veston airport weather station these occurred near
1400 CDT, while at Buccaneer maximum winds prob-
ably occurred near 1200 CDT, although the upwind
tower obstruction near then makes that timing un-
certain. Nevetheless, both observations support a large
radius of maximum winds (~40 mi). The correspond-
ing scale radius for the pressure profile is 55 mi.

Despite the erratic track of Delia, the surface syn-
optic charts for the eastern United States showed
Delia’s circulation at low levels to be embedded in
a steady steering current throughout the period of
interest. This current was chosen to have a geostrophic
magnitude of 6 m s~ This value is consistent with
the wind observed at Buccaneer for several days prior
to the influence of Delia.

Given these storm parameters, the quasi-steady-
state wind model was solved for three characteristic
states!, as shown in Fig. 10, from which were inter-
polated the time history of anemometer level (20 m)
wind speed and direction. After 1800 on 4 September,
the interpolation was between states 73D22u and
73D33u. Comparison of measured (adjusted to 20 m

1 The states are called “snapshots” in Fig. 10 and are labeled
by codes beginning with 73D to denote the “D” storm of 1973.

level) and modeled wind speed and direction at Buc-
caneer are shown in Figs. 11 and 12.

The surface boundary layer model developed by
Cardone (1969) effectively relates the wind at ane-
mometer height to the surface stress through the use
of an implied drag coefficient that is itself a function
of wind speed and stability. For the relatively small
air-sea temperature differences characteristic of hur-
ricanes and moderate to high winds, the neutral
stability relationships can be used with insignificant
error. The surface stress calculated in this manner
was used as the input to the current model.

Model runs with the new wind field had much
better directional accuracy, but no improvement in
depth dependence. There is essentially only one free
parameter for calibration purposes in Eq. (2), the
vertical eddy viscosity ». Increasing the viscosity will
bring the velocities at various depths closer together,
but never match the observations in Fig. 9.

It might be thought that the imposition of a con-
stant eddy viscosity was the cause of the errors.
However, subsequent measurements have shown that
the water at Buccaneer is usually well mixed all the
way to the bottom even in calm weather. Although
no salinity or temperature measurements were made
during the storm, it is quite reasonable to suppose
that the high wind and waves resulted in a high eddy
viscosity which remained constant to near the bottom.
This hypothesis is, in fact, supported by the near
constancy of the measured currents with depth.

The strong near-bottom flow suggests that the
dynamics of the bottom boundary layer are important
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in the solution and that the formulation in the pre-
liminary model may be too simplistic. That model
simply assumed no flow at the physical bottom, which
should be true in a literal sense. However, the dy-
namics near the bottom may be such that no slip
and a constant eddy viscosity are a poor parameter-
ization of the actual situation.

6. Bottom boundary layer dynamics

The turbulent boundary layer in the atmosphere
has received much study (Monin, 1970) and the basic
formulation has recently been extended to the benthic
boundary layer of the Florida current by Weatherly
(1972). Here we briefly review this theory and check
its applicability to measurements during Delia.

In a turbulent boundary layer, the shear stress is
a constant 7¢ from which the friction velocity «, can
be defined as

= (1o/p)%. @)
The speed distribution in the layer is then given by
u(2) = (uy/x) log(z/20), (4)

where k=0.4 is von Kirmén’s constant, z, the rough-
ness height and s the measured distance upward from
the bottom. For hydrodynamically rough flow, ex-
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periments indicate that
Zo07= d / 30 y (5)

where d is the scale of the bottom roughness elements.
In geophysical flows dominated by the Coriolis effect,
the boundary layer thickness & does hot increase
downstream (Csanady, 1967), but is limited to about

d=ult/fU, - (6)

where U is the geostrophic velocity away from the
boundary layer.

If we make the assumption, which Fig. 13 shows
to be consistent with the data, that #«, is on the order
of 0.05 m s for U=2 m s}, then Eq. (6) yields
=20 m, which is roughly the water depth at Buc-
caneer. Obviously, the boundary layer cannot be ex-
pected to extend all the way to the free surface, where
direct wind shear dominates, but the theory indicates
that the records from the two lowest meters should
at least be dominated by boundary layer effects. To
study these assumptions, we took 1 h averages of the
currents and fit (4) to either the two lowest meters
or all three meters. The resulting time histories of u,
and z, are given in Figs. 13 and 14. The values of u,
are in the range assumed and increase as expected
during the storm. However, the calculated values of 5

{em/sec)

v,

o 1 1 . 1 L I L i
1200 1600 2000 2400 0400 0800 1200 1600 2000 2400
- 9/3 - 9/4 —]

Frc. 13. Friction velocity calculated from all three meters (solid line) and from lowest two meters (dashed line).



542 JOURNAL OF PHYSI
behave rather strangely. Not only does z, fluctuate
wildly instead of remaining constant, but also it is
generally predicted to be much too large. For zo=35 cm,
Eq. (5) indicates that the bottom roughness elements
must be on the order of 1.5 m, which is clearly un-
reasonable for a smooth clay bottom.

It is not too difficult to find a reason for the ob-
servations not being consistent with the theory, since
the theory was developed for stationary conditions.
Weatherly (1972) expressed concern that tidal fluc-
tuations might weaken the applicability of the theory
and the situation is much worse in the present in-
stance. Study of the unfiltered velocity data from
the bottom current meter reveals that velocity oscil-
lations due to the large surface waves extend at least
that deep and are of the same order of magnitude as
the currents. In laboratory situations where the
Coriolis effect is not important, turbulent boundary
layers are observed to thicken downstream according
to the formula

Uxc
d=—=x,

U

where x is the distance downstream.

The thickness in Eq. (6) is a limiting value for
this growth due to the dominance of the Coriolis
effect in geophysical flows. If the flow is rapidly oscil-

()
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“lating, the boundary layer may not have time to
grow to the limit. For a sinusoidally oscillating flow
with peak velocity of 1 m s™ and period of 10 s, the
maximum distance downstream before flow reversal
is about 3 m. Thus it is appropriate to use (7) to
estimate the boundary layer thickness during storms
in relatively shallow water. Using #,/U=0.03 as
before, Eq. (7) gives 6=10 cm, so that the boundary
layer actually lies far below the bottom current meter.

We are thus faced with a rather serious difficulty.
The preliminary model work showed that the bottom
boundary layer must be taken into account, but it
seems that we do not have data from that layer.
It is, however, possible to make some heuristic argu-
ments and conjectures which lead to a testable hy-
pothesis for the influence of the boundary layer on
the body of the flow.

To close the solution for the flow profile, we require
a bottom boundary condition which relates the shear

stress at the bottom to a calculated velocity. From
Eqgs. (3) and (4) we have

ro=pty?= pets () 1t/ Log (6/20)], ®)

where 8, as before, is the distance to the top of the
boundary layer. Now, as the mean flow velocity in-
creases with storm intensity, both wave height and
period will also increase, and [from (7)] & will in-
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F1G. 14. As in Fig. 13 except for roughness height.
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crease. It is thus at least possible to conjecture that
the bracketed term in Eq. (8) will remain roughly
constant throughout the storm. It does not seem pos-
sible to test the accuracy of the conjecture directly.
Its worth is best tested by judging the accuracy of
a model which includes it. The construction of such
a model is reasonably simple since the conjecture
results in proportionality between bottom shear and
bottom velocity. Since & is very small relative to the
total depth, we can further simplify matters by as-
suming that the boundary condition is always applied
exactly at the bottom rather than at the top of the
thin boundary layer. Thus

7(0)/p= eu(0), (9)

where € is a constant with dimensions of velocity
whose magnitude will be determined by fitting the
model to the observed currents. A formulation similar
to (9) has been used by others including Jelesnianski
(1967), but there seems to be no physical justification
of it in print.

It is now necessary to incorporate boundary condi-
tion (9) into the computer model. Analytical solutions
for pure drift and slope currents must be calculated
and the bottom drag term in the finite difference
model must be reformulated.

a. Drift currents

For a pure wind drift current, Eq. (2) reduces to

dw v d%w
w+
at H? 922
where the vertical coordinate has been' nondimen-
sionalized with respect to the depth H, so that now
2=0 at the free surface and z=—1 at the bottom.

If the applied surface stress is a constant, the upper
boundary condition (:F,) will be

y ow

H 9z

In the present notation, the bottom boundary condi-
tion (9) becomes

(10)

=_1.Fo.

2=0

(11)

dw eH
— =y (12)
02 |21 v z2=—1
Taking a Laplace transform reduces Eqgs. (10)~(12) to
% W
;=[32u'), where B*=H*(s+if)v!
2
ow iFobH A
— = =— r (13)
0z l.=0 SV K
ow eH
_— =—w =0 s=—1 . J
9z z=—1 14 z=—1
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These transformed equations are easily solved to yield

Ara sinhg(1+2)48 cosh(1+4z)
D =—|: ] (14)
Bsi a coshf—+8 sinhB

To invert (14) by the inversion integral, we need the
location of the zeros of @ cosh8-8 sinhB, which amounts
to solving

B tanhf= —a (15)

for B, with a positive and real. Now, if B=x+1y,
Eq. (15) becomes

sinh2x-7 sin2y X1y

=—a )

2y

Note that both denominators are always real and
positive. Then, considering real parts, the sign of
sinh(2x) must equal the sign of (—ax). This is pos-
sible only for x=0. Thus, any § which solves (15)
must be purely imaginary, and if =1y, Eq. (15)
reduces to

cosh2x+cos2y

(16)

The solutions to this transcendental equation are easily
found numerically, with one solution y, in each interval

[nm, (n+3)x].

Then, using the inversion integral and the residue
theorem, the inverse transform of (14) is

ﬁl:a sinhy(1+4-2)+vy cosh'y(1+z)]+
w=
Y a coshy-+7 sinhy

y tany=a.

24iF,
H

o asiny,(142)+y, cosy.(142) e

, A7
(a+1) sinyn+y, cOsya Sn

n=sl

where y=H(if/v)}. If the forcing function is not
constant, i.e., if

then the solution is

) 3
t‘v=.—/ F(t—r)a—w(r)dr. (18)

tFo

Examples of the analytic solution in Eq. (17) are
shown in Fig. 15, 12 h after a steady 20 m s~ wind
begins blowing over a 20 m deep ocean. The pre-
sentation is similar to that in Fig. 9. The calculated
currents are vastly different for different slip coeffi-
cients, with ¢=0.005 representing very limited slip
and e=10-5 giving almost pure slip. For the latter
case, the flow is almost entirely isolated from the
damping influence of bottom friction, and oscillations
dependent on the Coriolis parameter dominate the
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F1c. 15. Effect of slip condition of drift current hodographs: ¢=0.005 (left) and
e=1075 (right).

development of the flow. These effects are most im-
portant in relatively shallow water, such as at
Buccaneer.

b. Slope currents

If the sea surface is not level, its slope ¢ will ap-
pear as a body force in Eq. (2). Taking ¢g=go con-
stant for the moment, with zero wind stress and the
bottom boundary condition of (12), the solution in
the Laplace transform plane is

B sinhB-+a coshB—a coshﬁz) (19)
B sinhB-}+a coshp '

The series of poles is the same as in (14) and the
inverse is found similarly to be

o <’y sinhy—+«a coshy—a cosh—yz)
= y

'u"=quS(s+if)]“<

w
v sinhy-+a coshy

w €™y, siny,—a CosYy,+a Cosy.2
v S ] _ 2 o)
n=1 5,9, (a+1) siny,+ v, cosy,

When the surface slope is not constant, a convolution
integral over (20) is used in (18). Variation of the slip
coefficient again has a large effect on the solutions.

7. Depth-integrated solution

The sum of the drift current calculated from Eq. (17)
and the slope current calculated from Eq. (20) should
give the history of the wind-driven currents at any
depths at the Buccaneer site. However, in order to
use (20), it is necessary to know the history of the
surface slope at the site. Since the storm surge and
thus surface slope are related to the integrated cur-

rents through the continuity equation, the storm surge
equations must be solved for an area surrounding the
site before (20) is applied.

Integrating Eq. (2) vertically from bottom to sur-
face gives

ow
— = —ifW+Q+F—C, (21)

at
where the transport is
0
W=H| wds,
~1
Q=Hq,' F is the wind shear stress, and the bottom

stress is
v Jw

H 0z

Eq. (21) and the continuity equation can be solved
by a two-dimensional finite-difference scheme for ¢(#).
The most interesting part of the solution is the cal-
culation of the boundary stress. There are various
ways of estimating the drag from the transport, but
for consistency with the analytically calculated cur-
rents, the drag must be found from (12). This can be
done by extending the bottom friction calculation due
to Jelesnianski (1970) to the case of a slip boundary
condition. From Eq. (12)

(22)

z=—1

(23)

The drag may be broken down into parts associated
with the slope and drift components of the current.
From (17) and (18), the drift current component of
the drag is

C=ew|z=._1.

2¢ ¢
Cyg=— / F(t—T)KF(T)e_‘/’dT, (24)
HJ,
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where
Kp(r)=2 yal (1) siny,+yn cosy, ]

n=l
Xexp(—y.2vr/H?).
For the slope current drag, (20) similarly yields

¢
C3=25/ q(t—7)K q(r)e~"dr, (25)
0

where

© siny,
Ko(r)=3 -
n=1 (a1) siny,+y, cosyn

exp(—y.2vr/H?).

Integration of (24) and (25) at each time step and
grid point would be extremely wasteful of computer
time and storage if a significant number of terms
from the series were required. Fortunately, Jelesnianski
(1970) developed a reasonably simple method of ap-
proximation which was also used by Forristall (1974).
The character of the kernels and their infinite integral
over 7 are preserved by taking

Kp=~Blexp(—ylvr/H?)—exp(—bvr/H?)],

where

(26)

B=y[(a-+1) siny;4y; cosy: |,

o

1 -1
b=— B{ 2. —(a+1) siny,+yn Cosyn]"l} )

n=2 y”

o 1 siny,
Komy] £ ——— ]
n=1y,2 (a+1)siny,+y, cosy,

Xexp(—yi2vr/H?). (27)

The recursion scheme for exponential kernels de-
veloped by Jelesnianski is then used to calculate C as
the solution progresses.

The finite-difference equations were solved on a
square grid with a grid size of 11.59 km, which ex-
tended from 25°45" to 30°0'N, and from 90°0’ to
97°23'W. The explicit integration of the storm surge
necessitated a short time step of 150 s. Land bound-
aries and bathymetry were hand digitized to the grid.
Transports normal to the boundaries were set equal
to zero. The eastern and southern boundaries of the
grid are in open water, where it is difficult to specify
a correct lateral boundary condition. We set the
derivative of velocity normal to these boundaries equal
to zero. Although this boundary condition causes the
reflection of long waves (Reid, 1975), it permits forced
flow through the boundaries. In any case the bound-
aries were far enough from Buccaneer that the reflec-
tions did not seriously corrupt the solution there for
the 30 h integration time.
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It should be noted that the finite-difference solu-
tion gives the transport as well as the surface slope.
After the drift and slope currents are calculated, they
may be vertically integrated to again obtain the
transport. Since the two approaches are consistent,
the two derivations should agree, and in fact they
do to within a few percent. The small discrepancy
that does exist is due primarily to the weak smoothing
used in the finite difference scheme.

8. Effect on Delia hindcasts

With these new features incorporated in the basic
current model, several additional computer hindcasts
were made. The magnitudes of the eddy viscosity »
and the slip coefficient ¢ are poorly known from
theory, so they can be used in a sense as tuning pa-
rameters for the model. Indeed, study of current data
during strong winds is probably the best method of
investigating these important physical parameters. In
broad terms, increasing the eddy viscosity causes the
currents to be more uniform with depth and de-
creasing the slip coefficient increases the near bottom
currents. The combination of these factors which gave
the best fit to the Delia data was »=0.03 m? s~ and
¢=0.001 m s’ Note that this value of the eddy vis-
cosity is over four orders of magnitude larger than
the molecular viscosity of water. It is also considerably
larger than the eddy viscosity which might be esti-
mated from the Reynolds number of the flow. The
observed eddy viscosity might possibly be explained
by the additional turbulence introduced by the sur-
face waves.

The results of a hindcast using these values are
shown in Fig. 8, which compares the current meter
output to vector components calculated for the depths
at which the meters were located. The agreement
between the two is very good for the buildup of the
storm and the proper depth dependence has been
achieved. However, the southward component of the
flow continues to increase after the peak of the storm
and is much too large at the end of the hindcast.

The flow during the peak of the storm is essentially
longshore and parallel to the bathymetric contours.
The direct response to the local wind is augmented
by the geostrophic balance between the storm surge
and the longshore current. These features are cor-
rectly modeled, but after the peak of the storm the
hindcast currents shift to be more southward and fail
to decay as rapidly as the observations. Assuming
that the anchor rotation occurred at the end of the
storm does not improve the comparisons. The finite
difference scheme used in the model might be the
source of some of this discrepancy, since it uses simple
forward time steps with centered space differences on
an unstaggered grid. More sophisticated schemes have
been developed by many workers, including Heaps
(1969) and Leendertse (1967). In an effort to improve
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the accuracy of the computations, some numerical
features from other models were tested.

In particular, a staggered grid system, centered time
differencing and the open water boundary condition
suggested by Reid (1975) were tested, both alone
and in combination. While these numerical changes
did affect the solution somewhat, none produced a
markedly better match with the data. It seems likely
that the problem is due not to numerical difficulties,
but rather to some dissipation process which has not
yet been properly modeled. Fortunately, the buildup
to peak conditions, which is of the greatest practical
interest, has been hindcast quite accurately using simple
parameterizations of the physical processes.
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