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Effects of the Gulf Stream on Ocean Waves

L. H. HoLTHUUSEN AND H. L. ToLMAN!

Delft University of Technology, Department of Civil Engineering, Delft, Netherlands

In the present study a third-generation numerical wave model is used to study effects of a straight
Gulf Stream and a Gulf Stream ring on ocean waves in swell and storm conditions. The model accounts
for all relevant processes of propagation, generation, and dissipation of the waves (including current
effects) without imposing a priori restraints on the spectral development of the waves. The dominating
mechanism affecting the waves appears to be current-induced refraction even though the short-
crestedness of the incoming waves tends to mask its effects (also in swell conditions). Depending on
wind and wave conditions, refraction may trap locally generated waves in the straight Gulf Stream or
it may reflect wave energy back to the open ocean. In the Gulf Stream ring, refraction induces a
considerable variation in significant wave height and short-crestedness, but it hardly affects the mean
wave direction. In storm conditions the processes of generation and dissipation are considerably
enhanced in countercurrent situations and reduced following-current situations.

1. INTRODUCTION

Observations from ships, aircraft, and spacecraft show
that ocean waves approaching the east coast of the United
States are affected by the Gulf Stream. The currents tend to
create a confused sea state, often with waves that are higher
than the incoming waves [e.g., Fuglister, 1971; Beal, 1980;
Hayes, 1981; McClain et al., 1982; Meadows et al., 1983;
Dobson and Irvine, 1983; Tseng, 1985; McLeish and Ross,
1985; Mapp et al.,1985; Liu et al., 1989]. Similar observa-
tions have been made off the coast of South Africa, Japan,
and California [e.g., Sugimori, 1973; Sheres et al., 1985;
Irvine, 1987, Irvine and Tilley, 1988]. Several studies have
been carried out to model the effects of such shear currents
on the propagation of waves. Some of these studies consider
both refraction and diffraction [e.g., McKee, 1974, 1975,
1977; Smith, 1976; Booij, 1981; Smith, 1983] whereas others
(given below) ignore diffraction. In the following we also
ignore diffraction as the corresponding effects are dominated
by the short-crested, random nature of the waves (at least at
the scales considered here). Our study is aimed at including
the dynamic interactions between wind, waves, and cur-
rents.

The theory of conservative wave-current interactions has
been well developed with the work of Longuet-Higgins and
Stewart [1960, 1961, 1962], Whitham [1965], and Bretherton
and Garrett [1968] (see Peregrine [1976] or Jonsson [1989]
for reviews). It has been applied at scales varying from
coastal regions (e.g., rip currents at the beach) to oceanic
regions (e.g., the Gulf Stream). Current-induced changes in
wave height and direction have thus been calculated in
large-scale rings and straight or meandering currents [e.g.,
Kenyon, 1971; Hayes, 1980; Mapp et al., 1985; Tseng, 1985;
Gutshabash and Lavrenov, 1986; Lai and Bales, 1986;
Mathiesen, 1987; Irvine and Tilley, 1988; Trulsen et al.,
1990]. Also, inverse modeling has been suggested and at-
tempted in the sense that shear currents can be estimated
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from observable changes in wave characteristics [e.g.,
Huang et al., 1972; Sheres et al., 1985; McLeish and Ross,
1985]. The theory of wave-wind interactions has been fairly
well established with the work of Phillips [1957], Miles
[1957], and Hasselmann [1960, 1974]. Parametrical represen-
tations of these theories have been applied extensively, but
explicit, nonparametric representations of these theories
have been successfully implemented only recently in wave
models. This allows the wave spectrum in the model to
develop without a priori restraints (third-generation models,
¢.g., the WAM model of the WAMDI Group [Hasselmann et
al., 1988]).

In the present study we use a spectral wave propagation
model with all relevant wave-current interactions included,
supplemented with a third-generation representation of the
wave-wind interactions. With this model we propagate
ocean waves across a ring and additionally across an infi-
nitely long and straight Gulf Stream. In the presentation of
the results we show the spatial distribution of the waves and
the intensity of the physical processes of generation and
dissipation, supplemented with spectral information. The
currents vary sufficiently slowly in time to allow the assump-
tion of stationary conditions. We use the model in a limited
area so that a formulation in terms of Cartesian coordinates
rather than spherical coordinates is adequate.

2. THE WAVE MODEL

The wave model which we use is a discrete spectral model
for arbitrary bathymetry, wind fields, and current fields. It
has been developed recently to investigate wave-current
interactions in tidal seas [Tolman, 1990a, 1991a]. As the
model has been described in detail by Tolman [1989, 19915],
we only give a brief review here. The model computes the
development of the action density spectrum with the follow-
ing action balance equation [e.g., Whitham, 1965; Bretherton
and Garrett, 1968; Hasselmann et al., 1973; Willebrand,
1975]:
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where N(w, 6) is the action density of the waves as a
function of absolute frequency @ and direction of wave
propagation ¢ (normal to the wave crest) and o is the relative
frequency (as observed in a frame of reference moving with
the current). The source term S(w, 6)/c represents all
processes of wave generation and dissipation. This formula-
tion in terms of action density is more convenient than a
formulation in terms of energy density, which would add
radiation-stress terms to the equation (e.g., Phillips [1977] or
section 4.1, of this paper). Radiation-stress effects are im-
plicit in the above action density balance. We will evaluate
them separately on the basis of the computed wave fields.

The left-hand side of (1) represents the local rate of change
of the action density (first term), rectilinear propagation in
geographic space (second and third terms with C, and C,),
shifting of the absolute frequency due to time variations in
depth and currents (fourth term with C,), and refraction
(fifth term with Cg). The propagation speeds in geographic
space (C, and C,) are the group velocity components in the
x and y directions, respectively (current speed included).
The propagation speeds C, and C, are given by
[Christoffersen, 1982; Mei, 1989]:
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in which d is depth, k is the wave number vector, U is the
current velocity vector, and m is a coordinate orthogonal to
the wave direction. These propagation speeds fully account
for the depth and current effects on propagation within the
linear theory of slowly varying surface gravity waves in a
plane. The effects of depth-induced variations of C, and C,
are normally referred to as ‘‘shoaling.”’ To include the
current-induced variations, we use the term ‘‘straining’’
instead. We consider stationary situations in deep water so
that all terms involving finite depth and time derivatives of
the current are zero (i.e., no shoaling, no depth refraction,
and no shift of absolute frequencies).

The right-hand side of (1) (the net production of wave
action) represents all effects of generation and dissipation of
the waves. The processes included in the model are wave
generation by wind [Sryder et al., 1981], nonlinear resonant
wave-wave interactions [Hasselmann, 1960; Phillips, 1960],
whitecapping [Komen et al., 1984] and bottom-induced
dissipation [Madsen et al., 1988]. The actual formulations
which we use are those of the WAM model [Hasselmann et
al., 1988] except for the formulation of the bottom dissipa-
tion (but as this has no relevance for the present study, it will
be ignored in the following). The model is therefore, like the
WAM model, a third-generation wave model in which the
wave spectrum develops free of any a priori restraints. All of
these processes of generation and dissipation are formulated
in a frame of reference moving with the current (implying the
use of the relative wind speed). The effects of currents are
accounted for by a transformation to a stationary reference
frame in each time step of the model (see below). In the swell
cases that we consider, the wave steepness is mild and the
wind is absent so that generation, whitecapping, and nonlin-
ear wave-wave interactions are also practically absent. Any
variation in the wave field is therefore almost entirely due to
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refraction, straining, and work done by the radiation
stresses. The swell cases have therefore been computed with
S(w, 0)/a = 0 until a stationary situation was achieved. The
computations were then continued for 6 hours with
S(w, 0)/o fully included to inspect the expected marginal
effect (which was confirmed in every case). In the storm
cases that we consider, the term S(w, 6)/0 has always been
fully included.

The numerical schemes that are used in the model to
propagate the waves are second-order accurate finite differ-
ence schemes on regular, rectangular grids in x, y, w, and 6
space. When occasionally negative wave action is generated
in the model (by numerical inaccuracies, related to an
occasional sharp gradient in the wave field), the numerical
schemes automatically reduce to first-order accuracy to
avoid instability. This occurs only occasionally, momen-
tarily, and locally so that the model is predominantly second-
order accurate. The numerical computation of the source
term S(w, @)/ in the model (except bottom-induced dissi-
pation) is identical in every respect to that in the WAM
model. To account for current influences, it is supplemented
at each time step with a transformation from a frame of
reference moving with the current to a fixed frame of
reference (Jacobian transformation). The method of integra-
tion in time of these source terms is a simple Euler method
[e.g., Abbort, 1979] which is more economical than the
semi-implicit method of the WAM model. The results in
standard tests are very similar to those of the WAM model,
since the same measures are taken as in the WAM model to
maintain stability in wave growth [Tolman, 1989]. The
spatial resolution in the model is Ax = Ay = 13.9 km for the
Gulf Stream and 15 km for the ring. The frequency resolution
is Af = 0.1f (absolute frequency f = /2 from 0.042 to
0.131 Hz in swell cases and from 0.042 to 0.453 Hz in storm
cases) and the directional resolution is A6 = 15° (storm
cases) and A8 = 7.5° (swell cases). The time step in the
model is A¢ = 7.5 min. This directional resolution seems to
be adequate for most of the wave fields considered. How-
ever, in the swell cases the directional spreading of the swell
occasionally decreases to less than 10°. This implies that
locally the directional resolution of the model is insufficient
(even though it is about 4 times as fine as that commonly
used for ocean wave models). Some minor spurious energy
is consequently diffused from the original energy-carrying
directions to adjacent directions (for a review of this problem
of numerical diffusion along the circle, see Neu and Won
[1990]). In the case of swell approaching the Gulf Stream
from the NE direction, this diffused energy bifurcates into
the direction of the Gulf Stream current, where it remains
and accumulates owing to wave trapping (see below). But it
remains small and well identified, and we could filter it out
from the computational results of this case (it unduly affects
higher-order wave parameters such as the short-crested-
ness). It probably also occurs in the NE storm case in the
Gulf Stream, but the effects there are small compared with
the effects of wave generation and dissipation.

One consequence of our model being formulated in terms
of finite differences on regular, rectangular grids in x, y, o,
and 0 space is that we do not obtain wave ray patterns for
individual wave components. These would be very instruc-
tive (in fact, we will refer to such patterns), but they can also
be somewhat misleading. To illustrate this we note that in
our model the wave fields vary fairly smoothly (e.g., Figure
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9) where wave ray patterns suggest sharp gradients near
caustics (the envelope of neighboring crossing wave rays)
(Figure 8 and also Sheres et al. [1985], Mathiesen [1987],
Irvine and Tilley [1988], and Liu et al. [1989]). This consid-
erable difference in estimating refraction effects is also noted
elsewhere in the literature [e.g., Lavrenov and Ryvkin, 1986;
Holthuijsen et al., 1989]. We do not imply that caustics do
not occur in random, short-crested waves; rather we imply
that their effects are diffused by the random, short-crested
character of the waves [e.g., Dorrestein, 1960].

In the interpretation of the model results in the straight
Gulf Stream, we use analytical results based on the linear
wave theory for unidirectional, monochromatic waves (ig-
noring wave generation and dissipation). To assess refrac-
tion-induced variations in wave direction for straight shear
currents, we use the following simple relationship [Johnson,
1947; Sheres et al., 1985]:

sin (9,) = sin (6|1 — “4)

-2
C sin (01)}

where @ is the angle of incidence relative to the normal of the
current, U is the current speed, and C is the phase speed of
the wave in a frame of reference moving with the current.
The indices 1 and 2 refer to regions outside and inside the
shear current, respectively. The change in amplitude a,/a;
is readily estimated in this stationary situation from the
conservation of absolute frequency w, wave number vector
parallel to current, and action flux orthogonal to current.
These computations are conventional as far as refraction and
radiation stresses are concerned: (a,/aj)refracion = 1COS
(8)cos (8} and (a2/@y)pgsmess = (kalky) 2, respec-
tively. To compute the straining effects, we use the approx-
imation of Tolman [1990b, Appendix A]:

3U,
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where U, is the current velocity component in the wave
direction and C, is the propagation velocity of wave energy
in a frame of reference moving with the current.

3. CURRENT, WAVE, AND WIND CONDITIONS

The current fields we use are taken from a 1-week clima-
tological forecast computed for this study by S. Glenn of
Harvard University. For this purpose, Glenn used the Har-
vard Gulf Stream Forecasting Program [Glenn, 1987; Rob-
inson et al., 1988] with the Gulf Stream at its climatological
location and a warm core ring in a typical location. The
currents thus obtained vary sufficiently slowly in time to
treat the current field as stationary. We accordingly select a
forecasted current field at one moment in time, and we
ignore the time derivatives of the currents. This moment we
take roughly halfway through the 1-week forecast.

To obtain the infinitely long, straight Gulf Stream, we
synthesize a 150-km-wide transverse surface current profile
by averaging the surface current profile of the forecasted
Gulf Stream over a 250-km-long section (Figure 1). For
convenience of discussion, we take the current in this
synthesized Gulf Stream to run from south to north (the
actual direction is immaterial, as only the relative directions
of waves and currents are relevant). The surface current field
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of the ring is obtained by isolating a 250 km X 250 km area
from the forecasted field (Figure 8).

To obtain a well-defined wave situation in the above
current situations we take uniform wave boundary condi-
tions at the open-ocean side of the current fields (some
distance upwave from the current boundary). To demon-
strate a number of effects as clearly as possible, we have
chosen two fairly extreme situations: swell (fairly long
crested, fairly regular waves; no wind) and a local storm
(short-crested, irregular waves; wind speed at 10-m eleva-
tion, Ujg = 20 m s 1. The upwave boundary condition in
the storm is characterized with a two-dimensional Joint
North Sea Wave Project (JONSWAP) spectrum [Hassel-
mann et al., 1973] of nearly fully developed waves with a
cos?s {(6 — 6y)/2)-directional energy distribution. The value
of the directional width parameter s is taken from Hassel-
mann et al. [1980]. The swell boundary condition is charac-
terized with a Gaussian-shaped frequency energy spectrum
(standard deviation, oy) and a cos?® (6 - 6y)-directional
energy distribution. Details of the spectral characteristics
are given in Table 1. We consider two incoming wave
directions relative to the Gulf Stream (swell and storm): 45°
from a countercurrent direction (i.e., waves from northeast)
and 45° from a following-current direction (i.e. waves from
southeast). In the case of the ring the direction of approach
is not relevant, as the current field is practically rotationally
symmetrical. We therefore consider for the ring only one
mean wave direction (from east to west for convenience of
the discussion).

For the model computations in and around the ring, we
use the full two-dimensional wave model oriented with its x
axis along the wind direction. The lateral boundary condi-
tions are taken from the ambient situation which has been
computed with a one-dimensional version of the wave
model. In this version of the model all lateral gradients
affecting propagation in geographic space set at zero (making
the ambient wave field effectively infinitely wide). This
one-dimensional version of the model is also used for the
computations in the straight Gulf Stream with the x axis
normal to the current. This effectively makes the Gulf
Stream infinitely long. In each situation that we consider the
action balance equation is integrated in time until a station-
ary state is reached. For the ring cases, this is achieved for
the integral wave parameters (see below) after twice the
propagation time of the peak frequency through the area of
the ring. In the straight Gulf Stream it requires 5 times the
propagation time through the Gulf Stream owing to trapping
of waves which require longer to develop.

4. RESULTS

4.1. Calculated Quantities

To quantify the effects of the currents on the wave field,
we consider the significant wave height H,, the mean wave
length L,,, the mean wave direction 6, and the directional
width of the spectrum o, (it will be used as a measure of
short-crestedness) as defined next.

H, = 4o, (6)
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Fig. 1. Profiles in the straight Gulf Stream for waves from a countercurrent direction (NE): current speed u,,
significant wave height H,;, mean wave length L ,,, and direction 8, (nautical convention), and directional spreading aa
The vertical arrow indicates the location of the spectrum of Figure 2.
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TABLE 1. Spectral Characteristics of the Wave Boundary
Conditions in the Storm and Swell Cases
Spectral Characteristics Storm Swell
Peak frequency
Speak> HZ 0.073 0.071
Peak width
o, 0.07
Oy 0.09 o
ar, Hz 0.007
Peak enhancement
y 1.49
Significant wave height
H,,m 8.10 1.99
Directional width
gy, deg 34.5 12.4

The parameters o,, o, and y are shape parameters of the spectral
peak [see Hasselmann et al., 1973].

a

og=2(1 —my) )

where o, is the rms surface elevation, a; and b; are the first
Fourier components of the frequency-integrated directional
variance distribution and m; is the first Fourier cos-
component of this distribution centred around the mean
wave direction (for the directional parameters, see Kuik et
al. [1988]). To represent the physical processes of wave
generation and dissipation, we define the intensity of wind
input (T,,), dissipation due to whitecapping (T,), and
nonlinear wave-wave interactions (T ) as,

8, = arctant | — ®
1

Ty, = I I Sin(w, 8) do d6 (10)
Tds=JISds(w, 0) do do6 (11)
Tnl=fflsnl(wy 0)| do do (12)

The integrals for computing the integral wave parameters
are taken over the entire frequency range of the model. The
source terms are integrated over the range in which they are
computed (as in the WAM model from fi,,, = 0.042 Hz to
Shigh = max (2.5fpeak, fpy) Where fpy, is the Pierson-
Moskowitz frequency, [Pierson and Moskowitz, 1964]).
Note that the absolute value of §,,(w, 6) is taken in the
definition of T,;. The total work done (per unit time) by the
radiation stresses I is defined as the integral over all radia-
tion stress terms in the energy balance equation (not given
here, but readily obtained from the action balance equation
[e.g., Phillips, 1977)),

aU;
r=2>2 II Vilw, 8) -—do do (13)
i j

where y;(w, ) is the radiation stress tensor defined as
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where E(w, 8) is the variance density spectrum and 8 is the
Kronecker delta.

4.2.  Results for the Straight Gulf Stream

The synthesized Gulf Stream considered here is straight,
and one would perhaps expect it to act more or less as a
plane sheet of optical glass in the geometrical optics approx-
imation. This would imply that waves that do not reflect off
the Gulf Stream would return to their original state (ampli-
tude, direction, length) when leaving the Gulf Stream at the
downwave side. The following shows that is true in a broad
sense in the southeast (SE) cases (following current) but not
in the northeast (NE) cases (counter current) in which these
simple expectations are upset by locally generated waves.

4.2.1. Swell from the NE direction. In the NE swell
case the wave field shows rather small variations in the
primary wave parameters (Figure 1), which can be well
understood as shown by the following analytical inspection.

Refraction in this NE swell case turns all energy-carrying
wave components more orthogonal to the current. This
turning corresponds to a divergence of wave propagation,
which would result in a decrease of the significant wave
height in the center of the Gulf Stream. On the other hand,
straining and work done by the radiation stresses would
increase the significant wave height (due to the increasing
countercurrent in the wave direction). The analytical solu-
tion for the effects of refraction, straining, and radiation
stresses for a long-crested, monochromatic wave of 0.07 Hz
from direction 45° (nautical convention) (the peak frequency
and mean direction of the swell considered here) shows that
these effects would roughly cancel out (in the center of the
Gulf Stream, refraction would subtract 6% of the incoming
energy, and straining and radiation stresses would add 4.6
and 2.5% respectively), resulting in a nearly constant signif-
icant wave height, in agreement with the results shown in
Figure 1. Theoretically, a similar competition between re-
fraction on the one hand and straining and radiation stresses
on the other occurs for the mean wave direction. Refraction
turns the mean wave direction clockwise (analytically esti-
mated at about 6° clockwise near the center of the Guif
Stream for the same long-crested, monochromatic wave as
above). On the other hand, straining and radiation stresses
would turn the mean wave direction counterclockwise as
wave components traveling against the current are more
enhanced than other wave components. However, if the
directional spreading of the waves is small (as for the present
swell), the variation in straining and radiation stresses over
the directions is small, and this type of turning hardly
occurs. This is indeed the case considering the computa-
tional results in which the mean wave direction in the Gulf
Stream has turned 6.3° clockwise. The increase in long-
crestedness of the swell as it approaches the center of the
Gulf Stream (the directional width oy decreases from 12.2° to
9.5°) is similarly caused by refraction as all energy-carrying
wave components turn toward the same direction. The mean
wave length is primarily affected by straining as shown by
the analytical solution of the same long-crested, monochro-
matic wave as above (maximum 11% decrease as compared
with 10% in the model results).

As was indicated in section 2, these results were obtained
after filtering out energy that was numerically diffused to
directions which are trapped in the Gulf Stream. This
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diffused energy appeared as a secondary peak in a direction
well away from the main peak. After 48 hours of swell
propagation through the area the situation was practically
stationary and we terminated the computations. At that time
the secondary peak near the center of the Gulf Stream
(where the maximum diffusion effects occurred) contained
5% of the total wave energy there. It caused the mean wave
direction 6, there to turn 2.2° counterclockwise and the
directional spreading o, to increase by 6.4°. As was noted
above, we removed this secondary peak.

4.2.2. Storm from the NE direction. In the NE storm
case the significant wave height increases across the Gulf
Stream from 8.1 m to 9.6 m with an overshoot to 10.9 m at
the center of the Gulf Stream (Figure 1). The relative
variation in this case is therefore much larger than in the
swell case discussed above. Also the variations in the mean
wave direction, the mean wave length and the short-
crestedness are rather different from those in the swell case
(Figure 1): the direction turns counterclockwise instead of
clockwise, the mean wave length increases rather than
decreases, and the waves grow somewhat more short-
crested rather than long-crested. The reversal of these three
phenomena compared with the swell case, combined with
the overshoot in significant wave height, suggests that some
low-frequency wave energy is generated and contained near
the center of the Gulf Stream. This is indeed the case. Wave
energy from northerly directions is added to the incoming
spectrum. It creates a second peak in the spectrum (Figure 2,
just downwave from the Gulf Stream center; see Figure 1) or
it blends with the original peak (at other locations, not shown
here), shifting the mean wave direction northward and
increasing the directional spreading. This energy is carried
by somewhat lower frequencies than the energy of the
original spectrum, slightly increasing the mean wave length.
An analytical inspection shows that these waves from north-
erly directions propagate along undulating wave rays near
the center of the Gulf Stream. These trapped wave compo-
nents cannot penetrate the Gulf Stream from the open ocean;
they are locally generated by the wind. The analytically
determined directional sector in which waves can be trapped
is indicated in the aforementioned spectrum (Figure 2).
Trapping of waves in a shear current has been noted in the
literature before. McKee [1975, 19771, Gutshabash and
Lavrenov [1986], and Irvine and Tilley [1988] have shown
such trapping in straight and meandering shear currents. Qur
computations confirm the possibility of trapping locally
generated waves as suggested earlier by Johnson [1947],
Kenyon [1971], and Trulsen et al. [1990].

In this NE storm case the processes of generation and
dissipation are active, in particular in the area with currents.
The effect of the (counter-) currents is to considerably
enhance the intensity of these processes near the Gulf
Stream center (Figure 3): nearly a doubling of the dissipation
and the nonlinear interactions and a 50% higher wind input
(compared with the undisturbed, i.e., no-current, situation,
also shown in Figure 3). These considerable effects are
probably due to a large extent to the trapping of the locally
generated wave components. They increase the wave steep-
ness, thereby increasing the nonlinear wave-wave interac-
tions and the whitecapping. The increase in apparent wind
speed (due to the countercurrent) may also have some effect.
But even without wave trapping an increase in whitecapping
may occur as was noted by Phillips [1977] and observed by
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Fig. 2. The two-dimensional variance density spectrum in the
straight Gulf Stream at location x = 166.8 km (see Figure 1) for
waves in storm conditions from a cross-current direction (NE). The
sector in which wave trapping can occur is indicated with dot-dash
lines. Contour line values are 0.05, 0.1, 0.2, 0.4, 0.6, and 0.8 times
the peak value; the inner circle corresponds to the peak frequency of
the one-dimensional (absolute) frequency spectrum and the outer
circle to twice the peak frequency. The value of the peak frequency
is 0.067 Hz (the sixth model frequency) in this figure and 0.074 Hz
(the seventh model frequency) in every other spectral illustration.

McClain et al. [1982]. The work done by the radiation
stresses is only a small fraction of the source terms individ-
ually (Figure 3), but it is about 15% of the total rate of
development (wind input and dissipation combined).

4.2.3. Swell from the SE direction. If swell enters the
Gulf Stream from the SE direction, the variations in the
wave field are somewhat larger than in the NE swell case
(Figure 4). This larger variation is related to the reflection of
some wave energy off the Gulf Stream back to the open
ocean (which cannot occur in the counter-current situation
described above). This is illustrated here with a spectrum at
the upwave side of the Gulf Stream and a spectrum at the
downwave side (Figure 5; for locations see Figure 4). These
spectra show that at the upwave side about 15% of the
incoming wave energy is added to the original spectrum from
the SSW direction and that at the downwave side this wave
energy is missing from the SSE directional sector. Appar-
ently, wave energy is reflected at wave directions larger than
155°. This agrees well (within the directional resolution of
the model A9 = 7.5°) with the analytically determined angle
of reflection of 149° for a 0.07-Hz wave component. The
reflected energy travels across the incoming waves, affecting
both the mean wave direction and the short-crestedness. It
turns the mean wave direction at the open ocean side
clockwise (from the undisturbed open ocean value of 135° to
142°) and it makes the waves more short-crested (o, from the
undisturbed value of 12.4° to 24.9°). The directional effects at
the downwave side (where the reflected energy is missing)
are smaller than and opposite to those at the upwave side.
The reason of these effects being smaller is that the missing
energy is more aligned with the undisturbed spectrum than
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Fig. 3. Profiles in the straight Gulf Stream for storm conditions from a countercurrent direction (NE): wind input T,
dissipation T4, nonlinear wave-wave interactions T,;, and radiation stress work T'.

the reflecting energy. Such a reflection in a straight shear Irvine and Tilley [1988] show that in a meandering current
current is a well-known phenomenon [e.g., Kenyon, 1971; such reflection may occur as well. The variation in mean
McKee, 1974, 1975, 1977; Smith, 1976; Jonsson and Skov- wave length in the computations is again in agreement with
gaard, 1978; Hayes, 1980; Smith, 1983; Lai and Bales, 1986; the analytically determined variation for the above mono-
Neu and Won, 1990; Trulsen et al., 1990]. Irvine [1987] and  chromatic, long-crested wave component of 0.07 Hz.
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Fig. 5.

Two-dimensional spectra in the straight Gulf Stream at locations (@) downwave from the Gulf Stream center

(x = 55.6 km) and (b) upwave from the Gulf Stream center (x = 250.2 km) for swell from a following-current direction

5a.

4.2.4. Storm from the SE direction. In the case of the
SE storm, the pattern of the variations in the wave field are
fairly similar to those in the swell case discussed above
(Figure 4) and reflection is even more important than in the
swell case. This is evident in the relatively large decrease of
the computed significant wave height near the center of the
Gulf Stream. The spectrum just upwave from the center
correspondingly contains energy traveling from southerly

(SE). For locations, see Figure 4. For plot legend, see Figure 2. Missing energy is indicated with dot-dash line in Figure

and south-southwesterly directions (Figure 6). This reflected
energy is obviously missing from the wave field just down-
wave from the center of the Gulf Stream, although the wind
has already generated some high-frequency energy in this
sector (Figure 6). It causes the mean wave length to shorten
somewhat. Upwave from the Gulf Stream the reflected
energy is rapidly dissipated, and the spectrum is only mildly
affected.

.

.........................

Fig. 6. Two-dimensional spectra in the straight Gulf Stream at locations (a) downwave from the Gulf Stream center
(x = 139.0 km) and (b) upwave from the Gulf Stream center (x = 250.2 km) for storm from a following-current direction
(SE). For location, see Figure 4. For plot legend, see Figure 2.
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T;p, dissipation T, nonlinear wave-wave interactions T,,, and radiation stress work T".
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In contrast to the NE storm, the intensity of all processes
of generation and dissipation in this SE storm are reduced in
the center of the Gulf Stream (compared with the undis-
turbed situation) and somewhat enhanced at the boundaries
of the Gulf Stream (Figure 7). This is probably due to the
current-induced decrease in wave steepness and a reduction
of the apparent wind speed.

4.3.  Results for the Gulf Stream Ring

The following results show that the ring induces larger
gradients in the wave field than the straight Gulf Stream
does. The reason is the asymmetry of the ring across the
wave directions: it contains both following currents and
countercurrents, inducing opposite effects within an area
with roughly the dimension of the Gulf Stream width. As we
indicated in the introduction, we consider only one swell
case and one storm case because a variation in incoming
wave direction is irrelevant for the nearly rotationally sym-
metrical current field of the ring (Figure 8).

4.3.1. Swell. In the swell case the significant wave
height increases about 30% just beyond the counter-current
area and it decreases about 30% just beyond the following-
current area (Figure 9). In such a swell situation a ship may
therefore encounter nearly a doubling of the significant wave
height when traveling from south to north along the lee side
of the ring. These variations are well understood from
refraction and straining effects. Refraction induces conver-
gence of wave propagation in and beyond the countercurrent
region and divergence in and beyond the following current
region. This is illustrated in Figure 8 with the ray pattern for
a monochromatic wave of 14-s period (nearly the peak
period of the swell considered here) propagating across the
ring (provided by J. Dekker of Delft Hydraulics; other
examples are given by Mapp et al. [1985], Dobson and
Irvine, [1983], and Mathiesen [1987]). The region of ray
convergence and divergence just downwave from the coun-
tercurrent and following current areas respectively corre-
spond well with the regions of maximum and minimum
significant wave height in the model results. Dobson and
Irvine [1983] speculate that the amplification or reduction in
wave height can easily be a factor of 2 or more. This is not
borne out by our results for this swell case, where the
amplifications and reductions are much smaller. The reason
for this is most probably the random, short-crested nature of
the waves which diffuses caustic-type effects, even in the
case of swell (see our comments in section 2). Mathiesen
[1987] considers random, short-crested waves without wind
but with a relatively wide directional distribution crossing a
whirl. He finds a reduction in significant wave height of 20%
just downwave from the whirl and an amplification of 15%.
Our results for such short-crested, random waves with the
effects of wind added show an even smaller reduction and
amplification (see the storm case below).

The mean wave direction varies only mildly across the
ring (12° maximum) and it returns to nearly its undisturbed
value at a few diameters’ distance downwave from the ring
(wave direction vectors are shown in Figure 9). These mild
variations seem to contrast with the strong refraction effects
in the wave ray pattern of Figure 8. Not only is the variation
of the mean wave direction milder than the directional
variation of individual rays, it is also not as long-lasting as
the ray pattern suggests. The reason is that downwave from
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Fig. 8. Current field of the Gulf Steam ring with the locations of
spectral information and the wave ray pattern for a 14-s-period
wave. Wide arrows indicate incoming wave direction.

the areas of divergence and convergence, the refracted rays
diverge so that the energy represented by these rays de-
creases and the undisturbed rays dominate. In other words,
the divergence of the refracted rays dilutes any effect that
they may have on the mean wave direction. In addition,
downwave from the ring the short-crestedness of the incom-
ing waves mixes disturbed and undisturbed wave compo-
nents rapidly. This diffusing effect of directional dispersion is
enhanced by the frequency dispersion of the waves. These
three diluting effects are not evident in ray patterns of
monochromatic waves. The interpretation of such patterns is
therefore not trivial. It is even less so where it concerns the
short-crestedness which varies considerably: oy from about
20° maximum in the countercurrent region to about 8° in the
following-current region (over a distance of only 60 km). At
larger distances the short-crestedness is only mildly affected.

Upwave from the ring center the spectra are hardly
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Fig. 9. Contour line plots in the ring area for swell: significant wave height (H, in meters), mean wave length (L ,,
in meters) and directional spreading (o, in degrees). Vectors indicate current or mean wave direction. Wide arrows

indicate incoming wave direction.

affected (Figure 10, spectra B1, Cl, and D1). Downwave
from the ring center the spectra grow narrower over the
following-current region (spectra B1, B2, and B3) and they
grow wider over the countercurrent region (spectra D1, D2
and D3). An inspection of the wave ray pattern (Figure 8)
indicates that this corresponds to the divergence and the
convergence of rays in these regions. The spectra at some
distance beyond the ring show that the long-distance refrac-
tion effect of the ring is to send some wave energy west-
southwest and west-northwest. This is obvious from the
secondary peaks in spectra B4 and E4 (Figure 10). The
occurrence of these secondary peaks explains the larger
values of the directional width at these locations (Figure 9).
It is remarkable that the spectrum straight beyond the
countercurrent region (spectrum D4) does not show such a
bimodality (only a fairly wide and flat peak). Mathiesen
[1987] finds a similar pattern of bimodality and unimodality
in the directional spectra at the lee side of the whirl which he

considers. However, his conclusion that the changes in the
directional properties are considerable seems to refer to the
shape of the directional spectrum rather than to the mean
wave direction.

4.3.2. Storm. In the storm case the pattern of the
significant wave height is fairly similar to that in the swell
case but with some obvious differences (Figure 11). The
location and extent of the perturbation of the wave field is
more confined to the ring and the relative variations are
smaller (but still considerable: from 10.1 m in the counter-
current region to 8.2 m in the following-current region). Both
the mean wave direction and the short-crestedness vary only
mildly across the ring, and they show no lasting effects
beyond the ring.

Straining, convergence, and divergence of wave propaga-
tion again seem to be responsible for the enhancement and
diminution of the significant wave height. The fact that this
pattern is more confined to the ring area than in the swell
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Fig. 10. Two-dimensional spectra for swell in the ting area at the labeled locations of Figure 8. The spectra are

geographically arranged with spectrum C1 located at the center of the ring and spectra B1, C2 and D1 located at the
radius to maximum current speed (indicated with dashed half circle). For plot legend, see Figure 2.

case is readily explained with the broader incoming spec-
trum (both in frequencies and directions) and the wind. The
increased directional spreading diffuses the pattern latérally
(increasingly in downwave direction), and the higher fre-
quencies refract stronger than the swell, bringing the dis-
turbed area closer to the ring, even if the peak frequency in
the storm is nearly equal to the swell frequency. For the
same reasons the variation in mean wave direction is miilder
than in the swell case. The occurrence of cross seas beyond

the region of convergence is also suppressed by the broader
spectrum (and probably the wind). This is obvious from the
unimodal character of the directional spectra in the storm at
locations where they are distinctly bimodal in the swell case
(Figure 12).

Again, as in the storms in the straight Gulf Stream, the
physical processes of wind generation, dissipation and non-
linear wave-wave interactions are considerably affected by
the currents (Figure 13). The maximum enhancement of the
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Contour line plots in the ring area for storm conditions: significant wave height (f/; in meters), mean wave

length (L, in meters) and directional spreading (o, in degrees). Vectors indicate current or mean wave direction. Wide

arrows indicate incoming wave direction.

wind input is about 45% (near the maximum countercurrent,
compared with the undisturbed situation, for instance, at the
lateral boundaries of the model). The maximum enhance-
ments of the dissipation and the nonlinear wave-wave inter-
actions are about twice that value (in percent, i.e., ~90%).
The maximum reductions are about half the maximum
enhancements (opposite sign, in percent, i.e., ~20 and
~45%, respectively) for all three processes. These patterns,
being almost identical with the pattern of the along-wave
current component, suggests that these effects are locally
induced by the currents, mostly through changing the wave
steepness but probably also through a change in relative
wind speed. The pattern of the processes show that the
waves, after leaving the current field, slightly overshoot the
undisturbed situation. We speculate that this may be due to
areadjustment of the spectrum to different equilibrium levels
(mostly at high frequencies). Figure 13 shows that the work

done by the radiation stresses when the waves enter the ring
is returned when they leave the ring. Again (as in the Gulf
Stream storm cases), it is only a small fraction of the
intensity of generation and dissipation each. However, at the
location of maximum countercurrent its value is about 40%
of the sum of wind input and dissipation. Ignoring the
radiation stresses in a wave model would therefore affect the
model results in the ring appreciably.

5. CoONCLUSIONS

If waves from the open ocean travel across the straight
Gulf Stream from an oblique direction, refraction is the
dominating mechanism affecting the waves. Its most notable
effect is the trapping of locally generated waves in an
adverse-wind situation (wind against the current) and reflec-
tion of incoming waves if waves approach from a current-
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Fig. 12. Two-dimensional spectra for (a) swell conditions and (b) storm conditions at location C4 (see Figure 8). For
plot legend, see Figure 2.
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Fig. 13. Contour line plots in the ring area for storm conditions: wind input T};,, dissipation T, nonlinear wave-wave
interactions T, and radiation stress work I, in square meters per second.
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following direction. In a Gulf Stream ring, refraction consid-
erably affects the significant wave height and the short-
crestedness, but it affects the mean wave direction only
slightly. Well-defined cross seas occur in a wide area beyond
the ring in swell conditions but not in storm conditions.
These effects are not as persistent as refraction computa-
tions for monochromatic, unidirectional waves suggest. In
fact, they disappear after a few ring diameters as a result of
the mixing of disturbed waves with undisturbed waves and
the diluting effect of frequency and direction dispersion.
Along the United States east coast the presence of the Gulf
Stream will therefore be noticeable in the wave field only
from an occasional reduction of incoming swell and from
alongshore swell variations at the lee side of nearby rings (or
meanders). In storms, practically no effects on the wave field
along the coast will be noticeable. In offshore areas with
currents, local effects can be considerable, partly because
the processes of wave generation and dissipation are greatly
affected there. The intensity of these processes is nearly
doubled in countercurrent conditions and nearly halved in
following current conditions (in the cases considered in this
study). In particular, the large variation in whitecapping in
Gulf Stream rings such as the one considered in this study
should be noticeable in storm conditions. The work done by
radiation stresses is not negligible compared with the overall
effect of wave generation and dissipation.
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