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Momentum transfer over the coastal zone 

Jielun Sun, •,• Douglas Vandemark, • Larry Mahrt, 4 Dean Vickers, 4 Timothy 
Crawford, • and Christoph Vogel • 

Abstract. Spatial variations of surface stress over the coastal shoaling zone 
are studied offshore of Duck, North Carolina, by the LongEZ research aircraft, 
equipped to measure both atmospheric turbulence and oceanic waves. We find that 
the spatial variation of the friction velocity with offshore distance is much larger 
with offshore flow than with onshore flow. In general, the mean square slope of the 
short waves (wavelength shorter than 2 m) decreases with offshore distance, while 
the mean square slope of the long waves (wavelength longer than 2 m) increases 
with offshore distance. With onshore flow the friction velocity is strongly correlated 
with surface waves. In addition, the variation of the neutral drag coefficient is well 
correlated with the atmospheric bulk Richardson number. With offshore flow the 
observed momentum flux significantly decreases with offshore distance. Within 
the first few kilometer offshore, the relationship between the friction velocity and 
the mean square slope of the short waves and the relationship between the neutral 
drag coefficient and the atmospheric bulk Richardson number are obscured by the 
direct influence of the upstream land surface on the measured turbulence. These 
relationships for offshore flow agree well with those for onshore flow if the fetch 
is beyond the immediate influence of the land surface. The results in this study 
suggests that the effects of the strong turbulence advected from over the nearby 
land surface in offshore flow may lead to ambiguous physical interpretation of the 
correlation between the momentum flux and the wave state. 

1. Introduction 

Surface stress over the sea has been investigated over 
open water from ships and aircraft and over coastal wa- 
ter with research towers [Geernaert and Plant, 1990; 
Weller et al., 1991; Kraus and Businger, 1994; Mahrt 
et al., 1996]. Numerous researchers have found that 
the stress is greater over a young and developing wave 
field than over an older wave field [Kitaigorodskii, 1973; 
Geernaert et al., 1987; Donelan, 1990; Donelan et al., 
1993]. Developing waves are commonly observed with 
atmospheric flow acceleration (changing wind direction 
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or speed), and fetch-limited offshore flow [Geernaert et 
al., 1987], while the older wave field is closer in equi- 
librium with the wind field. Young developing waves 
(small wave age) are dominated by the growth of high- 
frequency capillary waves and small gravity waves that 
ride on the top of long gravity waves, travel slower than 
the wind, and thus lead to high surface stress [Donelan, 
1982; Geernaert et al., 1986]. 

Fully developed waves (larger wave age) move with 
a phase speed close to the wind speed and are asso- 
ciated with relatively low surface stress. Analysis of 
RASEX (Ris0Air-Sea Experiment) data indicated that 
most of the variation of the drag coefficient could be 
explained in terms of wave age although self-correlation 
through the friction velocity accounted for much of this 
explained variance, and the broadness of the wave spec- 
tra explained additional variance [Vickers and Mahrt, 
1997a]. The influence of directional differences of the 
wind, wind stress, and surface waves on the open ocean 
has been studied by Geernaert [1988a], Geernaert et al. 
[1993], and Rieder et al. [1994]. 

Interactions between the stress and the sea surface 

immediately off coastlines are not fully understood [Ma- 
hrt et al., 1996, 1998; Mahrt, 1999]. In the coastal 
zone, large stress is expected with shoaling processes 
and wave breaking as swell propagate into shallow wa- 
ter [Smith, 1980; Freilich and Guza, 1984]. Therefore 
spatial variations of turbulent fluxes over the coastal 
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zone are expected to be large [Crawford et al., 1993; 
Mahrt, 1999]. 

For the first time, the spatial variation of the air-sea 
interaction in the shoaling zone is studied with both at- 
mospheric and surface-wave observations on board the 
research aircraft, LongEZ. The observed atmospheric 
and oceanic data used in this study are described in 
section 2. Methods of data analysis are explained in 
section 3. The momentum transfer between the atmo- 

sphere and the sea surface is investigated for onshore 
and offshore flows in section 4. A summary of the s- 
tudy is given in section 5. 

2. Observations 

Two experiments were conducted off the coast of 
Duck, North Carolina, one from October 26 to Novem- 
ber 12, 1997, and the other one from March i to 17, 
1999. The LongEZ aircraft (Figure 1) was equipped to 
measure all three wind components, air temperature, 
and atmospheric pressure at 50 samples per second, and 
surface radiation temperature (Everest Interscience In- 
c., 4000.4GL infrared radiometer) at I sample per sec- 
ond [Crescenti et al., 1999]. The high sampling rate 
and the fast-response instrumentation of the air-motion 
measurements enables us to calculate atmospheric tur- 
bulent fluxes using eddy-correlation methods. The air- 
craft typically flies at 55 ms -• at 15 m above the sea 
surface. 

Three laser altimeters (Riegl model LD90-3 VHS) 
were mounted in a triangle with triangle legs of 0.93 
m, 0.94 m, and 0.94 m to simultaneously measure sea 
surface wave heights [ Vandemark et al., 2000]. The laser 
range accuracy and precision are better than 2 cm. The 
minimum surface wave length derived from the laser al- 
timeters is about 2 m. A downward looking Ka-band 
continuous wave (CW) radar scatterometer was also on 
board, and its I m diameter field of view overlays the 

field of view of the three laser altimeters [Vandemark 
et al., 2000]. In addition to the onaboard downward 
looking scatterometer and the three laser altimeters, a 
Datawell Directional Waverider buoy, moored at about 
20 m depth and 5 km offshore, was operated by Thomas 
Herbers's group at the Naval Postgraduate School dur- 
ing the 1997 experiment. 

There were 16 aircraft flights conducted in the 2 week 
experiment in November, 1997, and 23 aircraft flights in 
the 3 week experiment in March 1999. Repeated runs 
for each flight track were designe d to ensure adequate 
flux sampling. Two main flight patterns were flown to 
study spatial variations of atmospheric turbulence and 
surface waves as functions of offshore distance: one con- 

sists of tracks parallel to the coastline at various offshore 
distances; and one consists of many repeated runs along 
a track perpendicular to the coastline (Figure 2). For 
the parallel track flight, there are typically two to four 
passes along each track. For the perpendicular track 
flight there are typically eight passes. During both ex- 
periments the tracks parallel to the coastline are about 
20 km long. The track perpendicular to the coastline is 
about 10 km long and is extended to 90 km offshore for 
some flights. In this study we mainly focus on flights 
with both the atmospheric turbulence and the wave da- 
ta available. On the basis of these criteria, four parallel 
flights (Flights 5, 12, 14, and 15) and two perpendicu- 
lar flights (Flights 3 and 16) from the 1997 experiment 
and three parallel flights (Flights 5, 9, and 10) from 
the 1999 experiment are selected (Table 1). Among 
these nine flights, the radar data are available for all 
the flights except Flight 12 from the 1997 experiment. 
The wind was onshore for Flights 14 and 15 of the 1997 
experiment, offshore for Flights 3, 5, 12 of the 1997 ex- 
periment, and Flights 5 and 9 of the 1999 experiment, 
and almost parallel to the coastline for Flights 16 of the 
1997 experiment and Flight 10 of the 1999 experiment 
(Table 1). 
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Figure 1. Schematic diagram of the equipment on the NOAA LongEZ. 



SUN ET AL.' MOMENTUM TRANSFER OVER THE COASTAL ZONE 12,439 

36.6 

36.5 

36.4 

36.3 

36.2 

36.1 

3676 -75 8 -75.6 -75.4 -75 2 -75 - o ß 

longitude (deg) 

Figure 2. Schematic diagram of flight tracks. The sol- 
id lines are the parallel tracks in the 1999 experiment. 
The dashed lines are the parallel tracks and the perpen- 
dicular track in the 1997 experiment. 

3. Data Processing 

The aircraft position and velocity are obtained by 
combining differential GPS (global positioning system) 
with the information from the accelerometers, recorded 
at 10 samples per second and 50 samples per second, re- 
spectively. The aircraft platform attitude is obtained by 
combining TANS (Trimble Advanced Navigation Sys- 
tem) GPS attitude, recorded at 10 samples per second, 
with the information from the accelerometers [Crawford 
and Dobosy, 1992]. 

All the aircraft data used for the analysis in this pa- 
per were quality-controlled following Vickers and Mahrt 
[1997b]. After eliminating records with apparent in- 
strumentation problems, the turbulent fluxes are calcu- 
lated by averaging products of the perturbations from 
nonoverlapping windows of I km width. The qualita- 

tive results of this study, such as the general character 
of the spatial variation of turbulent fluxes, were not sen- 
sitive to the averaging window size. Assuming spatial 
homogeneity along each flight track, the random flux 
error (ferr) for the momentum transfer is normally less 
than 8% for the repeated flight tracks parallel to the 
coastline. Here the random flux error ferr is calculated 
as 

ferr- af (1) 

where a f is the standard deviation of the flux for a 
given flight track, and N is the total number of 1 km 
flux values. For the parallel flight track, N is typically 
between 40 and 80 for each flight track. 

The nadir-looking radar backscatter is measured as 
the normalized radar cross section (NRCS), which is 
inversely correlated with the mean square slope (mss) 
of these surface waves [Barrick, 1974; Vandemark et al., 
1997], 

mss - C x 10 (-sRCS/10), (2) 
where the Fresnel reflection coefficient C for the Ka- 

band (36 GHz) radar is 0.52. At a 15 m flight lev- 
el, the instantaneous backscatter encompasses surface 
waves with horizontal length scales of I m down to s- 
cales of the order of the 8 mm radar radiation wave- 

length; that is, the instantaneous radar backscatter sig- 
nal strength depends on surface waves with wavelengths 
between I m and 25 cm. The total mean square slope 
estimate is derived from the ensemble of the NRCS over 

the two-scale process of sweeping this I m field of view 
along varying underlying waves as the aircraft flies over 
a given flight segment. Theoretical prediction and mea- 
surements indicate that surface wind stress and nadir- 

looking radar backscatter are related to the integrated 
wave slope [Brown, 1979; Kitaigorodskii, 1973], particu- 
larly in the capillary-gravity-wave range [Wu, 1972]. A 
typical averaging segment is 3 km, and the computed 
random error for a given NRCS estimate is of the order 
of 2% [ Vandemark et al., 2000]. 

The mean square slope of the surface waves for wave- 
lengths longer than 2 m can be calculated from the 
three simultaneous laser altimeter measurements cor- 

rected for the aircraft motion [Vandemark et al., 2000]. 

Table 1. Flight Information 

Radar 

Case Flight Date LT /Laser 

Wind Wind 

Flow Versus Flight Direction Speed 
Coast Track (deg) (m/s) 

I F3 Nov. 2, 1997 1153 yes 
2 F5 Nov. 3, 1997 1326 yes 
3 F12 Nov. 9, 1997 1301 no 
4 F14 Nov. 10, 1997 1119 yes 
5 F15 Nov. 10, 1997 1347 yes 
6 F16 Nov. 11, 1997 0734 yes 
7 F5 Mar. 4, 1999 1052 yes 
8 F9 Mar. 6, 1999 1006 yes 
9 F10 Mar. 7, 1999 1028 yes 

offshore perpendicular 233.8 7.8 
offshore parallel 195.6 7.0 
offshore parallel 286.6 8.2 
onsh ore par all el 32.2 3.6 
onshore parallel 73.8 2.6 
parallel perpendicular 356.3 5.8 
offshore parallel 272.4 11.2 
offshore parallel 189.5 7.7 
parallel parallel 339.4 13.3 
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For simultaneous measurements from three laser altime- 

ters the unit vector normal to the wave surface mea- 

sured by the three lasers, $, is 

g__ (J•3 -- J•2) X (J•2 --J•l) (3) 

Here J•l -- (Xl, Yl, Z1), J•2 -- (X2, Y2, Z2), and •3 -- 
(x3,y3,z3) represent the locations of the intersections 
between the three laser beams and the sea surface. The 

distances, Zl, z2, and z3, are measured from the three 
laser altimeters with the aircraft motion removed, and 
the coordinates xi and Yi (i -- 1, 2, 3) are the location 
of the three lasers relative to the aircraft gravity center 
on the horizontal aircraft plane. The sea surface slope 
s is then 

where 

s - tan(O), (4) 

co(0) - (5) 

Here k is the upward unit vector, and 0 is the angle 
between the wave surface and the flat sea surface. 

The total mean square slope for the surface waves 
measured using three lasers, msst, can be readily esti- 
mated as 

1 2 
msst -- • • s i , (6) 

i=1 

where si is the slope s at each time i, and M is the 
total number of the laser range measurements used for 
estimating msst. In this study, M is 3000 for a 3 k- 
m segment. Several calibration flights with substantial 
aircraft roll and pitch maneuvers were performed over 
smooth water on the inland sound to asses the fidelity 
of the aircraft motio/• removal on the derived sea sur- 

face elevation and wave slope data. For these cases the 
msst value was typically less than 0.002 with along-track 
variations of less than 10%. On the basis of these tests 

we conservatively estimate the maximum relative error 
for open-ocean msst to be 5%. 

The mean square slope of short waves (msss) for 
wavelengths shorter than 2 m can be estimated by com- 
bining the mean square slope of the integrated surface 
waves from the radar scatterometer (mss) for wave- 
lengths longer than 2.5 cm and the mean square slope 
of the surface waves from the laser altimeters (msst) for 
the wavelengths longer than 2 m, 

msss • mss- msst; (7) 

that is, the mean square slope of the short waves is 
estimated as the difference between the mean square 
slope of "total" wave field estimated from the radar 
scatterometer and the mean square slope of the long 
waves estimated from the laser altimeters. Therefore 

msss is derived from the measurements of two different 
instruments. 

Assuming the homogeneity of each flight track, all the 
observed variables, including the turbulent fluxes and 
the mean square slope of the surface waves: msss, msst, 
and mss are averaged from repeated 20 km long passes 
over each flight track for the tracks parallel to the coast- 
line to study the spatial variation of these variables as a 
function of offshore distance. The fluxes and the mean 

square slope of the surface waves along the flight tracks 
perpendicular to the coastline are fitted as a function 
of offshore distance based on repeated passes. 

One-dimensional wave height spectra for those waves 
propagating along the flight direction can be derived 
from the spatial wave elevation series collected from 
any of the three laser altimeters aboard the LongEZ 
after adjusting for aircraft motion. For waves travel- 
ing perpendicular to the aircraft heading, some a pri- 
ori knowledge of their direction is required when using 
measurements from only one laser altimeter. The wave 
measurement from the altimeter is analogous to wave 
measurements from wave rider buoys, except wave rider 
buoys measure wave heights as functions of time, while 
laser altimeters measure wave heights as functions of 
horizontal distance. 

The atmospheric stability in this study is expressed 
in terms of the bulk Richardson number (Ri), 

where 

Hi = g A0 z - 0o u (8) 

A0 -- - (9) 

In equations (8) and (9), g is the gravity constant, z 
is the observation height, 00 is the reference potential 
temperature, set to be 285.15 K, U is the wind speed, 
and Ts and Ta are the sea surface skin temperature 
measured by the infrared radiometer and the air tem- 
perature measured from the LongEZ, respectively. 

4. Spatial Variations of Stress in the 
Shoaling Zone 

Surface stress (•) between the atmosphere and the 
sea surface over open water can be estimated as 

;+ w'v' (10) 

where p is the air density; u •, v •, and w • are the wind 
speed fluctuations in the north-south i, east-west, j, and 
vertical, k, directions, respectively. In this study, the 
mean value is defined as an unweighted window average 
over I km. The strength of the stress will be expressed 
in terms of the friction velocity (u,), defined as 

r- pu•,. (11) 

On the basis of Monin-Obukhov similarity theory the 
friction velocity depends on wind speed, atmospheric 
stability, and sea surface roughness; that is, 
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number listed in Table 1. The dashed lines in Figures 3b and 3d represent the cases where the 
flow is ahnost parallel to the coast. 

u. - u, 
, 

where 

•/2 _ n . (13) Ca - ln(z/zo) - •,•(z/L) 
Here Cd is the drag coefficient, U is the mean wind 
speed, z0 is the aerodynamic roughness length, n is the 
yon Karman constant, and •m is the stability function 
for momentum expressed in terms of z/L, where L - 

- 3 -tlvU./(ngw'tl•vls) is the Obukhov length, and fly and 
I I w tlv[8 are the virtual potential temperature and the 

buoyancy flux at the surface, respectively. In this study, 
the Paulson [1970] and Dyer [1974] stability functions 
are used for unstable and stable regimes, respectively. 
The ocean current is assumed to be much smaller than 

the wind speed in equation (12). Removing the stability 
influence in equation (13), the neutral drag coefficient 
can be expressed as 

C1/2 __ /• (14) 
clO -ln(z/zo)' 

If z is constant, the neutral drag coefficient is mono- 
tonically related to the aerodynamic roughness length 
z0, which is related to the physical roughness of the 

underlying surface if the stress is generated by the in- 
teraction between the airflow and the underlying wave 
surface. Using the aircraft observational data, the neu- 
tral drag coefficient can be calculated using equations 
(10)-(14). 

4.1. Spatial Variation of Stress As a Function 
of Offshore Distance 

On the basis of the LongEZ data described in sec- 
tion 2 the surface friction velocity significantly decreas- 
es with offshore distance within the first several kilome- 
ters off the coast in offshore flow (Figure 3a), while the 
corresponding spatial variation of the friction velocity 
for onshore flow is small (Figure 3b). The difference 
in the spatial variation of the surface stress between 
the onshore and the offshore flow cases is also clearly 
demonstrated in terms of the drag coefficient (Figure 3c 
and 3d), in which case the dependence of the stress on 
the wind speed has been removed (equation (13)). The 
drag coefficient systematically decreases with offshore 
distance in the offshore flow cases but not in the on- 
shore flow cases. 

For scalar quantities the rapid change of the ob- 
served flux with fetch, immediately downstream from 
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Figure 4. Vertical cross section of the friction velocity (shaded with dashed contours) and the 
wind speed (solid contours) for November 14, 1999. Here zero distance represents the Atlantic 
coastline of Outer Banks. The Outer Banks are about 4.2 km wide in this cross section. The 
negative distance represents the distance west of the Atlantic coastline of the Outer Banks. The 
plot is based on aircraft measurements of the friction velocity calculated from I km segments. 
The I km segments used for this plot are indicated by the dots. The wind was offshore from 
the southwest. The technique for construction of the distance-height crosssection is described by 
Vickers et al. [2001]. 

the coast, can be viewed in terms of footprint theo- 
ry. For momentum, stress and turbulence energy the 
footprint theory is not strictly valid because footprint 
theory is formally based on the advective-diffusion e- 
quation, and the role of pressure fluctuations and vis- 
cous decay are not included. We will continue to use 
the term "footprint" in a more descriptive context as 
the upstream surface region, which contributes to the 
momentum flux at the observation level. 

With this concept the flux measured at the aircraft 
level contains contributions from both the sea and the 

upstream land surface. The contribution of the up- 
stream land surface decreases with fetch. According 
to Horst and Weil [1994], 90% of the turbulent scalar 
flux measured at the height of 10 m typically originates 
from a footprint extending 1-2 km upstream although 
the footprint varies with atmospheric stability and wind 
speed. The vertical cross section of the momentum 
transfer extended to the inland sound (Figure 4) indeed 
shows that the rough unstable land surface between the 
inland sound, and the Atlantic Ocean plays an impor- 
tant role on the observed momentum transfer imme- 

diately off the Atlantic coastline. Therefore the true 
interaction between the turbulent air and the sea sur- 

face is obscured by the direct influence of the upstream 
land surface on the measured stress. 

4.2. Spatial Variation of Surface Waves 

As momentum is transferred from the atmospheric 
flow to the ocean by the atmospheric turbulence, sur- 
face wind waves are generated. In general, the mean 

square slope of the short waves (msss) decreases with 
offshore distance for both onshore and offshore flow cas- 

es. The mean square slope of the long waves (mss/) in- 
creases with offshore distance when the wind is offshore 

(Figure 5). 
When the flow is onshore, mss/ generally increases 

with offshore distance, except when the offshore dis- 
tance is less than 2 km, where mss/ increases toward 
the coast apparently due to shoaling (Figure 5e). Such 
shoaling increases msss as well as mss•. A similar shoal- 
ing effect was also observed by A nctil and Donelan 
[1996]. The exception for case 9 in Figure 5d is most 
likely due to the increase of the wind speed with the 
offshore distance (section 4.3). 

An example of one-dimensional spectra on November 
1997 (case I in Table 1) when the LongEZ flew per- 
pendicular to the coastline is analyzed in this study to 
assess the impact of the longer waves (swell and wind- 
driven surface waves) on the mean square slope of sur- 
face waves in offshore flow. For the present example 
we broke the flight data into 2 km data segments along 
the flight track. Each 2 km segment contains approxi- 
mately 2000 data points. A continuous Morlet wavelet 
transform [T offence and Compo, 1998] was performed 
on each data segment to produce a wave-height density 
spectrum at each offshore distance. 

On the basis of the nearby wave rider buoy data, 
the wind-driven sea surface waves propagated toward 
the northeast, and the swell traveled to the northwest 
(300 ø) with a period of 9 s. The existence of swell and 
wind-driven waves are evident in Figure 6a, where the 
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Figure 5. Mean square slopes of short surface waves (less than 2 m) (a, d), long surface waves 
(longer than 2 m) (b, e), and the sum of the short and long surface waves (c, f) observed by the 
radar and the laser altimeters as functions of the offshore distance for the onshore (d, e, f) and 
offshore (a, b, c) flows. The dashed lines represent the case in which the flow is almost parallel 
to the coastline. 

derived swell wave number accords with the 9 s peri- 
od swell measured by the nearby buoy. The difference 
between the wave spectra at 2 km and 10 km offshore 
in Figure 6a shows that the peak wave number of the 
wind-driven waves decreases with increasing offshore 
distance, and the amplitude of the wind-driven waves 
increases with increasing offshore distance as the air- 
craft flew nearly along the direction of the wind-driven 
wave propagation (Figure 6b). This spatial variation 
of the wind-driven surface wave is consistent with the 

observations from Hasselmann et al. [1973]. In com- 
parison, both the wave number and the energy of the 
swell remained invariant (Figure 6a and 6b). Therefore 
the increase of the significant wave height with offshore 
distance is due to the increased energy of the growing 
wind-driven surface waves in the presence of the incom- 
ing swell (Figure 6c). Here the significant wave height is 
calculated as 4 times the root-mean-square wave height. 

The invariant swell height of about I m can be estimat- 
ed from Figure 6c near the coastline, where the wind- 
driven surface wave height is negligible. These results 
imply that the increase of mssl with offshore distance is 
closely related to the increasing wind-driven wave en- 
ergy with offshore distance and the shift of the wind- 
driven waves to larger wavelengths. 

4.3. Relationship Between Wind Stress and 
Sea Surface Roughness 

For the offshore flow case, the large mean square slope 
of the short waves close to the coast is related to the 
young waves generated by the turbulent air as the sea 
surface responds to the atmospheric momentum flux. 
As these waves propagate offshore, the new wind-driven 
short waves transfer the energy to longer waves due to 
wave-wave interaction, as inferred in section 4.2. There 
is no sharp decrease of the mean square slope of short 
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upstream land, while the mean square slope of waves 
represents the sea surface state right under the obser- 
vational point, the footprint of these two quantities is 
mismatched. The mismatch of the footprint is not very 
important if the spatial variation of the surface does not 
vary dramatically, as in onshore flow. Nordeng [1991] 
indicates that surface waves do not generate significan- 
t stress when the waves are very young, implying that 
the large momentum flux observed right off the coast- 
line cannot be attributed completely to young waves. 
Because the footprint of the momentum flux increases 
with increasing observation height, the downward mo- 
mentum flux at higher levels includes the land surface 
and is therefore larger compared to the momentum flux 
near the surface (Figure 4). This resulting vertical con- 
vergence of the downward momentum flux accelerates 
the offshore flow (Figure 7), which is also observed by 
Smedman et al. [1995]. 
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Figure 6. Wave analysis from a laser altimeter. (a) 
Wave height density spectra as functions of wave num- 
ber at 2 km (solid line) and 10 km (dotted line) offshore. 
(b) The spectral peak wave numbers of the incoming 
swell (pluses) and the wind-driven waves (asterisks) as 
functions of offshore distance. Here the peak wave num- 
ber of the swell is adjusted to account for the 60 ø angle 
between the swell propagation direction and the air- 
craft heading. (c) Significant wave heights as functions 
of offshore distances. 

and long waves (Figure 5) for the first several kilometers 
offshore, in contrast to the sharp decrease of the fric- 
tion velocity with the offshore flow (Figure 3). Since the 
observed momentum flux includes the influence of the 
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Figure ?. Wind speed as a function of offshore distance 
for offshore flow (a) and onshore/parallel flow (b). 



SUN ET AL.' MOMENTUM TRANSFER OVER THE COASTAL ZONE 12,445 

0.6 

0.5 

0.4 

0.3 
0.2 

0.• 

o o 
0.6 

(a) 
_ 

o. ol o. ffi 0.o3 
I i I 

0.04 0.05 
mss S 

0.106' 0107' 0.•06' O, i 

0.5 

0.4 

0.3 

0.2 

0.1- 

o5 

{b) • 

0.01 0.02 0.03 0.04 0. l]5 
mss I 

•0.•06'0.107'0.i06'0.•09 

(c) 
0.5- 

0.4- 

0.3- 

0.2 

0.1 

ol, 

o 
o 

O• x 0 0 
0 

I , I . . • I , I • I , 5 0.01 0.02 0.03 0.06 0.07 0.08 0.09 

o 

Xo 

i • I 

0.04 0.(• 
mss 

Figure 8. 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 altimeter- 
s for the onshore (diamonds) and offshore (circles and 
crosses are for off-distance less and greater than 5 km, 
respectively) flows. 

With onshore flow the friction velocity and the mean 
square slope of the short waves are closely correlated 
(Figure 8), consistent with previous observations [Cox 
and Munk, 1954; Brown et al. 1981; Vandemark et al., 
1997, 1999]. For offshore flow the friction velocity is not 
well correlated with the mean square slope of the short 
waves within 5 km of the coast. Farther offshore, the 
relationship between the friction velocity and the mean 
square slope of the short waves agrees reasonably well 
with the relationship for the onshore flow (Figure 8). 

For offshore flow and beyond 5 km offshore, the cor- 
relation between the friction velocity and msst is not 
so good as the correlation between the friction veloc- 
ity and the msss and not so good as the correlation 
between the friction velocity and the msst for the on- 
shore flow case. Vickers and Mahrt [1997a] find that 
the wave spectra are broader for the offshore flow than 
for the onshore flow. As discussed in section 4.2, our ex- 
ample case shows that the energy of the waves increases 
with offshore distance, and the peak of the wave spec- 
tra progressively shifts toward lower frequencies as the 
fetch increases. These long waves may result from in- 
teractions between waves that are generated upstream. 
These long waves can travel fast and may not be fully 
coupled with the surface stress. In contrast, the close 
correlation between the friction velocity and the mss8 
in offshore flow for more than 5 km from shore indicates 

that the short waves are in equilibrium with the surface 
wind forcing. 

4.4. Influence of the Atmospheric Stability on 
the Wind Stress 

The surface roughness of the ocean ripples (mainly 
the capillary waves) is found to increase with the at- 
mospheric instability [Keller et al., 1985; Hwang and 
Shemdin, 1988; Wu, 1991]. The enhanced turbulence 
under unstable conditions leads to greater sea surface 
ripples and sea surface roughness, in contrast to stability- 
independent roughness lengths over land surfaces [Sun, 
1999]. 
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Figure 9. Neutral drag coefficient (Cd0) as a function 
of the bulk Richardson number (Ri) for both onshore 
(diamonds) and offshore flows (circles). The crosses rep- 
resent the situation where the wind is offshore, but the 
offshore distance is larger than 5 km. 
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Figure 9 shows that the neutral drag coefficient does 
increase with atmospheric instability systematically for 
the onshore case where the downward momentum trans- 

fer is completely associated with the interaction be- 
tween the atmosphere and the oceanic waves. This sta- 
bility dependence of the neutral drag coefficient was also 
observed by Plant et al. [1998]. They suggested that 
the surface roughness increases in unstable conditions 
where the downward transfer of momentum to the wave 

surface is more efficient. 

For offshore flow the neutral drag coefficient close to 
the coast is inevitably affected by the upstream land 
surface since the fluxes at the aircraft level are affect- 

ed by the upstream land surface. However, the bulk 
Richardson number is the bulk parameter based on the 
mean variables over the sea surface alone. Therefore the 

neutral drag coefficient near the coast in offshore flow is 
not well correlated with the bulk Richardson number. 

As the footprint of the momentum flux becomes oc- 
cupied completely by the sea surface when the offshore 
distance is larger than 5 km, the correlation between the 
neutral drag coefficient and the bulk Richardson num- 
ber agrees reasonably well with the correlation for the 
onshore flow cases (Figure 9). The relationship between 
the neutral drag coefficient and the atmospheric stabil- 
ity for the onshore flow and longer fetch offshore flow 
implies that the spatial variation of the atmospheric 
stability may also play an important role in the spatial 
variation of the sea surface roughness. 

4.5. Discussion 

Geernaert [1988b] summarized seven regression for- 
mulas for the neutral drag coefficient as a function of 
wind speed. He found that the neutral drag coefficient 
was much larger over shallow water than over open wa- 
ter. The large neutral drag coefficient over shallow wa- 
ter cannot be explained entirely by the fetch-dependent 
sea state, therefore shoaling effects were suggested as 
a possible explanation. As indicated in this study, the 
large momentum flux observed in the coastal area with 
offshore flow is very likely influenced by the advection of 
the large momentum flux from the land surface. There- 
fore the advection from the land surface may explain 
part of the discrepancy between the observed and the 
modeled, wave-dependent neutral drag coefficient in the 
Geernaert [1988b] work. 

Traditionally, the drag coetticient in the coastal zone 
is studied in terms of fetch and wave age. The wave age 
is designed to characterize the movement of the wind 
relative to surface wave motion, and in one version of 
the wave age is defined as the ratio of the phase speed 
of the most significant wave relative to the wind speed. 
When the wave phase speed is much slower than the 
wind speed (small wave age), strong atmospheric flow 
relative to the waves induces large drag at the sea sur- 
face. When the wave phase speed is comparable to the 
wind speed, the surface stress between the atmospher- 

ic motion and the moving surface waves is small [Al- 
Zanaidi and Hui, 1984]. However, the interaction be- 
tween the wind and the surface waves other than the sig- 
nificant wave may also contribute to the surface stress 
when the wind-wave spectra have a wide band struc- 
ture, especially when the wind generates waves on the 
top of the existing long waves [Donelan et al., 1993; 
Vickers and Mahrt, 1999]. 

Alternatively, the wave age is computed as the ratio 
between the phase speed of the significant wave and the 
friction velocity [ Geernaert et al., 1987; Donelan et al., 
1993] with the implied assumption that the footprint 
of the turbulent fluxes is completely over the sea sur- 
face. As demonstrated in this study, the stress over the 
coastal water can be influenced by the strong turbulence 
advected from land. The large momentum flux with the 
offshore flow would lead to a small value of the wave 

age (defined with the friction velocity instead of wind 
speed). The wave age calculated using the observed 
friction velocity close to the coast would not represen- 
t the true wave state until farther offshore when the 

measured stress is influenced only by the sea surface. 
Fetch-dependent studies of the momentum transfer 

in the literature may have unknowingly captured the 
spatial variation of the footprint of the observed flux 
over the land surface. Using the footprint theory as 
guidance, the measured flux downstream from the land 
surface not only depends on the distance from the coast 
but also on the measurement height and upstream spa- 
tial variation of the atmospheric stability. 

5. Summary 

The spatial variation of the interaction between the 
atmosphere and the sea surface in the coastal zone is 
studied using simultaneous measurements of the atmo- 
spheric turbulence and the sea surface from the LongEZ 
research aircraft. In the coastal zone the spatial vari- 
ation of the surface stress and the correlation between 

the surface stress and the sea surface roughness are dis- 
tinctly different between the onshore and the offshore 
flows. 

For onshore-flow the friction velocity is well correlat- 
ed with the mean square slope of short surface waves 
with wavelengths shorter than 2 m, and with the mean 
square slope of long surface waves with wavelength- 
s larger than 2 m. The mean square slopes of the 
short and long surface waves are derived from simul- 
taneous measurements from the downward looking Ka- 
band radar scatterometer and the three laser altimeters 

onboard the aircraft. The neutral drag coefficient is 
well correlated with the atmospheric bulk Richardson 
number, confirming expected interactions between the 
sea surface waves and the turbulent air fluctuations. 

However, for the offshore flow cases, the stress de- 
creases rapidly with offshore distance for the first sev- 
eral kilometers. This sharp decrease in the momentum 
flux is most likely due to the decreasing influence of the 
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upstream land surface within the footprint of the flux 
measurement as the offshore distance increases. As a 
result of the influence of the upstream land surface, the 
neutral drag coefficient is not correlated with the atmo- 
spheric bulk Richardson number within the first 5 km 
off the coast. For offshore distances larger than 5 km 
the correlation between the neutral drag coefficient and 
the atmospheric bulk Richardson number agrees with 
the correlation for onshore flow, and the correlation be- 
tween the friction velocity and the mean square slope of 
the short waves is also consistent with that for onshore 

With offshore flow the mean square slope of the short 
waves generally decreases with offshore distance and the 
mean square slope of the long waves generally increas- 
es with offshore distance. The spatial variation of the 
mean square slopes of the short and long waves are ap- 
parently due to the energy transfer from wind-driven 
young short waves to long waves through wave-wave in- 
teractions. With onshore flow the spatial variation of 
the mean square slope of both short and long waves is 
similar to the offshore flow case, except within 2 km 
offshore, the mean square slope of the long waves seems 
to increase slightly toward the coastline apparently due 
to shoaling. 

The dependence of the neutral drag coe•cient on the 
bulk Richardson number probably results from a re- 
lationship between the surface roughness and stability 
and the influence of advection of turbulence from the 

upstream land surface. This study demonstrates the 
complexity of air-sea interaction in the coastal zone, 
and the importance of simultaneous observations of at- 
mospheric 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 calculated using the observed 
momentum flux may not represent the true influence 
of wave state. The interaction between the momen- 
tum flux and the variation of the surface waves for the 
offshore case needs to be further studied with detailed 

wave spectra. 
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