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1. INTRODUCTION

Surface stress over the sea has been investigated
over open water from ships and aircraft, and coastal
water with research towers (Geernaert, et al. 1999).
The correlation between the surface wind stress and
the sea-surface roughness associated with capillary-
gravity waves detected by radar backscattering from
altimeters is clearly demonstrated in the literature
(Glazman and Greysukh, 1993). Interaction be-
tween the stress and the sea surface immediately off
coast lines are not fully understood. In the coastal
zone, large stress is expected to be associated with
young waves, shoaling processes, and wave break-
ing as waves propagate into shallow water. This
research investigates the spatial variation of the air-
sea interaction in the shoaling zone.

2. OBSERVATIONS

Two experiments were conducted off the coast
of Duck, North Carolina, one from October 26 to
November 12, 1997; and one from March 1 to March
17, 1999. The LongEZ aircraft was used to mea-
sure atmospheric turbulence (Crescenti et al., 1999).
Three laser altimeters were mounted on the LongEZ
in an triangle with the triangle legs to simultaneous-
ly measure sea surface wave heights (Vandemark et
al., 1999). The laser range accuracy is better than
2 cm. In addition, a downward looking Ka-band
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radar scatterometer was on board, and its footprint
overlays the footprint of the three laser altimeters.

There were 16 aircraft flights conducted in the
two-week experiment in November, 1997, and 23 air-
craft flights in the three-week experiment in March,
1999. Repeated flights for each flight track were
designed to ensure adequate flux sampling. Two
major flight patterns were flown: one consists of
tracks parallel to the coast line at different off-shore
distances; and one consists of many repeated runs
along a track perpendicular to the coast line. For
the parallel track flight, there were typically two
to four passes along each track and about 20 km
long. For the perpendicular track flight, there were
typically eight passes, and about 10 km or longer.
In this study, we focus on 9 flights from the 1997
and 1999 experiments (Table 1), in which wind was
on-shore, off-shore, and parallel to the shore line for
2, 6, and 2 flights, respectively.

case field  radar flowvs. wind dir./
no. camp. [laser shore speed (m/s)
1 1997  yes off 233.8/7.77
2 1997  yes off 195.6/7.01
3 1997  no off 286.6/8.16
4 1997  yes on 32.16/3.56
5 1997  yes on 73.8/2.59

6 1997  yes para. 356.3/5.76
7 1999  yes off 272.4/11.18
8 1999  yes off 189.5/7.70
9 1999  yes para. 339.4/13.26

Table 1: LongEZ flight details.



3. DATA PROCESSING

All the aircraft data were quality-controlled fol-
lowing Vickers and Mahrt (1997). The turbulent
fluxes are calculated by averaging products of the
perturbations from non-overlapping windows of 1
km width. The flux error for the momentum trans-
fer is less than 8%. At a 15 m-flight level, the return
radar backscatter signal strength from the radar re-
lies on the mean-square-slope of the integrated sur-
face waves for wavelengths from 2.5 cm to 1 m. S-
ince these waves are normally formed on the crests
of the longer waves, the radar backscatter signal is
actually related to the mean square slope of the in-
tegrated surface waves for wavelengths longer than
2.5 cm (Vandemark et al., 1997). The return radar
backscatter is quantified as the normalized radar
cross section (NRCS), which is inversely correlated
with the mean-square slope (mss) of these integrat-
ed surface waves. The estimated error for NRCS
is less than 2 %. The mean square slope of the
integrated surface waves represents the sea surface
roughness. The mean square slope of the surface
wave for wavelength longer than 2 m can be cal-
culated from the three simultaneous laser altimeter
measurements corrected with the aircraft attitude.
The estimated error for the mean square slope of
the surface waves from the laser altimeters is less
than 5%. Combination of the mean square slope of
the integrated surface waves from the radar scat-
terometer (mss) for the wavelength longer than 2.5
cm and the mean square slope of the surface waves
from the laser altimeters (mss;) for the wavelength
longer than 2 m, the mean square slope of the short
waves (msss) for wavelength shorter than 2 m can
be estimated through the following relationship,

1)

All the observed variables, including the turbu-
lent fluxes and the mean-square-slope of the surface
waves: msss, mss;, and mss, are averaged from
repeated 20 km-long passes over each flight track
for the tracks parallel to the coast line to provide
one value for each track. The fluxes along the flight
tracks perpendicular to the coast line are fitted as
a function of off-shore distance based on repeated
passes.

mss = msSs + Mmss;.

4. SPATIAL VARIATIONS OF STRESS IN
THE SHOALING ZONE

The surface friction velocity significantly de-
creases with off-shore distance within the first sever-
al kilometers off the coast in off-shore flow (Fig. 1a),
while the spatial variation of the friction velocity is
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Figure 1: Friction velocity (u.) (a and b) and drag coefficient
(C4) (c and d) as functions of off-shore distance for on-shore
flow (b and d), and off-shore flow (a and c) cases. Each different
symbol represents composite results from one flight. The num-
bers at the top of each panel represent the case number listed in
Table 1. The dashed lines in (b) and (d) represent the cases in

which the flow is almost parallel to the coast.

small in on-shore flow (Fig. 1b). The spatial varia-
tion of the friction velocity with off-shore flow is very
systematic and cannot be explained by the random
flux sampling error. According to Horst and Weil
(1994), 90% of the turbulent scalar flux measured
at the height of 10 m typically originates from the
footprint of 1-2 km upstream although the footprint
varies with atmospheric stability and wind speed.
Using the footprint theory for scalar quantities as
guidance, as the flow travels from the turbulent and
rough land surface to the smooth sea surface, the
percentage of the land surface within the field of
view of the flux measurement decreases. Here the
field of view is used in order to distinguish between
the momentum transfer and the trace gas transfer.
The dramatic decrease of the momentum flux with
off-shore distance in Fig. 1la and Fig. 1d is consis-
tent with the footprint theory. The true interaction
between the turbulent air and the sea surface within
the field of view of the turbulence measurement is
obscured by the strong upstream land influence.

As momentum is transferred from the atmo-
spheric flow to the ocean by the atmospheric turbu-
lence, surface wind-waves are generated. In general,
the mean square slope of the short waves (mss;)
decreases with off-shore distance for both on-shore
and off-shore flow cases, and the mean square slope
of the long waves (mss;) increases with off-shore
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Figure 2: Mean square slopes of short (less than 2 m) (a and d),
long (longer than 2 m) surface waves (b and e), and the sum of
the short and long surface waves observed by the radar and the
laser altimeters (¢ and f) as functions of the off-shore distance
for the on-shore (d, e, and f) and off-shore (a, b, and c) flows.
The dashed lines represent the case in which the flow is almost

parallel to the coast line.

distance (Fig. 2). The exception for case 9 in Fig. 2d
is due to the increase of the wind speed with the off-
shore distance. The characteristics of the short and
long waves as a function of off-shore distance is con-
sistent with the wave spectra found by Hasselmann
et al. (1973).

The increase of mss; and the decrease of mss,
with off-shore distance implies the existence of the
shoaling waves, and increased wavelength with off-
shore distance. As the long swell moves towards the
coast line, the variation of the bathymetry forces
the long waves to shift the energy to shorter waves
through shoaling. The sharp decrease of the mean
square slope of the long waves due to the shallow
water of the coastal zone is particularly clear for
case 9 in Fig. 2e, in which case the wind was strong.

For the off-shore flow case, the large mean square
slope of the short waves close to the coast is also re-
lated to the young waves generated by the turbulent
air as the sea surface responds to the atmospheric
momentum flux quickly. As these waves propa-
gate off-shore, the new wind-generated short waves
transfer the energy to longer waves due to wave-
wave interaction.
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Figure 3: Relationship between the friction velocity and the
mean square slope of (a) short surface waves (less than 2 m),
(b) long (longer than 2 m) surface waves, and (c) the sum of the
short and long surface waves observed by the radar and the laser
altimeters for the on-shore (diamonds) and off-shore (circles)
flows. The symbol, “x”, represents the data for the off-shore

flow except the off-distance is larger than 5 km.

Comparing the spatial variation of mss,, mssy,
and mss (Fig. 1) with the spatial variation of the
stress (Fig. 2), there is no sharp drop of the mean
square slope of either wave category (Fig. 2) for the
first several kilometers off-shore, in contrast to the
sharp decrease of the friction velocity with the off-
shore flow. Since the observed momentum flux in-
cludes the influence of the upstream land, while the
mean square slope of waves represents the sea sur-
face state right under the observational point, the
field of view of the two is mismatched. The mis-
match of the field of view is not very important if the
spatial variation of the surface does not vary dra-
matically, such as the cases of on-shore flow. With
on-shore flow, the friction velocity and the mean
square slope of either short, long, or the integrated



short and long surface waves are closely correlated
(Fig. 3). This relationship is consistent with previ-
ous observations.

For the off-shore flow case, the friction velocity
is not well correlated with the mean square slope of
the waves. However, once the data from the first
5 km off the coast are excluded, the relationship
between the friction velocity and the mean square
slope of the short waves agrees reasonably well with
the relationship for the on-shore flow.

5. SUMMARY

This study demonstrates the complexity of the
air-sea interaction in the coastal shoaling zone, and
the importance of the simultaneous observations of
the atmospheric conditions and sea state. With the
influence of the turbulence from the land surface,
the measured momentum flux does not completely
reflect the air-sea interaction. The wave age cal-
culated using the observed momentum flux may
not represent the true wave state. The interaction
between the momentum flux and the variation of
the surface waves for the off-shore case needs to be
further studied with detailed wave spectra.
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