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THE INFLUENCE OF SURFACE WAVES ON WATER CIRCULATION IN A
MID-ATLANTIC CONTINENTAL-SHELF REGION

By Charles H., Whitlock and Theodore A. Talay
Langley Research Center

SUMMARY

The importance of wave-induced currents in different weather conditions and water
depths (18.3 m and 36.6 m) is assessed in a mid-Atlantic continental-shelf region. A
review of general circulation conditions is conducted. Factors which perturb the general
circulation are examined using analytic techniques and limited experimental data. Actual
wind and wave statistics for the region are examined. Relative magnitudes of the various
currents are compared on a frequency of annual occurrence basis. Results indicate that
wave-induced currents are often the same order of magnitude as other currents in the
region and become more important at higher wind and wave conditions. Wind-wave and
ocean-swell characteristics are among those parameters which must be monitored for
the analytical computation of continental-shelf circulation.

INTRODUCTION

The Federal Ocean Program (ref. 1) has the objective of contributing to the national
security, the quality of life, and the general welfare, One major element of the program
is concerned with the development of new sources of energy to support the ‘economy.

. Economic, pollution, and transportation considerations dictate increasing dependence
upon "'offshore' petroleum. The same considerations lead to the'proposed construction
of offshore nuclear power plants and port facilities, As a result, increased requirements
are imposed on future coastal-zone management activities, The Federal Ocean Program
is stimulating increasing emphasis on the studies of marine-related safety and pollution
problems associated with the production and transportation of energy supplies. To
accomplish these studies, improved experimental, analytical, and monitoring techniques
are required because complex physical processes occur over large geographical regions.

Much has been written (ref. 2, for example) concerning the monitoring and predic-
tion of ocean circulation from data measured in space. Generally the philosophy seems
to be that the monitoring of sea-surface topography would permit definition of location
and magnitude of major geostrophic currents and the monitoring of wind would permit
estimation of wind-driven currents. The wind, temperature, and sea-surface topography



data would be input to analytical models which would compute subsurface as well as
surface-circulation characteristics. Thus, the monitoring of ocean circulation from
space would be highly dependent upon analytical modeling as well as upon the measure-
ment of appropriate input parameters.

Reference 3 (p. 258) notes that the winds which cause stress-induced currents
(known as wind-driven currents) also cause waves (known as wind-waves). It is well
established (refs. 3, p. 256, and 4, p. 588, for example) that currents are induced by
ocean-surface waves. Associated with waves is a nonclosed orbital motion in the verti-
cal plane which progresses in the direction of wave advance. The drift associated with
forward progression of the orbital motion is known as the wave-induced current (ref. 4,
p. 984). Wind-driven surface-current speeds may reach as much as 3 percent of wind-
speed in deep water, and wind-wave-induced currents may reach 1 percent of wind-
speed according to reference 3. More recent studies (refs. 5, p. 131, and 6) indicate
surface wave-induced currents from wind-waves to be between 1.6 and 3.6 percent of
windspeed. In addition to wind-waves, a region may also contain ocean swell, which is
wind-waves generated by storms in another location that have propagated into the region.
Reference 3 (p. 258) notes that, if ocean swell is running through a region of dead calm,
the swell may induce a current. In the deep ocean wave-induced currents have tradi-
tionally been considered small, but recent results (refs. 6 and 7) state that they may be
significant, Reference 6 further notes that theoretical wave-induced currents are
increased in water of finite depth, Thus, it is possible that wave-induced currents are
important over those continental-shelf regions in which flow velocities are low in compar-
ison to major ocean currents. One such region is a mid-Atlantic continental shelf
between 40° north latitude and Cape Hatteras, North Carolina (34o N). An understanding
of the environment of this region is important because construction of offshore nuclear
power plants, port facilities, and oil wells have been proposed within this area.

It is the purpose of this report to examine the order of magnitude of the wave-
induced currents in a mid-Atlantic continental-shelf region for a vé.riety of weather
conditions. The wave-induced currents will be compared with currents caused by other
factors to assess relative importance. More specifically, a review of general circula-
tion conditions in the region is first conducted. Next, factors such as Gulf Stream
dynamics, tidal currents, wind-driven currents, wind-wave currents, and ocean-swell
currents which perturb the general circulation condition are examined for order of
magnitude, Actual weather statistics for the region are investigated, and the wind-wave
and ocean-swell currents are compared with other currents based on frequency of occur-
rence. This study is for the purpose of helping define what must be remotely monitored
and analytically modeled to assess the circulation environment of the region.
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SYMBOLS
eddy viscosity coefficient, kilograms/meter-second

Zpr sin ¢>1/2

factor defined by < X , meter-1

wind-stress resistance coefficient at 15 meters above surface of water
A 1/2

depth of frictional influence defined by n(——) , meters

: p. Q sin ¢

w

water-column depth, meters
two-dimensional wave spectrum, newtons
gravitational acceleration, meters/ second2
wave height, trough to crest, meters
average wave height, meters
significant wave height, average of highest one-third of waves, meters
wave number, 27/L, meter"1
wave length between successive waves, meters
average wave length, meters
wave period between successive waves, seconds
average wave period, seconds

Stokes' wave-induced current, meters/second

Ekman wind-drift velocity component perpendicular to wind direction,
meters/second

Ekman wind-drift velocity component along wind direction, méters/second



A% total Ekman wind-drift speed, meters/second
w windspeed, meters/second

Z coordinate distance perpendicular to water surface measured positive down-
wards from water surface, meters

o, B constants defined by equations (2), meters/second
¢ variable defined by d - z, meters

Py density of air, kilograms/meter3

Py density of water, kilograms/meter3

T wind stress on water surface, newtons/meter2

o) latitude of position, degrees

Q angular velocity of Earth, radians/second

w wave frequency, 27/T, radians/second

GENERAL CIRCULATION CONDITIONS

Using the terminology of reference 8 (p. v), static conditions are those circulation
properties which are obtained by averaging large amounts of measured data over a long
time period (monthly, seasonally, or yearly) so that the effects of higher frequency
meteorological and tidal perturbations are eliminated. In most cases, ocean-circulation
data are summarized on a seasonally averaged basis. Such data are available (refs. 9
and 10) for the continental-shelf region under study in this investigation. The static
circulation magnitudes and patterns are modified by the action of local winds, waves,
tides, and the Gulf Stream. These dynamic effects will be considered in a subsequent
section,

There are few accurate current measurements in the mid-Atlantic continental-
shelf region, the subject of this study (ref. 11, p. 45). The majority of the circulation
data has been from inferred trajectories calculated by statistical regression analysis of
the beginning and end points of several thousand surface drift bottles and seabed bottom
drifters (refs. 9 and 10). Additional data have been collected from random ship drift
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reports which often suffer from inaccurate navigation fixes (ref. 11, p. 45). The major-
ity of the data collected refers to surface currents. Only a limited amount of bottom-
current information is available. Mid-depth current data are almost nonexistent.

Figure 1 illustrates the generally accepted surface-current patterns and veloci-
ties in the mid-Atlantic continental-shelf area. Figure 2 shows more detailed surface-
circulation patterns on a seasonal basis. The solid arrows represent those patterns
inferred by statistical analysis of the end points of large amounts of drift-bottle data.
The dashed arrows represent interpolations or extrapolations from the solid arrows or
results from a small amount of drift data. Currents toward the southwest predominate
except in summer when southerly winds subsequent to periods of low rainfall may cause
temporary northerly flowing currents (refs. 10 and 12). Little or no surface shelf water
is transported south of Cape Hatteras except during periods of sustained winter winds
from the northeast (ref. 11, p. 45).

Figure 3 illustrates the generally accepted bottom-current patterns and velocities
in the area (ref. 10, p. 41). Seabed drifter data suggest that the average bottom flow is
independent of the surface conditions in the late spring and summer but is more coupled
to them in the late fall and winter when the water column is near neutral stability. In
spring the temperature of the surface water increases more rapidly than that at the bot-
tom, causing a lower density at the surface and stratification of the water column. The
vertical density gradient is further enhanced by the increase in fresh-water discharge
from the continent which adds less dense water to the surface layer. Maximum stability,
with denser water on the bottom and lighter water on the surface, is reached in the
summer when fresh-water discharge is maximum (ref. 10, p. 39). Inthe autumn fresh-
water discharge slackens and seasonal colder temperatures cause thermal stratification
to disappear, and the water column becomes neutrally stable, nearly isothermal and
isohaline, through the winter (ref. 10, p. 40). Figure 4 shows average bottom-circulation
patterns both with and without thermal stratification.

DYNAMIC CIRCULATION CONDITIONS

Dynamic circulation conditions are those perturbations on static conditions which
are caused by the effects of Gulf Stream dynamics, tides, waves, and winds. Both local .
winds and storms in the deep ocean affect continental-shelf circulation. Local winds
cause wind-driven currents (due to shear stress) as well as wave-induced currents from
the local wind-waves. Deep-ocean storms generate wind-waves offshore which disperse
and propagate onto the continental-shelf area as long-period ocean swell. The ocean
swell, which is usually independent of local wind conditions, also produces wave-induced
currents. Gulf Stream dynamics, tidal currents, wind-driven currents, wind-wave
currents, and ocean-swell currents will be considered in the following sections.



Gulf Stream Dynamics

Gulf Stream dynamics may have a significant impact on continental-shelf circulation.
The north wall of the Gulf Stream is believed to influence the slope front which is the
outer boundary of continental-shelf waters (see fig. 1). The mean position of maximum
currents of the Gulf Stream shows little change from season to season (see fig. 5), but
the variation of the mean position can be rapid and intense in monthly synopses (ref. 8,
p. 692). Figure 5 shows the slope-front positions over a 5-year period on a monthly
basis (numbered 1 to 12). Because the positions represent an average for the indicated
month, the fluctuations shown may have been quite rapid and only a few days in duration.
The slope front appears sometimes to move very close to the New Jersey and New England
coasts during the summer and early fall.

Continental-shelf waters originate in the areas above 40° North latitude and flow
past Nantucket shoals on their way south along the coast to Cape Hatteras (fig. 1).
Close inshore Gulf Stream meanders may temporarily inhibit the supply of shelf waters
and perhaps cause a major fluctuation in circulation conditions in the mid-Atlantic
regions. The effects of Gulf Stream meanders on shelf circulation are not well under-
stood because synoptic circulation data coinciding with these meanders are not generally
available. A better understanding of Gulf Stream dynamics is a prerequisite to the
accurate prediction of continental-shelf circulation. Although these meanders are known
to be important, the remainder of this study will neglect the effects of Gulf Stream
dynamics on shelf circulation since the order of magnitude of these fluctuations is not
known.

Tidal Currents

The gravitational forces of the Moon and Sun cause tides in the oceans which in
turn create currents. Tidal changes in water level combine with topographical features
to give rise to three types of tidal currents: (a) the reversing type, illustrated by
currents in most inland bays and rivers, (b) the hydraulic type, illustrated by currents
in straits connecting two independent bodies of water, and (c) the rotary type, illustrated
by currents in the open ocean and along the sea coast. Offshore, the tidal current changes
its direction continually and never comes to a slack because it is not confined to a
‘definite channel. Over a tidal cycle of about 12.5 hours, the current will have set in all
directions of the compass; hence it has become known as the tide-induced rotary current.

The displacement caused by the rotary current takes the form of an ellipse on a
horizontal plane parallel to the water surface. The direction of rotation is clockwise in
the Northern hemisphere. The current is variable with.tdpography and geographical
location. The following list shows averaged maximum rotary current speeds for several
mid-Atlantic shelf locations (see fig. 1) as taken from reference 13 (pp. 179 and 181):
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Location Der%th ’ Speed,

_ cm/sec
@ 70 miles east of Cape Charles, Virginia 183.0 10
@ 712 miles east of Cape May, New Jersey 54.8 5
® Five-Fathom Bank Lightship, Delaware 18.3 10
@ Winter Quarter Shoal Lighted Whistle Buoy, Virginia 18.3 5
® Fenwick Shoal Whistle Buoy, Delaware 18.3 15
® Chesapeake Light, Virginia 14.6 Weak

When perigee occurs at or near the time of full Moon, the speeds will be 30 to 40 percent
above these averages giving rotary currents up to 21 cm/sec. Apogee occurring at
quadrature will cause maximum speeds 30 to 40 percent below average. The magnitude
of the currents is comparable to the values of the static surface currents (fig. 1) and is
several times larger than static bottom currents (fig. 3). Because of the large values

of the tidal current, experimental circulation data are often difficult to interpret when
measurements are for less than one tidal cycle. The currents actually observed consist
of tidal currents masked by nontidal currents. Considering sequential tidal cycles,
there are small variations in the elliptical orbits related to slow changes in phase,
parallax, and declination of the Moon. - These variations result in the end point of the
rotary orbit not precisely matching its beginning point (even when nontidal effects are
zero) causing a net tidal drift current over a sequence of tidal cycles. There is little
information available on the tidal drift current; however, it is generally considered to
be quite small, possibly much less than 1 cm/sec. It is not clear whether tidal drift is
an important parameter in the analysié of long-term circulation characteristics of the
shelf; however, tidal rotary currents are clearly important for short-duration
activities.

Wind-Driven Currents

Wind-driven currents are the result of shear stress applied to the surface of the
water by local winds. Pure wind-driven currents are seldom observed in nature since
the same local winds that produce them also cause wind-waves. An exception is in
Arctic ice packs where the ice sometimes does not allow a sufficient fetch for significant
wave generation. For these cases a predominantly pure wind-driven current may exist.
Fridtjof Nansen, during the "Fram' Polar Sea expedition (1893-1896), observed that the
ice drift deviated 20° to 40° to the right of the wind. At the suggestion of Nansen, V. W,
Ekman performed a mathematical analysis of these observations by assuming a simple
balance between the Coriolis forces and the frictional forces in the water (ref. 14, p. 492).
Best known is his solution for an infinitely deep ocean (also called the Ekman spiral),
but Ekman also examined the case of a finite-depth ocean. Reference 15 (p. 191 and



following pages) discusses both solutions. The finite-depth solution, used in this analy-
sis, has been applied by Ekman and others to waters of depths comparable to continental-
shelf depths.

The major assumptions of the Ekman theory include a homogeneous, horizontally
unbounded ocean with a uniform wind field. The current components are unaccelerated,
and no vertical current component exists. Also, the current velocity components are
zero at the bottom and horizontal pressure gradients do not exist. Under these assump-
tions, vertical profiles for the pure wind-driven currents are calculated from the
following finite-depth Ekman-solution equations (ref. 15, p. 194):

C - d -Z

The constants o and 3 are

W

cosh & dcos & d + sinh & dsin & d
V2 2 V2 \2
cosh2 2 d+ cos2-24d

: ¢ 5 ®

cosh &= dcos & d - sinh & dsin & d
D V2 \2 2 V2
Ar cosh2 & d+ cos22d

2 V2

and . J

2Q sin PP,
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The total Ekman wind-driven current may be obtained from
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and

_ .2
Vo=Vu+v (5)



The adequacy of the results, granted the original assumptions, depends also on the

values used for the effective eddy viscosity coefficient, A, and the effective wind
stress, T.

The concept of eddy viscosity was first adopted for use in ocean-current studies
by Ekman in 1902 (ref. 15, p. 185) as a measure of the degree of oceanic turbulence
present. The assumption of a constant eddy viscosity coefficient is inadequate since the
coefficient is known to vary as a function of both wind speed and depth. Unfortunately, a
precise relationship has not been determined for all conditions. Compounding the
problem is the usual presence of other currents that make empirical determination of
the eddy viscosity coefficients for pure drift currents seemingly impossible. However,
Ekman did derive an empirical relationship between the eddy viscosity coefficient and
windspeed based on Nansen's ice-drift observations discussed earlier. In these cases
a predominantly pure wind-driven current existed. Thorade in 1914 (ref. 15, p. 210)
revised the relationship for windspeeds less than 6 m/sec as follows:

A=1.02wS for w<6 m/sec

(6)

A=43 w2 for w26 m/sec

The relationships obtained are for near-surface waters but, for purposes of this inves-
tigation, are applied to the entire water column., No attempt is made to vary the eddy-
viscosity coefficients with .depth as no definitive information exists on how the coeffi-
cients would vary. These assumptions are expected to allow reasonable estimates of
the pure Ekman drift surface speed. While not a subject of this study, the directional
characteristics with depth of the Ekman current relative to the wind are also subject to
differences due to neglecting the depth variation of the eddy-viscosity coefficient

(ref. 14, p. 496).

The wind stress is usually expressed in terms of a resistance coefficient, the
windspeed at some distance above the sea surface, and the density of air

2 (7

7= CygPyV¥
In this case the resistance coefficient C15, empirically obtained, is applicable to
a wind measurement 15 meters above the sea surface. Recent compilation of observed
data (ref. 16) has shown the resistance coefficient to be a function of windspeed up to
15 m/sec and a nondimensional constant, 0.0026, thereafter. For this analysis,
however, the resistance coefficient has been assumed to have the constant value as
quoted in reference 14 (p. 490),



C,z = 0.0026 (8)

15
This value may cause an overprediction of the pure Ekman currents for windspeeds less
than 15 m/sec.

Two continental-shelf depths have been used in the calculations: 18.3 meters
(10 fathoms) and 36.6 meters (20 fathoms). These are typical depths for proposed
construction of offshore facilities., The wind-driven current-profile calculations were
made for a range of wind conditions consisting of Beaufort scale numbers from 2 to 11,
the corresponding speeds for which are given in table I as taken from reference 17
(p. D40).

TABLE I.- WINDSPEEDS FOR BEAUFORT SCALE

Beautort Windepeed, | Windgpecd,
2 Light breeze 5.0 2.6
3 Gentle breeze 10.0 5.1
4 Moderate breeze 14.0 7.2
5 Fresh breeze 19.0 9.8
6 Strong breeze 26.0 13.4
8 Fresh gale 37.0 19.0
10 Whole gale 52.0 26.8
11 Storm 59.5 30.6

Results of the calculation for Ekman wind-driven current-speed profiles are shown
in figure 6. The significance of the dashed curve in figure 6(b) will be discussed later.
In a comparison of figures 6(a) and 6(b), the magnitude of the calculated wind-driven
surface current is a strong function of the water-column depth for the higher windspeeds
and values of A and 7 used. For the shallower column depth of 18.3 meters,
increases in windspeed above 9.8 m/sec cause only a small increase in the wind-driven
current speed. For the deeper water-column depth of 36.6 meters, however, the
magnitude of the calculated wind-driven current is much higher for winds in the 10 to
20 m/sec range, and the current speed for the maximum wind case of 30.6 m/sec is
almost twice as large as for the shallow water depth. Ekman theory, by its original
assumptions, will always predict zero current speed at the bottom, but use of alternative
laws for the eddy-viscosity coefficient will cause the current magnitude to vary with
depth (ref. 14, p. 496). For both of the water depths considered, the results indicate that
wind-driven currents are an important factor influencing shelf-circulation dynamics.
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Wind-Wave Currents

Waves, whether wind-waves (sea) or ocean swell, cause a near-elliptical orbital
motion of the water particles in the vertical plane beneath the wave profile. As noted
earlier, the beginning and end points of each orbit do not coincide; hence, there is a
slow, progressive advance of the particle orbits as the wave trains pass overhead. The
rate at which the orbits advance is known as the wave-induced current (also sometimes
called "wave drift' or "Stokes' drift,"” ref. 4). The current direction is in the same
direction as advancement of the surface-wave front. The velocity of the water particles
around the orbit (known as the wave-induced orbital velocity) is large in comparison to
the drift rate of the orbit (wave-induced current). The wave-induced orbital velocity
causes the high-velocity water pé.rticles to "scrub' the bottom, throwing sediment parti-
cles into suspension which may be transported by wave-induced or other currents.

As has been noted, the same local winds that cause wind-driven currents also
produce wind-waves. The wind-waves cause wind-wave induced currents; hence, wind-
driven and wind-wave induced currents coexist (along with other types of currents) over
the continental-shelf regions. In this analysis the wind-driven and wind-wave-induced
currents are considered separately so that some idea of their relative magnitudes is
obtainable. The problem of how, in the end, separate current components are combined
into a total current is not addressed here.

For purposes of this analysis of wind-wave-induced currents, wind duration and
fetch are considered sufficient for a fully aroused sea. While these conditions occur
rather infrequently for the high waves (to be discussed later), together they represent
a limiting case which is important in the instance of a large storm where the potential
for serious damaging effects exists. Under these assumptions, the characteristics for
wind-waves are empirically related to the windspeed. Shown in table II is the traditional
relation of average wind-wave height and period characteristics (ref, 17, p. D40) for the
windspeeds of the Beaufort scale presented earlier,

TABLE II.- WAVE HEIGHTS AND PERIODS FOR BEAUFORT SCALE

S * t
Beautort Windspeea | SErihcant | Average | Average | Averagel | Averagel,

m m sec m m
2 2.6 0.09 0.05 1.4 3 3
3 5.1 .43 .27 2.9 13 13
4 7.2 1.01 .61 4.0 25 25
5 9.8 2.10 1.31 5.4 45 46
6 "13.4 4.58 2.93 7.4 77 85
8 19.0 11.30 7.03 10.5 125 155
10 26.8 26.50 16.50 14.8 187 249
11 30.6 35.40 22.30 17.0 218 - 295

*Based on average period and 18.3-meter depth.
TBased on average period and 36.6-meter depth.
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The average wave lengths for the depths considered are determined iteratively
from

- =2
L= & tanh (Z_Id-) (9)
27 T

where the initial approximation for the average period and wave length are the deep-
water conditions.

For a fixed weather condition, wind-wave height characteristics vary in a
stochastic manner as a function of wave frequency (or period). A fixed wind will result
in a frequency spectrum of wind-wave heights, Marine forecasts and observations
usually report the significant wave height, which is the average of the highest one-third
waves. The average height of the total wave spectrum will be considerably less than the
significant wave height. Ideally, wave-induced currents should be obtained considering
the total wave-height spectra as suggested in reference 6. An approximate calculation
can be made, however, using average values of wave height and period, as obtained from
the preceding fable, if order-of-magnitude estimates of wind-wave-induced currents are
desired.

For the monochromatic wave, wave-induced currents can be established for open
bodies of water using second-order Stokes irrotational theory (refs. 4, p. 984, and 18).
Reference 19 concluded that, for deep-water waves, the irrotationality assumpfion of
Stokes is valid, Reference 20 added the restriction of null mass transport and considera-
tion of a bottom boundary layer (rotational flow), which is the case of waves moving in a
shallow-confined basin (such as a wave tank). Reference 3 (p. 504) notes that in the
open ocean, however, the condition of null mass transport is unlikely. This investigation
assumes that second-order Stokes theory is valid for estimating the order of magnitude
of wave-induced currents and limits itself to the wave conditions for which Stokes' theory
is considered valid. The assumption of irrotationality would cause an underprediction of
wave-induced currents on the bottom (ref. 3, p. 510). By Stokes' theory the wave-induced
currents are given by (ref. 4, p. 984)

9 9 COSh<4—T[-(E_——-—Z—)>
T-1° L
2

L sinh2<2—_7—ig)
L

,:ﬂl

H|
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Stokes' theory is considered valid for waves that fulfill the conditions (ref. 21)

Qe

H
£7.13 for any —
Y 24

(11)

L <27 8d for smaller amplitude waves H 1.0
d 3H 2d

These criteria insure convergence of the mathematical-series approximations in the
theory. Physically, waves will break if the ratio -2% exceeds about 0.14, This
boundary condition is the same as saying that

L H
= =2713(— 12
: (Zd) (12)

for waves not to break.

These criteria are shown in figure 7, from which it is seen that there exists a
roughly triangular area for which Stokes' theory is mathematically convergent and the
waves are nonbreaking. Shown in the same figure are the wind-wave conditions of the
Beaufort scale. The figure indicates that Stokes' theory should be applicable for average
wave values for all Beaufort conditions considered except for Beaufort scale 11 at the
18.3-meter depth. Wind-wave-induced currents produced by average wind-waves are
presented in figure 8. In each case, the curves are identified by the average wave
height. The significance of the dashed curves will be discussed later. Considering the
values for the 18.3-meter depth (fig. 8(a)), it is apparent that wind-wave-induced currents
are quite large for wave heights of 2.9 meters or more. Stokes-theory calculations for
whole gale conditions (average wave height of 16.5 m) for the 36.6-meter depth (fig. 8(b))
suggest wind-wave-induced surface speeds that are of the same order of magnitude as
Gulf Stream surface speeds.

An item of concern, as noted earlier, is the accuracy of results obtained from cal-
culations which use average wave height and length instead of values over the total
spectrum, As reference 6 notes, the Stokes wave-induced current for a two-dimensional
spectrum and an arbitrary depth is given by

Tlz) = i ﬁi F(k)wl({k) Ek Cgisr?hzz{‘ég - Z):ldk (13)

where F(k) is an assumed two-dimensional wave spectrum and the wave frequency
is related to the wave number by

w2 = gk tanh kd (14)
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Unfortunately, weather statistics are not compiled on a wave-spectrum basis nor is there
sufficient information available for their exact computation. Thus, studies of wave-
induced currents using equation (13) are made on the basis of assumed semiempirical
wave spectra. Detailed study of figure 9 offers some insight into the spectrum versus
average wave-height approaches. The solid curves represent Stokes' surface wind-wave-
induced currents for the 18.3-meter, 36.6-meter, and 5500-meter depths computed using
average values. Wind-speed values were obtained by correlation of H with windspeed
for the previous table which assumes fully aroused seas. Current values for the
18.3-meter and 36.6-meter depths were taken directly from figure 8. As suggested in
reference 6, it is seen that the shallow continental-shelf depths cause increased wind-
wave-induced currents. The dotted line represents the wind-wave-induced current magni-
tudes estimated for the deep ocean by reference 3 (1.0 percent of windspeed). The wind-
wave-induced currents shown by the dashed lines (1.6 to 3.6 percent of windspeed with

1.6 percent preferred) were computed in reference 6 using equation (13) and two semi-
empirical spectra using different assumed profiles. Reference 3 does not indicate a
windspeed range for its 1.0-percent value, but the analysis in reference 6 was limited to
windspeeds between 10 m/sec and 20 m/sec. The average wave height and length
approach of this study for the deep ocean, 5500-meter depth, underpredicts the 1.0-percent
line for windspeeds less than 14 m/sec and overpredicts it above 14 m/sec. It also
underpredicts the preferred 1.6-percent value in the 10-m/sec to 20-m/sec range.
Unfortunately, open-ocean wind-wave-induced current data are unavailable, so a direct
comparison with the experimental results is not possible for any of the curves. It
appears, however, that the method of this study does give reasonable order-of-magnitude
estimates in the deep ocean and is appropriate for calculations on the continental shelf,

It is indicated from figure 8 that wind-wave-induced currents are a major factor influ-
encing continental-shelf circulation.

Ocean-Swell Currents

Ocean swell represents those waves which were originally generated by a deep-
ocean storm rather than by the local wind. Originally these waves were part of a wind-
wave spectrum. As the wind-wave spectrum propagated outside the storm region, the
spectrum began to separate because longer length waves travel faster than short waves.
Lateral dispersion, winds, and viscosity cause the waves to decay as they propagate
across the deep ocean. As a result, the ocean swell that reaches the continental shelf is
usually long-period and low-to-moderate in height. Because the swell spectrum is
dispersed over distance, the swell observed at a particular location and time will have
nearly monochromatic characteristics based on physical theory. In reality, the situation
is somewhat more complex, but recent photographic observations (ref. 22) tend to confirm
the near-monochromatic nature of the ocean swell. Both photographs and coastal-wave

14



records suggest that the continental shelf may simultaneously receive several ocean-
swell trains from different directions which originated from separate storms in different
parts of the ocean,

Typical statistics for the height of ocean swell in the region of interest may be
obtained from reference 8 (p. 199). Little information appears to be published con-
cerning pure swell periods in the region of interest although some data are available
concerning combined sea and swell period statistics (ref. 23, p. 012). Swell period is
usually larger than that of the local wind-waves. For purposes of this investigation,
swell periods of 7, 11, and 17 seconds are assumed over the height range given in
reference 8 to approximately bracket possible swell periods from the information given
in reference 23 (p. 012). Specific conditions used for calculations are given in table III.

TABLE III.- OCEAN-SWELL CHARACTERISTICS USED FOR CALCULATIONS

Swell height, Swell period, Swell length,* Swell 1ength,Jr
m sec m m

0.16 7, 11, 17 71, 132, 218 76, 166, 295

.88 7, 11, 17 71, 132, 218 76, 166, 295

1.86 7, 11, 17 71, 132, 218 76, 166, 295

2.85 7,11, 17 71, 132, 218 76, 166, 295

3.66 7, 11, 17 71, 132, 218 76, 166, 295

4.88 T, 11, 17 71, 132, 218 76, 166, 295

*Based on 18.3-meter depth.
TBased on 36.6-meter depth.

The swell lengths were computed using equation (9). Second-order Stokes theory

(eq. (10)) is used to compute the swell-induced current speeds. In this case, swell is
assumed nearly monochromatic in character, and thus the problem of whether to use the
average-wave-height form of analysis (eq. (10)) or the wave-spectrum analysis (eq. (13))
is avoided. Applying equations (11) and (12) tothe swell statistics presented in the pre-
ceding table indicates that Stokes' theory is applicable in all cases considered and that all
computed waves are convergent and nonbreaking. Figure 10 presents the calculated val-
ues of the speed profiles for the swell-induced currents. The significance of the dashed
curves will be discussed later. Figures 10(a) through 10(c) are for the 18.3-meter water-
column depth and show that lengthening of swell period (and wave length) causes increased
swell-induced speeds at the bottom and decreased values on the surface. Figures 10(d)
through 10(f) indicate that the effect of the deeper water-column depth of 36.6 meters is

a large reduction in ocean-swell currents on the bottom but only a relatively small change
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in surface speeds from the shallow water, 18.3 . meters, situation. Theoretically, the
wave-induced currents caused by ocean swell propagating into the shelf are of the same
order of magnitude as the wind-driven currents and must be considered as an important
factor influencing shelf-circulation dynamics.

DISCUSSION

In order to bring the theoretical dynamic-circulation calculations into perspective,
it is necessary to examine the weather conditions which occur over the region of this
study.

Wind Conditions

Wind data for the region have been compiled statistically and are published in
reference 8 (p. 73). The statistics are compiled on an annual frequency-of-occurrence
basis and are presented in figure 11, Comparing summer and winter conditions, the
windspeeds during the winter are larger due to the more intense atmospheric pressure
cells that usually are characteristic of winter months. Considering winter conditions, the
wind is below 23.1 m/sec 99 percent of the time. It must be noted that compilation of
weather statistics on a percentage-of—thime basis usually does not accurately describe
severe storm conditions. Severe storms occur infrequently and are of short duration.
As a result, severe-storm statistics are usually given in terms of maximum conditions
- which might be expected to occur over a period of several years. Reference 8 (p. 324)
indicates that over a 5-year interval, a maximum wind of 49.0 m/sec may be anticipated.
This value is twice the magnitude of the 99-percentile winter-wind statistic.

Directional characteristics of the wind are quite dynamic., As air-mass fronts
pass through the area, wind direction often swings through the entire compass over a
weekly or biweekly period. The constantly changing direction of the wind is an important
factor influencing shelf-circulation dynamics. Averaging the wind data over monthly
intervals tends to eliminate the dynamics but shows prevailing characteristics. For all
months’ of the year, reference 8 (p. 168) shows winds from all directions in the region,
but prevailing winds are from the northwest in winter and from the southwest in summer.

The wind statistics ferm' figure 11 may be combined with the theoretical calculations
shown in figure 6 to estimate the frequency of occurrence of various magnitudes of wind-
driven currents at various depths. Considering that the accuracy of this study is limited
by the uncertainty in theoretical calculations, it is not feasible to correlate weather _
conditions with theory in great statistical detail. For purposes of this study, it is assumed
sufficient to compare relative magnitudeé of various current components at the 66- and
99-pér’éenﬁle frequencies of annual occurrence at each of the depths of this study. Rela-
tive magnitudes during severe storms are not estimated.
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Wind-Wave Conditions

The wind-waves are generated by the local wind and, therefore, exhibit similar
dynamic characteristics. For low windspeeds, the duration and/or fetch-length values
needed for fully arisen wind-wave conditions are low enough that the condition may often
exist. For example, reference 17 (p. 42) indicates that, for windspeeds less than
9.8 m/sec (the 66-percentile value from fig. 11), a duration of less than 9 hours or a
fetch length of less than 65 n. mi. is enough for fully aroused conditions. For the
99-percentile situation (windspeed less than or equal to 23.1 m/sec), a duration of about
55 hours or a fetch length of about 1000 n, mi. is required, From these values, it is
concluded that the previous assumption of fully aroused conditions for computation of the
wind-waves is reasonably valid at low wind conditions but somewhat more questionable
at the higher speeds because of the constantly changing wind direction and magnitudes on
the shelf, Actual wind-wave statistics are given in reference 8 (p. 94) and are presented
in figure 11, Similar to the wind, worst-case conditions occur .in the winter. From
these statistics, H1/3 is expected to be less than 6,4 meters 99 percent of the time,
Values for the severe storm over a 5-year period are not available, but the maximum
winter H1/3 expected for a 1-year period is 18.3 meters from reference 8. It is not
clear why the maximum wave height is three times larger than the 99-percentile value
when the difference between the 99-percentile and maximum winds was only a factor
of 2. . Infrequent conditions near the fully aroused situation or wave refraction with the
continental-shelf bottom topography are possible causes for the inconsistent statistics.

To relate Hy /3 statistics to the average wave calculations of f1gure 8, the
following relation is used (ref, 17, p. 29):

Given ﬁ, it is assumed that average wave lengths exist consistent with the assumption
of a fully aroused. sea.. -Only those wind-wave conditions consistent with the 66- and
99-percentile frequency of annual occurrence will be used in the comparison of current
magnitudes, as discussed previously.

. Ocean-Swell Conditions

Ocean swell represents those waves propagated into an area from a distant storm
and, hence, can be distinguished from the local wind-waves., As discussed previously,
reference 8 (p. 199) gives seasonal swell he1ght statistics which are presented in
figure 11, Reference 8 does not glve complete frequency of-occurrence statistics. " For
purposes of this study, a smooth curve was fitted through the given data to obtain values
over the entire frequency-of-occurrence range. For example, in the winter period,
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reference 8 gives swell height less than 1,8 meters for 55 percent of the time and below
3.7 meters for 90 percent of the time, A smooth curve was then fitted through the 0-,
55-, and 90-percentile points and extrapolated to the 99-percentile value of swell height
less than or equal to 4.88 meters. A similar process was used for the summer statistic
based on points at the 0-, 72-, and 96-percent locations, Review of the long-wave-period
data in reference 23 (p. 012) suggests that the extrapolation to 99 percent gives realistic
values, Reference 23 gives only 5-year statistics; hence, annualized data cannot be
extracted, Maximum swell height experienced over the 5-year period between 1963 and
1968 in the Norfolk, Virginia, region was about 9.8 meters (period between 8 and 13 sec).
The maximum value will not be used in the comparison of relative magnitudes of currents,
as discussed previously.

Relative Magnitude of Currents

The magnitude of the various currents which contribute to continental-shelf circula-
tion may now be collected in a consistent manner. For purposes of this study, only the
worst-case winter conditions are analyzed. The magnitude of the wind- and wave-induced
currents would be somewhat lower in the summer (except in storms). The 66- and
99-percentile statistics are taken from figure 11 and applied to figures 6, 8, and 10,
Where initial calculations did not match weather statistics, additional calculations were
made and plotted as dashed curves in figures 6, 8, and 10. The magnitudes of continental-
shelf circulation components are summarized in table IV for the 18.3-meter depths. The
static circulation values are those values discussed previously, taken from statistical
correlation of drifter data. Gulf Stream dynamics and tidal currents have also been

TABLE IV.- RELATIVE CURRENT MAGNITUDES FOR 18.3-METER DEPTH

Dynamic circulation, cm/sec

Static
; Clrc“/latm“’ Gulf Stream|  Tidal Wind-driven|Wind-wave|Ocean-swell
Location| cm/sec dynamics currents currents currents currents
66% frequency of occurrence
Surface 5 to 20 Unk 0 to 21 daily, 0to 13 Oto 5 0 to 10
n
Bottom Oto 2 Henow <1 long-term 0 0 Oto 2
drift
99% frequency of occurrence
Surface 5 to 20 0 to 21 daily, 0 to 14 0 to 24 0 to 51
Unknown
Bottom Oto 2 <1 long-term 0 Oto 4 0to 10
drift
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discussed previously. Considering the other factors in the 99-percentile situation,
wave-induced currents from both the wind-waves and ocean swell may become larger at
times than the currents from other factors which influence circulation. For the more
frequent 66-percentile case, the wave-induced currents are much reduced; however,
ocean-swell currents are still similar in magnitude to wind-driven currents. Comparison
of the 66- and 99-percentile values indicates that wave-induced currents become more
important at higher wind and wave conditions.

The relative magnitudes among the various currents are altered when the water-
column depth is changed. Relative magnitudes for the 36.6-meter depth are summarized
in table V. Deeper depth causes wind-driven currents to increase significantly for both

TABLE V.- RELATIVE CURRENT MAGNITUDES FOR 36.6-METER DEPTH

Static Dynamic circulation, cm/sec
circulation - - - :
. lGulf Stream Tidal Wind-driven| Wind-wave| Ocean-swell
Location| cm/sec dynamics currents currents currents currents
66% frequency of occurrence
Surface | 5 to 20 0 to 21 daily, 0 to 19 Oto 5 0Oto 9
Unknown
Bottom | O0to 2 <1 long-term 0 0 Oto 1
drift
99% frequency of occurrence
Surface 5 to 20 0 to 21 daily, 0 to 27 0to 18 0 to 45
Unknown
Bottom Oto 2 <1 Iong-term 0 Oto 1 Oto 3
drift

percentile values. Surface values for wind-wave and ocean-swell currents are reduced by
a small amount, Bottom values for the wind-wave currents are significantly reduced, but
ocean swell is still important at the 36.6-meter depth. Wave-induced currents become
smaller in comparison to wind-driven currents as the water-column depth becomes
larger. It must be again noted, however, that severe storms would significantly alter

the relationship shown in the foregoing tables.

It is of some interest to examine the bottom values for the wave-induced currents.
The calculated values offer one possible explanation for a phenomenon observed in
experimental data. Reference 10 (p. 32) states that bottom static-circulation values
(fig. 3) were obtained from averages of a large number of seabed drifters; however, there
were a low number of seabed-drifter results which were not included in the averaging
process because large deviations from the average were observed. In some cases, the
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data were believed to be accurate because the drifters were picked up in fishing nets only
a short time after they were dropped. The interesting fact about these particular results
is that the velocities calculated were a factor of 2 or 3 larger than the static averages.

It was concluded that there were transient nontidal effects which caused high bottom
velocities. The calculated values for wave-induced currents suggest that transient com-
binations of wind-waves and ocean swell (as well as refraction effects) could cause the
high bottom velocities which were observed. Many oceanographers (ref. 24, for example)
believe that wave-induced currents are important in the distribution and dispersal of
bottom sediment on the continental shelf. The calculated results from this study tend to
confirm that belief.

It must be emphasized that the results of this study do not apply to a specific site,
At a specific site, refraction effects may radically increase or decrease wave-induced
currents (particularly those from ocean swell). Refraction alters the wave height, and
wave~induced currents are proportional to the square of height. Thus, a particular site
on the continental shelf may experience either greater or lesser magnitudes of wave-
induced currents than are indicated in this study.

While the accuracy of this study is limited to the uncertainties of theoretical calcu-
lations, the importance of wave-induced currents in different weather conditions and
depths has been assessed. Theoretical results indicate that ocean surface-wave charac-
teristics must be monitored during shelf-circulation experiments if an understanding of
shelf processes is to be obtained. Detailed open-water shelf experiments which can be
used to test the validity of wind-driven and wave-induced current calculations are not yet
available. - If analytical models are to be developed for computing subsurface circulation .
from remote sensing measurements, detailed experimental data are a requirement to
test modeling assumptions. Cbnsidering the longer term, study results indicate that
surface wind-wave and swell characteristics are among those parameters which should
be monitored if circulation is to be obtained. In the continental-shelf region (perhaps the
deep ocean as well), for the models into which remote sensing data are input to calculate
circulation, the wave-induced current effects should be included.

CONCLUDING REMARKS

The importance of wave-induced currents in different weather conditions and water
depths (18.3 m and 36.6 m) has been assessed in a mid-Atlantic continental-shelf region.
First, a review of general circulation conditions has been conducted. Next, factors
which perturb the general circulation condition are examined. Effects of Gulf Stream
dynamics and tidal currents are reviewed. Wind-driven currents are estimated using
finite-depth Ekman theory for a variety of wind conditions. Wind-wave and ocean-swell
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currents are calculated using second-order Stokes theory for wave-induced currents for
a range of conditions. Actual wind and wave statistics for the region are examined and,
finally, the relative magnitudes of the various currents are compared on a frequency of
annual occurrence basis.

Results indicate that wave-induced currents are often the same order of magnitude
as other currents in the region. At both depths studied, wave-induced currents become
particularly important at the higher wind and wave conditions. As water depth increases
from 18.3 meters to 36.6 meters, wind-driven surface currents increase and wave-
induced surface currents decrease slightly., Wave-induced currents on the bottom are
significantly reduced by deeper depth, however. The relative magnitudes of the various
currents suggest wind-wave and ocean-swell characteristics are among those parameters
which must be monitored for the analytical computation of continental-shelf circulation.

Langley Research Center,

National Aeronautics and Spacé Administration,
Hampton, Va,, October 1, 1974,
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Figure 1.- General surface circulation of the mid-Atlantic continental-shelf region
(ref. 11), (Circled numbers are tidal stations referred to in text.)
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Figure 11.- Occurrence frequencies of windspeed, wind-wave height,

NASA-Langley, 1974

L-9699

and swell height (ref. 8).
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