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[1] This paper presents a case study of wind-wave-current interaction during the Shoaling
Waves Experiment (SHOWEX). Surface current fields off Duck, North Carolina, were
measured by a high-frequency Ocean Surface Current Radar (OSCR). Wind, wind stress,
and directional wave data were obtained from several Air Sea Interaction Spar (ASIS)
buoys moored in the OSCR scanning domain. At several times during the experiment,
significant coastal currents entered the experimental area. High horizontal shears at the
current edge resulted in the waves at the peak of wind-sea spectra (but not those in the
higher-frequency equilibrium range) being shifted away from the mean wind direction. This
led to a significant turning of the wind stress vector away from the mean wind direction. The
interactions presented here have important applications in radar remote sensing and are
discussed in the context of recent radar imaging models of the ocean surface.
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1. Introduction

[2] The surface wind stress, or air-sea flux of momentum,
is one of the key input parameters for atmospheric, oceanic
circulation, and wave models. For example, it drives the
growth of surface gravity waves and controls the degree of
wave breaking and thence near surface mixing. Understand-
ing and quantifying wind stress is important for meteorol-
ogists, oceanographers, and climatologists. While numerous
studies have investigated the magnitude of the wind stress
vector [e.g., Smith, 1980; Large and Pond, 1981], our focus
here is on the direction of the stress vector, more specifically
on deviations of the stress direction from that of the wind.

[3] The wind stress vector 7 is given by

= o)+ () g

where p is the air density, and i and j represent the
longitudinal (downwind) and lateral (off-wind) unit vectors.
The fluctuating velocity components #’, v/, and w’, in the
mean downwind, off-wind, and vertical directions, respec-
tively, are derived from the instantaneous velocities by the
Reynolds decomposition method. The overbar represents
time averages over periods of order 20 min. We define the
direction of the wind stress with respect to the mean wind, 6, as

tanf = (—w) / (—itw). )

Here positive angles correspond to the stress vector oriented to
the right of the wind vector. In a similar fashion, the current
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velocity can be written as U.= (UCX); + (U(,y)}' where U,y and
U.y are the components in the downwind and off-wind
directions. The off-wind current direction is given by tan . =
UcY/UcX~

[4] In many early studies [e.g., Busch, 1977; Large and
Pond, 1981], the off-wind stress (—v'w’) was either ignored
or assumed to be insignificant with respect to the (—u'w’)
term. This is consistent with Monin-Obukhov (MO) simi-
larity theory [Monin and Obukhov, 1954], which assumes
that the stress vector is aligned with the wind vector. It is
also consistent with measurements over land. In the absence
of buoyancy, MO theory predicts the stress to be related
solely to the relative wind speed U; — Uy, where Uy is the
mean wind speed at reference height z, Uy = |U | and U,yis
assumed small (so Uy &~ U,y is in the along wind direction):

7| = p(—ww') = pCp. (U, — Up)*. (3)

Here Cp, is the z meter drag coefficient.

[5] However, over 15% of Smith’s [1980] stress data over
the sea were found to have relative stress directions |0| >
26°. Many other data sets show similar results. See for
instance Figure 1 showing wind speed and stress angle
relative to the wind direction during the SHOWEX exper-
iment, which is discussed below. Note in particular days
307 and 308, when the wind stress veered as much as 50°
off the mean wind direction. While not advocating the
practice is general, Smith eliminated these cases from his
data set due to uncertainties over possible contamination
due to sensor motion.

[6] More recently however, such data have been retained,
and efforts have been made to understand the physics
behind the development of off-wind stress components.
Zemba and Friehe [1987], in their aircraft study of a
California coastal jet, observed the off-wind stress angle
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Figure 1. (a) Wind speed and (b) wind stress angle with respect to the wind during the SHOWEX

experiment of 1999. Dashed and solid lines in Figure 1a show data from the Bravo and Yankee buoys,
respectively. In Figure 1b, Bravo data are indicated by stars and Yankee data are indicated by diamonds.
Wind stress angles are shown only for wind speeds over 4 m s™'.

to increase with height from near zero 30 m above the
surface to almost 60° at 170 m. They attributed the shift to
Eckman turning of the coastal wind jet.

[7] For many years now [e.g., Kitaigorodskii, 1973],
surface gravity waves have been known to affect surface
stress (and vice versa). While the earlier studies focused on
the wind stress magnitude, more recent work has investi-
gated the effect of waves on the stress angle. Geernaert et
al. [1993], with simultaneous field measurements of both
the wind stress vector and the directional wavefield, showed
a qualitative relationship between wind stress angle and
angle of swell waves (both with respect to the wind).
Similar results were found by Rieder et al. [1994] and
Grachev et al. [2003].

[8] The effect of surface currents on wind stress direction
has been given less attention. A current colinear with the
wind is expected to influence the stress only through its
effect on the relative wind speed. Over much of the open
ocean, surface currents are largely wind driven, with a
magnitude of order 3% of mean wind speed [Wu, 1975].
In these cases the effect of currents on stress is small and
usually neglected. However, near the equator surface cur-
rents are of order 1 m s~', compared to surface winds
around 6 m s~ '. Western boundary currents (e.g., the Gulf
Stream) may approach 2 m s~ [Richardson and McKee,
1984; Weisberg, 1984]. Buoyancy and tidal currents are also
significant in some coastal regions. In these conditions, the
neglect of surface current in the bulk relation (3) can modify
the wind stress by O(20%).

[o] Cornillon and Park [2001], Dickinson et al. [2001],
Kelly et al. [2001, 2005], and Polito et al. [2001] studied the
effects of ocean currents on the accuracy of scatterometer
winds. They found differences in both magnitude and
direction of scatterometer winds and in situ wind measure-

ments, which were attributed in part to surface currents.
Drennan and Shay [2006], with in situ measurements of
wind, wind stress, and surface currents, reported a steering
of the stress away from the mean wind direction by almost
30°, which they attributed to strong off-wind currents. Haus
[2007] demonstrated that off-wind current shear led to
reduced wave growth rates, which could be explained by
stress veering.

[10] In this study, we investigate the effect of currents on
wind stress, through their effect on the wavefield. This
paper expands our understanding from previous work using
a comprehensive data set from buoys and coastal radar
collected during the 1999 Shoaling Waves experiment
(SHOWEX). We first introduce the experiment (section
2), and then describe the effect of horizontally sheared
currents on the wind stress (section 3). In section 4, we
will discuss the observed phenomena in the context of
present theories. The conclusion of the article will be
presented in section 5.

2. Shoaling Waves Experiment

[11] SHOWEX took place off Duck, North Carolina,
during October—December 1999. The goal of this experi-
ment was to study the properties and evolution of surface
gravity waves in intermediate depths and shallow water. The
experimental domain (Figure 2) is interesting for air-sea
interaction research as it is influenced by several distinct
sources of forcing: the Chesapeake Bay buoyancy current
[Rennie et al., 1999; Haus et al., 2004]; the Gulf Stream;
swell waves propagating onshore; and winds from a variety
of directions. In order to consider all of above parameters,
the SHOWEX experiment was designed as a comprehensive
research project which involved aircraft, research vessels,
buoys, high-frequency (HF) radar, and satellites. The focus
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Figure 2. Location of the Shoaling Waves Experiment near Duck, North Carolina, showing the OSCR
antenna sites (large dots) and cells (small dots), and ASIS buoys (Bravo is shown by a star; Yankee is
shown by a diamond; Romeo is shown by a square). Significant currents are also shown.

of the present study is the evolution of the wavefield in the
presence of inhomogeneous surface currents and on how the
resulting wavefield affects the wind stress direction. Surface
current fields from the HF radar, along with directional
wave spectra and direct air-sea fluxes from buoys moored
within the radar footprint will be used.

2.1. Ocean Surface Current Radar

[12] During SHOWEX, the University of Miami Ocean
Surface Current Radar (OSCR) system was deployed start-
ing on 27 October 1999 (Year Day 300) and ending on 10
December (YD 344). OSCR consisted of two HF radar
transmit/receive stations. One station was located at the U.S.
Army Corps of Engineers Field Research Facility, 36°11'N,
75°49'W and the other was at 25 km to the north at 36°25'N,
75°50'W (Figure 2). OSCR was operated at a frequency of
25.4 MHz, which resulted in a transmitted radar wavelength
of 11.8 m and a Bragg scattering ocean wavelength of 5.9 m
[Stewart and Joy, 1974]. At this frequency, the OSCR data
represent the average current over the top 1 m depth. With a
signal dwell time of 5 min, the radar velocity accuracy was
0.02 m s ' [Prandle, 1987]. OSCR observed the surface
current at 700 cells over a 1200 km* sampling area (see
Figure 2) with a spatial resolution of 1 km?. Further details
on the OSCR deployment in SHOWEX can be found in the
work of Wyatt et al. [2005]. Note that OSCR did not collect

useful information from YD 319 to 324 due to disk failure
resulting from a power surge.

2.2. Air-Sea Interaction Spar (ASIS) Buoys

[13] Three ASIS buoys [Graber et al., 2000] were
deployed in a roughly shore-normal line (Figure 2) to
measure the evolution of surface waves, the air-sea turbu-
lent fluxes of momentum and buoyancy and mean meteo-
rology over the shelf. Two of the buoys, Bravo and Yankee,
were moored in the scanning area of OSCR. The third buoy,
Romeo, was deployed further offshore, outside of the OSCR
domain. Since this paper considers the current and wind
stress together, only data from Bravo and Yankee are used
in the analysis. Bravo was deployed on YD 302 at 36°14'N,
75°40'W at a depth of 20 m. Yankee was deployed the next
day at 36°25'N, 75°31'W in 30 m. Bravo operated contin-
uously until late on YD 326 when the anemometer failed
due to power limitations. Yankee, with extra batteries,
operated continuously until recovery on YD 347.

[14] Although each of the buoys was configured with
somewhat different sensor suites, the instruments of most
interest here were identical. The wind vector was measured
with three-axis sonic anemometers (Gill Solent 1012R2A)
at 7 m above the mean surface. From the sonic anemometer
signals, the three orthogonal components of the wind, along
with speed of sound ¢, were recorded. A motion package,
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Figure 3. Off-wind stress angle plotted against the off-wind current speed from Bravo during YD 306—
318. Only data for wind speeds above 4 m s ' are shown. The black data are from the period of interest
(POI) identified in the text.
consisting of three orthogonal pairs of rate gyros (Systron measured buoyancy and momentum fluxes: L = —ui O,

Donner GC1-00050-100) and linear accelerometers
(Columbia Research Laboratory SA-307HPTX) and a com-
pass (Precision Navigation TCM-2), was installed in an
underwater housing on each buoy. These motion data were
used to correct the measured wind components to a station-
ary frame based on an algorithm given by Anctil et al.
[1994] and Drennan et al. [2003]. The motion corrected
velocity data were rotated into the mean wind direction (i.e.,
v = 0); an average tilt correction is used to force w = 0.
Mean air temperature and relative humidity were measured
at 4 m with Rotronic MP-100C sensors. As the Rotronic on
Bravo failed, air temperature and humidity data from
Yankee are used instead. Current magnitudes and bulk water
temperature were measured at 10 m depth using Sensor-Tek
UCM-60DL current meters. Bravo was equipped with an
additional thermistor (Brancker XL) at 5 m depth. Currents
at the surface (OSCR) and 10 m depth show good agree-
ment in the majority of cases (not shown). The differences
between the two measurements can be mainly attributed to
the depth difference [Graber et al., 1997].

[15] All signals (excepting the UCM and Brancker) were
sampled at 20 Hz for 60-min periods, and the data were
processed in blocks of 20 min. Data collected when the
wind was blowing through the back of the sonic anemom-
eter were eliminated. This eliminated about 10% of the runs,
typically those where the wind forcing is too low to keep
ASIS pointed into the wind. After motion and tilt correc-
tions, the velocity signals were detrended prior to calcula-
tion of the stress vector components. The sonic temperature
t, = (¢/20.067)* was corrected for off-wind contamination
[Kaimal and Gaynor, 1991] and used to calculate the
buoyancy flux #/w’. As described by Drennan and Shay
[2006], the Obukhov length L is then calculated from the

[k g t;w]". Here u« = [|7]/p]"? is the friction velocity,

O, is the mean virtual temperature, ~ = 0.4 is the von
Karman constant, and g is the gravitational constant. Finally,
10 m neutrally stratified wind speeds were calculated using
the profile functions W of Donelan [1990]: U, — Uy = (u+/k)
[log(z/z,) — W(z/L)], where z, is the surface roughness
length.

[16] Each ASIS was equipped with an eight-element array
of 3.5 m long x 0.9 mm diameter capacitance wave gauges
(a centered pentagon of 0.93 m radius with three gauges in
the center). The wave array data were corrected for the
motion of the buoy [Drennan et al., 1994; Pettersson et al.,
2003]. The maximum likelihood method was then applied
to obtain directional wave spectra [Capon, 1969]. The wind
sea component was defined using the criteria U;oy cos(f,) >
0.83C, [Donelan et al., 1985], and 6, < 45°, where 6, is the
angle between the mean wind and waves and C, the phase
speed at the spectral peak. Other components were identi-
fied as swell waves.

3. Data Analysis

[17] The data from both Bravo and Yankee during the
period YD 305-318, when both buoys and the radar were
functioning, were chosen for in-depth analysis. As noted
previously, there are several occasions during this time
when the wind stress direction was significantly different
from that of the mean wind (Figure 1). As pointed out
above, many different mechanisms have been associated
with off-wind stress angles. These include off-wind surface
currents, turning winds, and swell waves propagating from
off-wind directions. All these mechanisms occur, often in
tandem, during the 2 week period of interest. We simplify
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Figure 4. Data from Bravo (dashed line or star) and Yankee (solid line or diamond) buoys. (a) Wind
speed; (b) wind direction (lines) and absolute current direction from OSCR (stars and diamonds);
(c) friction velocity; (d) significant wave height (lines), significant height for swell (stars and
diamonds); (e) surface current speed; (f) atmospheric stability. The period of interest (POI) is denoted

by the black bar.

the problem by focusing on a time period with high off-
wind stress angles and a single dominant mechanism. In
particular, we focus on the 25 h period starting around
1400 UTC on Day 307, when relative stress angles of order
30° were seen for extended periods at both buoys. For
future reference we designate this our period of interest, or
POI. The rationale behind this approach can be seen in
Figure 3, where we plot relative stress angle versus off-
wind current component U,y for the full 2-week period of
Figure 1. The considerable scatter in Figure 3 can be
attributed to the various effects listed above: a high corre-
lation is expected only when currents are the dominant
effect. Indeed, when other effects were absent (as during the
POI, distinguished by the black dots), the stress angle was
correlated with the off-wind current.

[18] The conditions during the POI are now described. On
the day previous to the POI, YD 306, a cold front associated
with a nearby low-pressure region passed through the area
resulting in high winds (Figure 4a) and a dramatic drop in
air temperature over the SHOWEX domain (not shown).

Atmospheric stability (Figure 4f) remained close to neutral
during most of the POI, due to the consistently high winds,
becoming more unstable toward the end of the period. Prior
to the passage of the front, winds were over 10 m s~ from
SSE, roughly shore parallel (Figure 4b), and the wavefield
was near full development with Hy (significant wave height)
up to 3.5 m (Figure 4d). At this point, wind, waves, currents
(weak, and primarily wind forced, 0.3 m s71), and wind
stress were all close to colinear (Figures Sa and 5b). As the
depression passed to the north, the winds backed to the NW.
During the POI, the wind was blowing against the remnant
swell (Figures 5e and 5f), which decayed quickly to O(0.5 m)
within 24 h, i.e., by the end of the POI. Although swell waves
dominated the sea state during the POI, they are not expected
to influence the stress angle, as the swell and wind were near
colinear. This was clearly not the case in the hours preceding
the POIL, when the wind and swell were nearly perpendicular
(Figures Sc and 5d). Despite this, the relative stress angle at this
time was still small, possibly due to the additional effects of
turning winds and surface currents. To simplify the analysis,
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the POI starts 8 h after the wind direction becomes NW, i.e.,
after the wind-waves reach equilibrium. The surface currents
from the OSCR cells closest to Bravo and Yankee are shown in
Figure 4e. Although the surface currents during the POI were
typically small, there was a significant off-wind component,
U.y (previously plotted in Figure 3).

[19] In Figure 6, the off-wind current speed U,y and the
off-wind stress (—v'w') at both buoys during the POI are
plotted. Four subperiods are identified, each representing a
3-5 hinterval, during which the ocean currents were fairly
stationary. For period A, Bravo and Yankee were located at
the edge and center, respectively, of a region of strong
along-coast current (Figure 7a). The NW wind passed over
a region of high lateral shear before reaching Bravo; the
wind stress at Bravo was steered about 30° to the current
direction. Meanwhile, the wind reaching Yankee was mov-
ing over a low-shear region; the wind stress direction was
only steered about 10° from mean wind direction to the

ZHANG ET AL.: ON WIND-WAVE-CURRENT INTERACTION
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current direction. During period B, there was a strong
current over the whole domain (Figure 7b): the wind stress
steering was similar (and large) at the two buoys.

[20] During period C, the currents throughout the domain
were weak. The current speeds at and upwind of the buoys
were smaller than any other time in the POIL. Horizontal
shears were also small. At both buoys, the wind and wind
stress were aligned. See Figures 6¢ and 6d, which show the
absolute wind, current and shear directions at the two
buoys. During period D, Bravo was again immediately
downwind of a region of shear (Figure 7d). Although the
current speed is less than during period A, the horizontal
current shear is very clear. The wind stress steering was
about 30°. The other buoy, Yankee, was located in a more
uniform current (Figure 7d). The horizontal current shear
upwind of Yankee was weaker than at Bravo. The wind
stress shifting was also less at Yankee than at Bravo.

[21] From the above, we hypothesize that horizontal shear
in the upwind direction is a very important factor in
influencing wind stress direction. We use the vorticity (w =
% — dULX) to quantify the horizontal shear. Flgures 8a—8d
each present the surface current vorticity in the OSCR
domain around and upwind of the buoys during one of
the four periods. We pay extra attention to the vorticity in
the upwind direction of Bravo and Yankee. For periods A
and D, the wind-waves passed the edge of a strong along-
coast current to reach Bravo. The maximum vorticity is
about 1.2ffor A and 1.1ffor D, where f'is the local Coriolis
parameter. The edge of the along-coast current can be seen
clearly in Figures 8a and 8d. The nonuniform current in
period B has a relatively constant vorticity in the major part
of the measurement area. We observe similar wind stress
steering for Yankee and Bravo during period B. The vorticity
during C, when currents were weak across the domain, is
significantly lower than the other cases (Figure 8c). The
corresponding wind stress was almost aligned with the mean
wind.

[22] To further investigate the correlation between vortic-
ity and wind stress steering for the two buoys, we average
the vorticity from 10 (2 x 5) cells in the upwind direction
(five in the upwind direction; two perpendicular to the
upwind direction). The results are shown in Figure 8¢ for
Bravo and Figure 8f for Yankee. The significant correlation
between wind stress deviation with upwind current vorticity
at both buoys (7> = 0.51 for Bravo and ~* = 0.45 for
Yankee) indicates that the horizontal shear has an important
influence on wind stress. For periods A and D, Bravo and
Yankee were just downwind of strong shear: the vorticity
was high with large scatter. Period B shows high vorticity
with much less scatter since the current meandering was
relatively homogeneous for that time. All these periods with
high upwind vorticity are with the strong wind stress steer-
ing. During period C, when the vorticity at Yankee becomes
negative, the relative stress angle also changes sign.

[23] To further understand the relation between current
shear and wind stress steermg, we plot the off-wind current,
U,y for periods A and D in Figure 9. Here dU‘Y is the main
source of vorticity during those two perlods with dU)‘X
making much less contribution but bringing significant
noise to the vorticity map. From Figure 9b, Bravo and
Yankee were near the maximum gradient of U,y during
period D. We observe a similar wind stress veering for the
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show the four periods of interest (as Figure 6).

two ASIS buoys during this period. During period A, Bravo
was behind (downwind) the edge of strong current, and the
wind stress direction was steered considerably from that of
the wind. The situation at Yankee is similar; the horizontal
shear right at Yankee in the upwind direction was not strong
(Figure 9a). The differences of wind stress steering at two
locations support horizontal shear as the dominant factor
affecting the wind stress direction during the POL.

[24] Although current shear or vorticity appears as a
dominant factor in steering the wind stress direction, the
effect must be an indirect one. The wind stress is related to
the roughness elements on the sea surface, which are
determined by surface waves, in particular those of small
scales, O(0.1-10 m). Hence vorticity must affect the stress
through modification of the wind waves [cf. Kenyon, 1971;
Shay et al., 1996; Haus, 2007]. Wave information during
SHOWEX is available from both OSCR and ASIS.

[25] OSCR wave directions at peak spectral frequency
[Wyatt et al., 2005] are shown in Figure 9a for period A.
The available wave data cover a smaller area than ocean

current data because the signal-to-noise requirements for
processing wave height measurements are more restrictive
than for currents. The peak wave directions are observed to
change right after passing the strong horizontal shear
(Figure 9a).

[26] The ASIS buoys provided high-resolution directional
wave spectra for frequencies up to 1 Hz. The wave data set
from Bravo and Yankee was used to investigate the wave
refraction associated with the horizontal shear and wind
stress steering. During period A, a strong current shear was
just upwind of Bravo. The waves at frequencies above
0.5 Hz generally were aligned with the mean wind direction,
while wind sea waves at the spectral peak (0.25-0.3 Hz)
were shifted 30°—40° toward the current direction (Figure 10a).
The corresponding wind stress direction was steered from
the mean wind direction toward the current direction. At the
same time, the spectra at Yankee (Figure 11a) were almost
unaffected by the horizontal shear, since it was too far from
the strong along-coast current edge (Figure 7a).
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Figure 9. Off-wind current speed (Ucy) maps for periods (a) A and (b) D. The arrows in Figure 9a are
the wind sea wave directions measured from OSCR. The star and diamond symbols show the locations of

the Bravo and Yankee buoys, respectively.

[27] During period B, the current vorticity was relatively
high in the entire experimental domain (Figure 8b); there
was similar wave refraction for Bravo and Yankee (Figures 10b
and 11b). The waves in the peak frequency bands were
refracted by the high-vorticity shear associated with the
curving current, but the high-frequency waves, which are
under the strong wind-forcing, propagated in the same
direction with the wind. The wind stress at both buoys
was steered to the south by the refracted wind sea waves.
The current and horizontal shear were very weak during C
(Figure 7c), and the directional wind wave spectra from both
buoys showed no deviation from the wind direction in any

frequency band (Figures 10c and 11c). The corresponding
wind stress direction was close to the mean wind direction.
Period D, when the horizontal shear again became signif-
icant in the footprint of both buoys (Figure 9b), shows
directional wave spectra and stress steering similar to period
B (Figures 10d and 11d).

4. Discussion

[28] Our hypothesis is that the effects we are observing,
namely the shifting of the wind waves and thence wind
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(b)

(d)

(a—d) The averaged directional wave spectra (times frequency squared) for Bravo at time

periods A—D from Figure 6. The dashed circles represent frequency bands from 0.1 to 0.8 Hz moving
outward from the center. North and east are at the top and right of each panel, respectively. The green
arrow in each panel indicates the mean wind direction, the yellow arrow is the wind stress direction, and
the red arrow is the current direction from OSCR at Bravo. In order to emphasize the wind sea wave
peak, the wave spectra are multiplied by frequency squared.

stress away from the mean wind direction, is a result of the
wind waves interacting with the surface current field.
Recently, however, it was proposed that the turning of
the wind waves at the SHOWEX site could be the result
of the slanting fetch geometry [e.g., Donelan et al., 1985;
Pettersson, 2004] and not the currents [Ardhuin et al.,
2007]. Indeed, one of case studies used by Ardhuin et al.
[2007] took place during our period A. They attribute the
dominant wind-wave shifting to the slanting fetch effect and
the results from the implementation of two wave models,
“WAVEWATCH I’ [Tolman and Chalikov, 1996; Tolman,
2002] and Coupled Rays with Eulerian Source Term
[Ardhuin and Herbers, 2005], appear to support their
conclusions, at least qualitatively. They do not include
the effects of the current in either model.

[20] While slanting fetch may indeed result in a wave
spectrum qualitatively similar to that observed here (i.e., a
turning of the peak wind waves, but not of the wind waves
in the equilibrium range), several key aspects of our
observations are not consistent with the slanting fetch
mechanism. First of all, Figure 9a shows a sharp gradient
of the peak wave directions along the current front. The
slanting fetch effect would predict gradual changes (relax-
ation of the peak waves back to the wind direction) with
increasing fetch, with no significant change at the current
front. Likewise, the slanting fetch effect cannot explain the

rapid changes in relative stress angle observed at both buoys
(Figures 8e and 8f). In particular, during period C, the stress
angles at both buoys changed from roughly 30° away from
the wind (period B) to near 0° (period C), before returning
to 20° (period D). As no concurrent shifts were seen in wind
speed or direction (Figure 3), the wave model of Ardhuin et
al. [2007] would predict very similar results for those three
periods. Significantly though, these stress angle changes are
mirrored in the relative current vorticity changes seen in
Figures 8e and 8f. Indeed, the negative vorticity at Yankee
during C results in negative relative stress angles. Hence,
while the slanting fetch effect may make some contribution
to the observed wave spectra, the data support the hypoth-
esis that surface currents are the key factor.

[30] We now explore the mechanisms by which currents
may affect the waves and wind stress. One hypothesis is that
the wind stress turning is due to refraction of the surface
waves on the sheared current [Kenyon, 1971]. Refraction
could explain the shift in the energy-containing waves away
from the wind direction, but the observations show that the
short waves remain in the wind direction, contrary to what
is predicted by the sheared current effect.

[31] In the presence of horizontally sheared currents,
wind generated waves are forced by both current shear
and wind. Alpers and Hennings [1984] proposed a model to
explain the wave patterns seen in satellite radar images.
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Figure 11.

Starting from wave action conservation, and accounting for
the relaxation time of surface waves, they showed that short
gravity waves are prohibited from being shifted by current
gradients, since the timescales of propagation across the
gradient are much longer than those associated with wind
forcing of the slow-moving short waves. Kudryavtsev et al.
[2005] recently presented a new radar imaging model of
oceanic current features. They confirmed the Alpers and
Hennings result that short waves are not affected by current
shears, and also showed that the same is not true for the
longer waves near the spectral peak. Indeed, the wind-
forcing time scales associated with these longer waves are
much longer, so that shear current gradient is dominant.
This effect is clearly seen in their Figure 7c: waves near the
spectral peak are significantly shifted in direction through
interaction with the current shear; for the higher-frequency
equilibrium-range waves, the effect disappears. This model
prediction is fully consistent with our interpretation that
current shears are the key to understanding the observed
changes in the wave spectrum, and thence of the stress
direction.

5. Conclusion

[32] A study of current-wave-stress interaction is pre-
sented using data from the SHOWEX experiment. The
near-surface currents are measured by HF radar; the wind
velocity, wind stress, and high-resolution directional wave
spectra are measured by instruments on two ASIS buoys
moored in the radar footprint. We found that when wind was
blowing across a strong surface current vorticity field, the
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(b)

(d)

Similar to Figure 10, but for Yankee.

energy-containing waves were refracted away from mean
wind direction, while the equilibrium-range waves were
seen to propagate in the mean wind direction with wind.
The shifting of the wavefield resulted in the development of
a significant off-wind stress component, the strength of
which corresponded to the upwind vorticity field. These
observations are consistent with recent radar imaging mod-
els which take into account the relaxation times of surface
waves.

[33] Wave-current interaction remains as one of the least
tested theories in the study of wave dynamics. The current-
wave-stress interaction problem has only recently attracted
serious attention, largely driven by the importance of such
interactions in the interpretation of remote sensing products.
This paper provides analysis of in situ observational data to
support the idea that currents can affect wind stress through
waves, which play the key role in the current-wave-stress
interaction. Because of the limited data set, we cannot
quantify the whole process in detail; moreover the physics
governing the interaction needs to be further investigated.
As has been known by sailors for millennia, wavefields can
be strongly modified as they interact with strong boundary
currents. As we have now shown, these changes are also fed
back to the atmosphere through modifications to the surface
stress. These changes are known to cause errors in present
scatterometer model functions. It is important to consider
that the whole process mentioned above is not a one-way
process (current — wave — wind stress) but one which
involves a complex interaction such as (current < wave <
wind stress < current). Further research along these lines
will lead to an improved understanding of the complicated
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processes of wave-current-stress interaction and to im-
proved scattering models for remote sensing.
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