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CORRELATION BETWEEN WAVE SLOPES AND NEAR-SURFACE OCEAN CURRENTS
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ABSTRACT
SethuRaman, S., 1978. Correlation between wave slopes and near-surface ocean
© - currents,

The development of wind generated currents in the ocean was studied with simul-
taneous observations of mean wind speed, wind direction, surface wave parameters
and near-surface ocean current. The measurements were carried out during February
23 - March 14, 1976 as part of a coastal ocean boundary -layer and diffusion study
off Long Island, New York in the Atlantic Ocean.

The results show a high correlation between wave slope and near-surface current
indicating the possibility of wave age playing a significant role in the generation
of current. Wave age is known to cause variations in momentum transfer (Kraus, 1972;
SethuRaman, 1978). The wind generated current was found to have a broad spectral
peak as compared with tidal currents. This peak was found to occur at approximately
the same frequency as wind speed spectral peak. 1Integral time scales associated
with wind and near-surface current were about the same, indicating the dominance
of wind forcing near the ocean surface for this period of observatioms.

INTRODUCTION

As wind plows over water, wind-generated currents are produced in the water due
to the transfer of momentum from air to water at the interface and by frictiom be-
tween adjacent layers within the water. The downward, horizontal momentum flux
from the atmosphere is partly spent on the generation of waves and the rest on
drift currents or wind generated currents. The mechanism of momentum transfer is
not yet fully understood, but the magnitude seems to depend on the aerodynamic

roughness of the sea surface (SethuRaman and Raynor, 1975) which is a function of

sea state conditions (Neumann, 1968; Kitaigorodskii, 1973; SethuRaman, 1977).
Variations in wave age caused by the changes in mean wind direction, duration and

fetch appear to influence the momentum transfer significantly (SethuRaman, 1978).
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Partially developed waves have steeper slopes and move at a lower speed than the

low-level winds contributing to higher frictiomal and form drags. On the other

hand, fully developed waves have flatter slopes and move at significantly higher
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speeds relative to near-surface winds. The relationship between wind speed and

drift current has been investigated in the past by several investigators in the /)
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« field and in the laboratory (Hughes, 1956; Carruthers, 1957; Shemdin, 1972; Wu,

1975). There seems to be a general agreement that the ratio between the surface
drift velocity and the surface wind speed assumes an asymptotic value of about 3
per cent at long fetches.

The purpose of this study is to investigate the possible mechanism by which the
wind generated currents are produced and maintained. Wave height and wave period
measurements and near-surface current and wind observations were used to study the
variations in wind-induced drift. Spectral analysis of various parameters were
performed to determine the dependence of one on the other. Wave slope, wind
speed and surface current were some of the variables considered important to
determine as to whether the pattern of variability of atmospheric momentum is

followed in the process of current generation.
MEASUREMENTS

The oceanographic measurements consisted of a moored instrument array 5 km off
shore in the Atlantic Ocean near Long Island (Fig. 1). Observations of currents,
salinity and temperature at different depths were recorded with this spar buoy.

A description of the development of this telemetered, moored instrument array is
given by Dimmler, et al'(1975). Wave heights and wave periods were observed with
a "waverider" which is essentially a buoy that follows the movements of the water
surface and measures waves by measuring the vertical acceleration of the buoy.
The spherical buoy was 0.7 m in diameter and was provided with an antenna for the
tranmission of data to the shore. Mean wind speed and direction were measured at
a height of 24 m at the coastal meteorological station at Tiana Beach (TB). The
analyses reported here are based on measurements made for a period of three weeks
from February 23 to March 14, 1976.
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Fig. 1. Map of eastern Long Island showing the location of the oceanographic spar
buoy, and the meteorological tower at Tiana Beach (TB). Wave rider was
deployed close to the buoy.
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ANALYSIS

passage of synoptic meteorological systems over Long Island and the vicinity

. causes variations in near-shore wind speeds and wind directions. A typical time

period of mean wind speed measured at Tiana Beach (TB in Fig. 1) at a height of
24 m is shown in Fig. 2, for the duration of this study. Wind speeds varied from
l1tol8m sec-l. Observations at the beach are approximately representative of

over-water winds (SethuRaman and Raynor, 1978). Time histories of the wave height
and wave periods are given in Fig. 3. Increase in wind speeds and wave heights

with the approach of storms can be seen in Figs. 2 and 3, respectively.
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Fig. 2. Time history of one-hour mean wind speeds at Tiana Beach at a height of
24 m for the duration of the experiments.

One of the objectives of the analysis was to separate the wind generated current
from the total current and study its variation. Separation of the tidal component
is a difficult procedure due to its dependence on several factors. The tidal ellipse
seems to have an along-shore component of about 17 cm/sec with the ellipse inclined
to the shore, (Scott and Csanady, 1976). Analysis of near-surface currents during

low wind periods indicated tidal amplitudes of comparable magnitude. A tidal
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" Fig. 3. Time history of 20-minute wave heights and wave .periods near the buoy
(see Fig. 1).

amplitude of iS cm sec-l was used to help estimate the wind generated currents
from along-shore current observations. Observations of tides at Shinnecock Inlet
were used to get tidal cycles, This inlet is in the vicinity of the measurements
site. Any possible nonlinear interactions between the tidal and wind generated
currents were neglected in the present study. Some of the analyses were also
performed without separating the tidal current to provide an altermate interpreta-
tion. The measurements useéd here to study the wind generated current were made

at an average depth of 3 m below the water surface,



Wave slopes

The significant wave height, H, obtained from the waverider is the average
height of the highest 1/3 of the waves. Time periods, T, of the waves averaged
over 20 min. duration are used here, Mean wind speeds also corresponded to the

same 20 min. Wave length, L, was obtained from the relationship,
2

=871

where g is the gravitational acceleration. Mean slopes of the waves were then

estimated from

- H : 2
5= L/2 ) (2

A case study

A typical high‘wind period has been chosen to study the simultaneous variation
of wind direction, wave height, wave slope and wind generated current. High winds
with a long fetch over the water occurred on February 24 after a high pressure
system moved over the ocean. This caused a change in wind direction from off
shore to along shore. Wind speeds increased from about 3 m/sec to 15 m/sec.
Maximum wind speeds corresponded with maximum wave height observations shown in
Fig. 4. A time history of mean wind directioms and mean wave.slopes computed
from Eq. 2 are given in Fig. 5. The slopes are the steepest‘immediately after a
significant:change in wind direction. The wave slope then reaches an asymptotically
qonsﬁant lowéruvalue as the wind direction becomes more pérsigient. This fhen;
ocmenon is believed to be due to different stages of deveiopment of waves of in
other words due to wave age. An increase in surface drag wés observed immediately
following significant changes in wind direction in previous studies (Neumann, 1968;
SethuRaman, 1978). Mean wind speeds and the estimated wind generated currents
are shown in Fig. 6. The maximum wave slope and the highest current lag maximum
wind speed by a few hours. As the wind speed, wind direction and the wave slope
reach approximately constant values, wind generated current also tends to approach
an asymptotic-value. THisAaverage equilibrium value can be estimated to be about
13 cm/sec for current and about 6 m/sec for wind for this case. Assuming fully
rough conditions, friction velocity u, for the air can be estimated as 24 cm/sec
(SethuRaman and Raynor, '1975) yielding an average ratio of wind generated current,
v, to.friction velocity u, as 0.54. values close to 0,53 have been found by Wu
(1973) and Phillips and Banmer (1974). '

Spectral analysis

Frequencies -associated with wind generated currents will be readily apparent

in a spectral analysis of the time series data since the tidal frequencies are
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Fig. 4. Wave height variations fot February 23-26. Starting date and time are
also indicated. Increase in wave height due to increase in mean wind

speed is seen.
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Fig. 5. variance of wave slopes and mean wind directions for February 23-26.
Starting date and time are as indicated. Solid lines represent the
wave slope and dashed line the wind directiom. Close correlation
between wave slope and wind direction seems to exist.
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Fig. 6. Wind generated current (estimated) and wind speed for February 23-26.




diurnal and semi-diurnal. One advantage of this analysis is that there is no need
to separate the tidal currents. The variﬁnce spectrum of the one-hour along-shore
mean wind speeds for the duration of the study is shown in Fig. 7. The spectrum
has a pronounced peak around .0l4 cycleé per hour which corresponds to a time
period of about 3 days. This time period represents the average time elapsed be-
tween two successive high wind episodes caused by the movement of synoptic systems
and is in agreement with a similar analysis made with observations collected con-
tinuously over one year (SethuRaman and Brown, 1977). A small diurnal peak can
also be seen in Fig. 7. Variance spectra of along-shore currents at depths of
3.1m, 14.3 m, and 24.6 m are shown in Fig. 8. A pronounced, but narrow peak for
all depihs with constant amplitude was found at a frequency corresponding to semi-
diurnal tidal period. An estimate of the semi-diurnal along-shore tidal current

from Fig. 8 gives about 16 cm/sec. A value of 15 cm/sec was assumed here and a

value of 17 cm/se¢ was reported by Scott andCsanady (1976). Diurnal tidal currents

did not produce a pronounced peak but was found to be present at all depths with
decreasing amplitudes. Decrease in spectral amplitude between the depths of 14.3
and 24.6 m was more than that between 3.1 and 14.6 m. Bottom friction might be
the reason for this difference. Depth of water at the site of the buoy was about
30 m. The frequency'associated withﬁwind-generated current is also seen in Fig. 8
which corresponds to the dominant peék of wind speed spectra in Fig. 7. A com-
parison of the spectral amplitudes at this frequency would yield a ratio of 3

per cent between the wind-generated current and wind speed which has been found
to be the equilibrium value by several investigators (Wu, 1973). Spectral dens-
ities for wind speed and along-shore current at 3 m have been plotted as a func-
tion of frequency in Figs. 9 and 10, respectively. The current spectra (Fig. 10)
seems to foilcw Kolmogorov's inertial subrange relationship at frequencies more
than 0.1 cycle pef hour. With a mean current of 18 cm sec-l this corresponded

to a wave length of about 2 m which was approximately equal to the depth of
measyrement. AtyosPheric turbulence was found to obey Kolmogorov's relation at

frequencies above 0.1 Hz (SethuRaman, et al., 1974).
Time scales

Autocorrelation function for wind speed Ru(t) defined as

a(t)) u(t,)
-2
u

R (t) = (3)
where u(tl) u(tz) is the autocovariance of wind speed and 52 is the wvariance,
is a function of only the time difference tz-tl, and describes the memory of
u(t). A similar function, Rc(t) can be defined for the water current. Varia-

tion of Ru(t) and-Rc(t) with time lags are shown in Figs. 11 and 12, respectively.
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Fig. 7. One-dimensional variance spectrum for one-hour mean wind speeds at

Tiana Beach.

0.0! ol

n (cycles per hour)

300

o
o
[

ALONG SHORE CURRENTn s(n)(cm%sec?)

WIND-GENERATED

pid

T SEMI-DIURNAL

=\ DIURNAL

10k
§
Lo — 3.Im
——14.3m
-=-24.6m
[ i
Ol5.00i 0.01 ol
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Fig. 9. vVariation of spectral demsities as a function of frequencies for mean
wind speeds at Tiama Beach.
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Fig. 10. Variation of spectral denmsities as a function of frequencies for one-
hour mean along-shore near-surface currents (depth ~ 3 m).
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Fig. 1l. Autocorrelogram for wind at Tiana Beach.




T T T T T i

ALONG SHORE CURRENT
— 3.im
-e=246m -

1

<
<
-
B
(

] 1 1 1 ]

L
o 9 18 27 3% 45 54 63 72 8 90

TIME LAG (hours)

Fig. 12. Autocorrelogram for along-shore currents at 3.1 m'andb24.6 m depths.

The atmospherit aﬁtocorfelacion function falls off rather rapidly, but the auto-
correlation for current has several peaks and falls off slowly indicating lomger
memories and'differené forcing functions. Semi-diurnal and diurmal peaks can

also be seen in Fig. l2. An integral time scale,
® X

T = J- R, (E) dt ' | (4)

u
’ o

can be defined for wind speed and a similar one for current. -This time scale
was estimated to be‘about 10,5 hours for wind from Fig. 11 and about 11.5 hours
for current from Fig. 12. The closenéss of these two values suggests the domin-

ance of atmospheric forcing on the ocean.
Coherence

A measure of the correlation between wave slope, s, and along-shore current,
c, as a function of frequency can be obtained by computing the coherence, Cohsc,

given by

col (=) + Q% ()

c ,
Coh_ = OENONE . (3)

SC

2

S,

S
]

where Co(n) and Q(n) are the cospectra and quadrature spectra, reSpectively,

and S is the individual spectrum at different frequencies, n. Values of Coh

are shown in Fig. 13 as a function of frequencies. A maximum coherence of about
0.55 occurs at a frequency of 0.16 cycles per hour corresponding to a time per-
iod of about 6 hours. This indicates that there is a good correlation between

wave slope and near-surface current and the maximum currents lag maximum slope

by about six hours,
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Fig. 13. Coherence between wave slope and along-shore current as a function
of frequency.

CONCLUSIONS

Analysis of. simultaneous observations of surface wave parameters, wind speed
and near-surface current indicates the possibility of wave age playing an im-.
portant role in the generation of wind drift currents. Maximum currents appear

to lag maximum wave slopes by about 6 ho}ursA.
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