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. ABSTRACT

An offshore stable platform has been instrumented with wind turbulence, temperature and wave height
sensors. Data from this platform have been analyzed by the eddy correlation method to obtain wind stress
and heat flux at wind speeds from 6 to 22 m s~! in a deep-water wave regime, significantly extending the
range of available measurements. The sea surface drag coefficient increases gradually with increasing

wind speed.

Sensible heat fluxes have been observed over a much wider range than previously available. Heat flux
coefficients are higher in unstable than stable conditions, but are not seen to increase with increasing

wind speed.

1. Introduction

Wind stress and sensible heat exchange at the sea
surface play major roles in the movement and the
formation of water masses and also of air masses.
The wind stress and heat flux may be obtained from
measurements of winds and temperatures by several
methods, such as the eddy correlation, the profile
and the dissipation methods (Busch, 1977; Kraus,
1972). In this paper we shall use the eddy correla-
tion method, which is the most direct. This requires
that we measure the downwind and vertical wind
fluctuations u, and u4, respectively, and the tempera-
ture fluctuations ¢ at a fixed point. In the surface
layer the shearing stress

1)

is nearly independent of height and the drag coeffi-
cient is

T = —pUy = — Uy

T il
pUyo? U,
where the subscript 10 denotes a reference height

z =10 m.
The heat flux is

CIO = ’ (2)

H = pCptuy =~ pCp;u—S’ 3)

where p is the density and C, the specific heat of air,
and the heat flux coefficient, also called a Stanton
number, is

_ H _ Ty
pCTy = T)Usy  (Ts — T)Uy
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! This project has been identified as a Canadian contribution
to the Global Atmospheric Research Project (GARP).
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where T, is the sea water ‘‘bucket’’ temperature in
the wave-mixed layer and T, the mean air tempera-
ture at the 10 m reference height. The overbar de-
notes a time average over a period long enough to
form stable averages of turbulent properties and
short enough for mean conditions to be steady,
which we shall usually take to be ~40 min.

a. Review of sea surface drag coefficients

The drag coefficient is a function of surface rough-
ness and of atmospheric stability (z/L), where z is the
reference height and the Monin-Obukhov length is

)

in which we take gravity to be g = 9.8 m s72, the
von Karman constant to be K = 0.4, and T, to be
absolute temperature. The friction velocity is u,
= (—u,u3)"?. More generally the stability and the
Monin-Obukhov length L also depend on the rate of
evaporation (e.g., Pond et al., 1971). The evapora-
tion term is relatively small for the fall and winter
data to be presented here, but can become dominant
over tropical oceans.

L = —Tu,gKtus,

1) THE EFFECT OF STABILITY

For particular values of u, and U a few centi-
meters above the surface the mean wind gradient is
steeper in stable than in unstable conditions. The
wind profile over land has been extensively studied
and in areview Dyer (1974) recommends the empiri-
cal formulas for the profile gradient function

1+ Sz/L, ZIL > 0,
[1 — 16/, zIL <0,
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where the profile gradient is

dU’ u*
— = X $.(z/L
- d>( )-

Deardorff (1968) has integrated the profile gradi-
ents with height to obtain the stability-dependent
wind profile and drag coefficient. Deardorff also
gives equivalent results for heat flux and evapora-
tion coefficients, using a higher rate of variation in
Eq. (6) than does Dyer (1974)—the constant 5 is re-
placed by a value of 7 for wind speed and 11 for tem-
perature. Kondo (1975) has plotted drag, heat flux
and evaporation coefficients as functions of wind
speed and sea-air temperature difference. Hsu (1974)
summarizes wind stress data from a number of
sources including Smith (1973, 1974b) to derive a
value of 4.4 for the constant shown as 5 in Eq. (6).
Although this equation is usually proposed for z/L
>0 he includes some data with z/L < 0 in his
analysis.

®)

2) THE NEUTRAL DRAG COEFFICIENT

Over land surfaces the surface roughness and the
drag coefficient in neutral stability are constant at
any given location, although it can be difficult to

find a homogeneous site where eddy flux or other:

wind stress measurements can be clearly related to
a particular type of surface. Over the sea the surface
roughness is determined by the waves and homo-
geneous conditions are easier to find. However, the
sea state depends not only on the local wind speed
but also on fetch, duration, water depth and surface
slick conditions. Assuming that it is the shorter,
steeper waves which are primarily responsible for
variations in the drag coefficient and that these are

usually in equilibrium with the local wind, Charnock

(1955) predicted by a dimensional argument that the
surface roughness height z, should be proportional to
the stress,

zo = au,’lg, &)

in the neutral wind profile equation
u ¥
Uz)= —21In =, 10
@) x Mo (10)
leaving only the constant a to be determined experi-
mentally. This results in a slightly nonlinear increase
in the drag coefficient with wind speed, namely

Cio = (us/UY = [K/n(gzlau DR,  (11)

where we customarily take z = 10 m as a reference
height.

Flow over a smooth surface results in a thin
laminar sublayer in which velocity increases linearly

with height, above which the wind profile becomes
Ulu, = (1/K) In(uyz/v) + 5.5, (12)
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where v = 14 x 107% m? s™! is the kinematic viscosity
of air (see, e.g., Businger, 1973).

The smooth surface drag .coefficient increases
with decreasing wind speed and should apply at low
wind speeds wherever it is greater than that from
Eq. (11).

The question of whether the neutral-stability sea
surface drag coefficient is constant or increases with
wind speed? and wave height has for years occupied
a high priority (e.g., Stewart, 1961, 1967 1974). Prior
to 1975 *‘the observational ev1dence supports a con-
stant (drag coefficient) just as well as Charnock’s
formula’ (Businger, 1975). Garratt (1977), sum-
marizes sea surface drag coefficients from 17 experi-
ments (all but one based on eddy correlation and/or
wind profile data) published from 1967 to 1975, and
a synthesis of the results of 12 of these, judged to
be the most reliable, supports the Charnock formula
{Eq. (1D]. The data in this review at wind speeds
above 16 m s ! (from Smith and Banke, 1975) are not
entirely representative of the open ocean since they
are possibly influenced by a shoal area of breaking

.waves upwind of the sensors.

Studies of geostrophic wind departures in hurri-
canes indicate a linear increase of the drag coeffi-
cient with wind speeds up to 50 m s™! but with very
large (50-100%) possible experimental errors.
Miller (1964) drew precisely the same linear varia-
tion of the drag coefficient with wind speeds to 50 m
s7! as the linear relation fitted by Garratt (1977) to
more recent profile and eddy flux data.

Kondo et al. (1973) and Kondo (1975) find that the
sea surface drag coefficient is related to the meas-
ured height of the waves at frequencies of a few
hertz, which becomes large enough for the surface
to be fully rough at a wind speed of 8 m s™* and
continues to grow with wind speeds up to a maxi-
mum observed speed of 14 m s~!. Specialized in-
strumentation is required to measure these high-
frequency waves with heights of millimeters to centi-
meters in the presence of much larger waves (meters)
at frequencies around the peak of the wave spectrum.

b. Review of heat fluxes.

Sensible and latent heat exchange, and radiative
heat exchange at the sea surface are responsible for
the formation of water and air masses of various
temperatures and densities. The heat flux coefficient
Cr [Eq. (4)] is expected to vary soméwhat more
with stability than is the drag coefficient (Deardorff,
1968) but the ‘‘neutral’’ heat flux coefficient is dif-
ficult to determine experimentally. Unlike momen-

% As pointed out by K. Hasselmann (see Smith, 1978, p. 50),
the dimensionless drag coefficient should properly depend on a
dimensionless velocity or Froude number F = U/(gz)'* (Wu,
1969) which in the following discussions can be conveniently
taken to be F = U,,/10 m s,



MAy 1980

tum, heat is not transmitted by form drag on surface
waves and so the mechanism for a Charnock-type
wind speed dependence is not indicated. However,
waves and spray do increase the surface area and
so it is plausible that the coefficient C; might in-
crease with wind speed.

Sensible (and latent) heat fluxes have been re-
viewed by Friehe and Schmitt (1976), to obtain
Cy = 0.86 x 1072 in stable and 0.97 x 1072 in un-
stable conditions, over a range of U,(T, — T,)
= —15-20°C m s~'. At mid and high latitudes most
of the heat transport occurs at much higher values
of U,(T, — T,). If Smith and Banke’s (1975) data
with U,(T, — T,) up to 160°C m s~! are included,
they dominate other values in Friehe and Schmitt’s
regression to give an overall value of C; = 1.4 x 1073,

Smith and Banke were not able to monitor the sea

surface temperature during their high-wind data’

runs and so there is a possible error of ~20% in their
values of (7, — T,). Heat flux measurements at
Sable Island in moderate wind conditions (e.g.,
Smith et al., 1976) give lower values of C; compa-
rable to those of Friehe and Schmitt for other sites
and this suggests that Cr may also increase with wind
speed. Francey and Garratt (1978, 1979) found that
the heat flux coefficient increased with wind speed
in the same way as the drag coefficient during the
AMTEX experiment, in which their island sites were
generally similar to Sable Island in having shoal
water upwind of the anemometers. At long fetch,
measuring eddy fluxes from an aircraft flying at 100 m
height, Coulman (1979) found C; = 1.4 X 1072 and
detected no variation with wind speed from Sto 11 m
s~1. His use of radiometric surface temperature may
make T closer to T, and C; larger than in other
studies with bulk water temperature.

c. Experimental considerations

Measurements of the neutral sea surface drag
coefficient as a function of wind speed are inherently
scattered because of 1) experimental errors in sensor
response, and flow distortion by and motion of the
supporting tower; 2) other variables which may
affect the fluxes, such as sea state, depth, fetch and
the presence of slicks; and 3) the use of a finite aver-
aging period to represent long-term, steady-state
conditions. With the usual experimental and statis-
tical scatter it is difficult to resolve changes of less
than 20% in the drag coefficient, and a convincing
test of Charnock’s relation requires a large number

of measurements over a wind speed range of ~8-20 -

m s~ for a predicted change of 60% in the drag coef-
ficient. Similarly a large number of measurements
over a wide range of conditions is needed to param-
eterize the heat flux.

For air-sea interaction measurements to be repre-
sentative of the open sea, the chosen site must be
open to along fetch and must be in water deep enough
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F1G. 1. Mean monthly sea surface stress distribution with wind
speed for Sable Island, Nova Scotia region, January and July.
Wind speed distribution from Atmospheric Environment Serv-
ice, Canada, for 1957-66. Drag coefficient from Smith and
Banke (1975).

that waves are not slowed and steepened by pas-
sage over shoals. Sensors for such an experiment
must be mounted on a structure which is sufficiently
slender to negligibly distort the wind flow. It must
either be sufficiently rigid to impart negligible errors
by its motion to the measured wind fluctuations, or
else its motion must be measured and used to cor-
rect the measurements. It is the difficulty of provid-
ing such a stable platform and of maintaining sensi-
tive measuring equipment on it which has in the past
limited such measurements to moderate wind
conditions.

d. Purpose of experiment

The principal motivation for undertaking the ex-
periment to be described here has been to directly
measure the sea surface drag coefficient over a wide
enough range of wind speeds to determine the mean
wind stress in most climates and to resolve varia-
tion of the drag coefficients with wind speed, stabil-
ity and sea state.

For the Sable Island, Nova Scotia area (44°N,
60°W) in January nearly half of the mean wind stress
occurs at wind speeds above 15 m s™! (Fig. 1) for
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F1G. 2. Mooring of the stable platform, (a) plan, (b) elevation,
with only two pairs of the concrete anchors shown.

which hardly any open-sea measurements are avail-
able, although in July storms are rare and nearly
all the stress lies within the range of available data.
A second major objective has been to investigate the
sensible heat flux over a range of conditions rep-
resentative of midlatitude climates and to find ap-
propriate values of Cy.

" This paper gives wind stress and heat flux results
from the thrust anemometer and thermistor data,
and their relation to parameters such as wind speed,
rms wave height, and water and air temperatures.

2. The BIO stable platform experiment
a. The platform

For the present experiments a stable platform was
designed to withstand a combination of 1) waves of
18 m height, peak-to-trough; 2) 45 m s~! mean wind
with gust factor 1.25; and 3) a current of 0.25 m s,
The structure was a floating tower or spar buoy 47 m
long weighing 25.5 metric tons with displacement of
60.5 tons provided by six flotation tanks. It was held
down by six diagonal anchor lines attached just be-
low the water surface, six more diagonal lines at-
tached at the bottom, and a single vertical line (Fig.
2). Six outer anchors consisted of two 10.9-ton con-
crete blocks joined by 82 m of chain, the center
anchor being a 36.4-ton steel ingot. When in posi-
tion, the upper tower rose 12.5 m above mean water
level (Fig. 3). The platform was on location (Fig. 4)
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from 6 June 1976 until 17 February 1978. The water
depth was 59 m, allowing 10 s waves to travel at 99%
of their deep-water phase velocity (12's waves,
96%j; thus it was typically in deep-water waves.
It was exposed to the full fetch of the North Atlantic
Ocean for winds from the south and east, and a mini-
mum fetch of 10 km from shore for west winds. The
platform was visited during periods of calm weather
to install, check or repair the instruments, but was
unmanned during data-recording periods.

b. Instrumentation

A thrust anemometer (Smith, 1980) was used to
sense the wind thrust vector on a perforated sphere
of 3.8 cm diameter, using a three-axis spring assembly
and three displacement transducers. A Bendix
Aerovane anemometer provided a continuous check
of thrust anemometer calibration. A micro-thermistor
with a time constant of 0.03 s sensed mean air tem-
perature and temperature fluctuations. A Nova Scotia
Research Foundation resistance wire wave staff
sensed surface elevation at one point, giving wave
height but not direction. The performance of the
stable platform was monitored by six strain gages
in the six upper anchor cables, and a three-axis
accelerometer.

A telemetry system (Dinn, 1973) transmitted data
at 228 MHz over a 26 km range to a receiving an-
tenna at the Bedford Institute of Oceanography
(BIO). A 465 MHz radio remote control turned the
system on and off, controlled amplifier gains, opened
and closed a hood on the thrust anemometer and
thermistor, and selected which 12 channels of data
were to be transmitted.

The remote systems were powered by nine auto-
mobile batteries connected to give a reserve of 10
KW h and charged by a 25 W Aerowatt windmill
generator. The power drain was 50-100 W with the
system operating, but only 1.3 W in a standby’
(receiver only) mode when data were not required.
Battery voltage was telemetered to monitor the
charging system.

The BIO system was operatlonal for a total of 184
days during the periods 7-28 October, 1976; 8
November-8 December 1976; 5—15 February 1977;
4 March-18 April 1977; 29 October—30 November
1977; and 29 December-7 February 1978. The
original plan was to run from 1 October until 31
March for two seasons, but the experiment was ter-
minated by a collapse of the moorings of the stable

- platform during a storm on 7 February 1978. The

design wave height (18 m) was not reached, but a
number of factors including ice accumulation are
believed to have contributed. The structure, the
telemetry system, the thrust anemometer and the
windmill generator were recovered with minimal
damage after their immersion.
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FiG. 3. The stable platform (a) and sensors (b) left to right: UBC Gill anemometer, Mk8 thrust anemometer,
Bendix Aerovane anemometer.

A University of British Columbia (UBC) sensor
system was used on the stable platform by Pond and
Large (1978) to obtain parallel measurements of
wind and temperature fluctuations during the fall and
winter of 1976-77. This system also included a
thermistor to measure water temperature at a depth
of 5-10 m, and an on-board digital recorder. The
UBC data were also telemetered occasionally using
the BIO system for direct comparisons of sensor
performance. During the fall and winter of 1977-78
a modified Gill propellor anemometer and the sea
temperature thermistor from the UBC system were
interfaced directly to the BIO telemetry system. A
trial was carried out at a beach site (Smith et al.,
1976) to test the compatibility of the two systems.

c. Data recording

The data were recorded on magnetic tape in mul-
tiplexed FM form, in runs of ~40 min duration. Data
were recorded more frequently during storm periods
to cover conditions in which eddy flux measurements
at sea have not been available. The records were
subsequently digitized and analyzed at the BIO Com-
puting Centre (Smith, 1974a; Dobson et al., 1974).

A total of 160 runs were recorded with thrust
anemometer data. Of these, three were in calm con-
ditions -and 10 were rejected because signals ran
offscale, snow and ice accumulation was suspected,
or electronic failures occurred. Among the remain-
ing 147 runs, there were 27 in which the indicated
lateral stress components was equal to or greater
than half of the longitudinal stress component, i.e.,

(13)

This problem will be discussed in the following
section.

Results from 64 data runs with onshore winds and
unlimited fetch are listed in Table 1, while Table 2
gives results for 56 runs taken during periods of off-
shore and alongshore winds. Preliminary results
from the first season of the present experiment have
been given by Smith (1978).

The tabulated wind speeds have been adjusted
from the thrust anemometer height z = 13.4 mto a
10 m height using a neutral logarithmic profile for-
mula [Eq. (10)]. In typical cases U, is 2.5% smaller
than U.

Three thrust anemometers were used during the
experiment. Two of these (6.4, 8.1) agreed with the

[iaty| > ~0.5715.



714
e

*{ szoromo .
'y BASIN At
; . BEDFORD .
NSTITUTE

Caa N\ frved

HEAD

x> CAPE
SAMBRO

SAMBRO
S Ao
PENNANT PT.

HALIFAX HARBOUR

ENTR ANCE
o] 2 4 [ 8

1 S S | i :

KILOMETRES

s!lm‘

JOURNAL OF PHYSICAL OCEANOGRAPHY

THRUMCAP

* o CHERUCTO

aslao.

VoOLUME 10

HARTLEN PT.

DEVILS
ISLAND

STABLE PLATFORM 44°

_ LOCATION 3
44°29" 44" N
63° 23' 30'W
TRUE
N
w E

eTu
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Aerovane anemometér in mean wind speed within
+0.4 m s™!. The wind tunnel calibration of the re-
maining thrust anemometer (6.3) used during the
majority of the experiment gave wind speeds which
were consistently 8% high (Fig. 5) and all the mean
and fluctuating velocities from this anemometer
have been reduced by 8% in Tables 1 and 2. This also
gives better agreement with Gill propellor ane-
mometer data.

Before the data were analyzed by computer, oscil-
lograph records were examined to identify recording
flaws and also departures from steady-state condi-
tions. In a few cases data runs had to be cut short
to avoid rapid changes in wind speed, direction or

air temperature. As a further check, the eddy fluxes
and the horizontal and vertical turbulent energy
were averaged over 12.8 s intervals throughout each
data run and plotted as time series, which were
examined for anomalous variability.

d. Platform motion effects

During service trips on relatively calm days, the
only observable motion of the platform was yaw
rotation by a few degrees about the vertical axis
of the platform. Although there were no rotation
sensors, we expect that such motions would become
larger during storm conditions.
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Rotation 6 about a vertical yaw axis would cause
spurious horizontal crosswind fluctuations u,’ = U
sinf, while u,” = U(1 — cosf) is very small for
reasonable values of # = 10-15°. The effect on
measured fluxes should therefore be minimal. Pond
(1968) has shown that pitching of an anemometer
support by a few degrees also causes negligible flux
errors. However, if pitch and yaw motions of the
platform are coupled, then much larger flux errors
can result. Our data analysis procedure corrects
u,u; for mean tilt of the tower about the x, axis and
for cross-coupling of the x, and x; anemometer axes.
Since no such corrections are applied to u,us, the
values obtained are less reliable. Since we assume
constant flux with height in the surface layer, we
expect u,uz; to be much less than —u,u;, i.e., the
stress is expected to be in the direction of the
mean wind. :

The mooring cables (upper and lower) were
tightened uniformly during the summer of 1977. This
made the yaw rotation period ~10 s, which is often
near the peak of the wave spectrum. Perfectly
balanced cable tensions would eliminate yaw
moments associated with wave loads on the struc-
ture, and pitching moments associated with reac-
tions to yaw motions. During the first 22 runs tabu-
lated for the fall 1977 season (1-27 November) no
cases with large u,u; [Eq. (13)] were encountered.
During the aftermath of a storm on 27 November
with the largest waves encountered up to that date,
five runs with high values of u,u; were recorded,
and only two runs with smaller values.

Similarly, during the period 7-12 October 1976
before tightening of the upper cables had been com-
pleted, three out of five thrust anemometer runs
gave high values of u,u;. The upper mooring cable
tensions were adjusted on 14 October 1976, but time,
weather and resources did not permit further adjust-
ments during that storm season. A smaller propor-
tion, 13 out of 60, of the runs taken during the fall and
winter after 14 October 1976 had high values of u,u;.

While a high value of u,u; does not in itself mean
that the other flux values are also contaminated by
platform motion, it does indicate that (i) the plat-

_ form is relatively lively, (i) the anemometer is not
resolving velocity components properly, or (iii) the
stress is not in the wind direction. Many of the runs
with high values of u,u; had low values of C,, (11
values of C;y < 0.65 x 1072 compared to only one
such value in the data tabulated here). Runs with
high u,u3 [Eq. (13)] are deleted in this paper although
this is not advocated as a general method for wind
stress data selection.

Horizontal motion of the platform with the waves
may introduce errors u;’ in the downwind velocity
fluctuations which appear as a wave-frequency peak
in the downwind velocity spectrum. Vertical motion
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is restrained to trivial values by the heavy central
anchor cable, but vertical velocity errors due to
pitching motions may correlate with u,’ to produce
errors in the measured stress u,u; which result in
peaks or troughs at frequencies near the peak of
the wave spectrum in the stress cospectrum when
plotted in the form f ¢,5(f) vs logf. Such peaks or
troughs in the cospectrum, identifiable in about one-
third of the present data set, have not been observed
to the same extent in measurements over smaller
waves (e.g., Smith, 1974b) nor at a fixed tower on a
beach (Smith and Banke, 1975). Since the height of
the present measurements is a smaller fraction of
wavelength and wave height, a comparison with
other data does not necessarily rule out the pos-
sibility of part of such peaks being real. Adjusting
the cospectrum f ¢,5( f) to cut off peaks and troughs
at the wave frequency changes u,u3 usually by only
a small amount and very rarely more than 15%, and
does not materially reduce the scatter in the drag
coefficient. Because of irregularities normally
present in the cospectrum, it was difficult to decide
exactly how much of a peak or trough should be re-
moved. The tabulated flux values have not been
adjusted to remove cospectral peaks or troughs.

The temperature fluctuation measurement is
almost unaffected by platform motions. Small wave-
frequency peaks in the heat flux cospectra occurred
in a few cases, but they were not large enough to af-
fect the fluxes by more than a few percent.

3. The drag coefficient of the sea surface
a. Variation with wind speed

In addition to the 38 drag coefficients from Table 1
(long fetch) in near-neutral stability (for which —0.1
=< z/L < 0.05), Fig. 6a shows 25 points, covering
a lower wind speed range, from similar experiments
with Mké thrust anemometers at the same site in
1968—69 (Smith, 1970, 1973). The distribution of the
data with wind speed resembles the January surface
stress distribution (Fig. 1). In the earlier experi-
ments, temperature fluctuations were not measured
and stability was estimated indirectly. A regression
line of C,, on U,, (Fig. 6a) is

103Cy = 0.61 + 0.063U (14)

for wind speeds from 6 to 22 m s~*. A Student’s 7
test indicates that the increase in drag coefficient
with wind speed is statistically significant well above
the 99.9% level. The present result [Eq. (14)] is only
4% lower than that obtained from an earlier com-
pilation of the author’s data [Smith and Banke,
1975, Eq. (1)], much of which was taken at limited
fetch or at a beach site. At a wind speed of 15 m s™!
the present result is 11% lower than the composite
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TaBLE 1. Thrust anemometer data at long fetch.
Wind Turbulence level Drag rms
Start Wind speed coef-  wave Heat
Run time direction Uy T o2 a3 ficient height T, - T, flux Stability
No. (GMT) Date (deg T) (ms™?) U U U 10°C, (m) 0 Wm™% 103C, z/L
Year 1976
6 1930 14 Oct 187 11.6 0.082 0.065 0.042 1.05 0.46 -2.6 — — 0.072*
10 0818 21 Oct 118 i8.1 0.109 0.077 0.046 1.39 0.72 -2.5 -37 0.50 0.018
11 1231 21 Oct 154 19.4 0.114 0.106 0.050 *1.59 0.81 -2.4 -33 0.54 0.010
15 1511 21 Oct 175 19.8 0.110 0.092 0.061 2.52 0.90 -5.5 — — 0.018*
16 1619 21 Oct 201 21.9 0.122 0.107 0.058 2.05 1.11 -4.6 — — ‘0.017#
24 1210 2 Dec 146 8.5 0.120 0.156 0.039 0.97 0.38 0.7 15 —_ -0.123
25 1343 2 Dec 158 9.5 0.089 0.075 0.038 1.21 0.35 0.0 11 — -0.044
26 1713 2 Dec 125+ 113 0.095 0.070 0.040 0.86 0.45 0.9 15 — —0.061
32 1708 7 Dec 160 12.3 0.089 0.067 0.044 1.21 0.42 0.3 3 — —0.005
33 1804 7 Dec 152 13.6 0.091 0.069 0.043 1.16 0.44 -1.0 -1 —_ 0.002
34 1937 7 Dec 156 15.0 0.091 0.075 0.050 1.32 0.55 -0.8 ~24 — 0.020
35 0000 8 Dec 166 17.2 0.095 0.078 0.055 1.82 0.81 -4.4 -82 0.85 0.030
36 0300 8 Dec 172 17.6 0.096 0.081 0.057 1.82 0.94 -4.8 -93 0.88 0.032
- 1
Year 1977
38 0058 14 Feb 096 16.4 0.098 0.080 0.053 1.15 0.28 — — —  '-0.070%
39 0209 14 Feb 094 17.0 0.112 0.080 0.056 1.48 0.78 - — — — -0.017*
45 2048 14 Mar 086 14.1 0.090 0.078 0.054 1.43 0.58 -0.2 -2 — 0.003
46 0221 15 Mar 085 15.5 0.089 0.088 0.05S 1.50 0.60 -0.1 -9 — 0.006
47 0326 15 Mar 084 14.9 0.090 0.075 0.053 1.40 0.62 -0.5 -6 — 0.005
48 1210 15 Mar 080 15.6 0.099 0.086 0.057 1.43 0.86 -0.4 -3 — 0.002
49 1537 15 Mar 076 15.6 0.101 0.090 0.056 1.66 0.93 -0.2 -3 —_ . 0.002
51 1906 15 Mar 071 16.2 0.102 0.093 0.057 1.43 0.95 -0.2 -5 — 0.004
57 1720 23 Mar 076 16.7 0.130 0.090 0.053 1.88 0.83 0.0 — — —0.005*
58 1846 23 Mar 085 16.0 0.102 0.093 0.059 1.68 0.92 -0.5 - — 0.000*
59 1939 23 Mar 083 14.2 0.099 0.088 0.052 1.71 0.90 ~0.6 — — 0.000*
.~ 60 0005 24 Mar = 074 10.0 0.084 0.095 0.063° 1.32 0.87 -1.1 — —_ 0.007*
61 0045 24 Mar 073 10.8  .0.088 0.089 0.066 1.04 0.89 -1.0 — — 0.007*
64 1745 31 Mar 163 10.2 0.067 0.047 0.049 0.41 0.28 -3.0 — — 0.398*
65 1847 31 Mar 168 10.9 0.074 0.054 0.051 0.95 0.32 -3.1 — — 0.121*
89 1908 11 Nov 181 11.5 0.079 0.067 0.046  0.94 0.58 ~-3.8 —47 0.88 0.162
90 2011 .11 Nov 204 11.4 0.104 0.110 0.047 0.97 0.62 -2.6 -32 0.85 0.104
92 1509 16 Nov 199 9.2 0.084 0.065 0.044 0.97 0.34 — -6 — 0.033
93 1637 16 Nov - 206 9.1 0.080 0.060 0.043° 1.21 0.38 — ~-12 — 0.053
94 0537 18 Nov 169 14.2 0.084 0.070 0.050 1.18 0.71 — —68 — 0.082
95 0637 18 Nov 171 14.7 0.094 0.079 0.051 1.31 0.81 — ~56 — 0.052
103 1203 24 Nov 132 - 12,0 0.094 0.078 0.049 1.68 0.40 3.3 55 1.06 —0.067
104 1308 24 Nov 130 12.0 0.095 0.074 0.046 1.48 0.44 3.0 48 1.02  -0.071
105 1534 24 Nov 131 10.2 0.090 0.071 0.054 0.68 0.58 2.4 — — —0.336*
107 1234 26 Nov 074 18.5 0.121 0.087 0.059 2.10 1.15 2.4 68 1.22 -0.016
108 1338 26 Nov 080 18.9 0.108 0.078 0.055 1.50 1.12 2.6 45 0.72 -0.017
109 1439 26 Nov 079 16.6 0.140 0.083 0.056 1.12 1.15 2.4 — —_ —0.053*
110 1550 26 Nov 081 13.0 0.114 0.086 0.047 1.27 1.10 1.5 — — —0.054*
Year 1978
135 1152 9 Jan 139 13.6 0.084 0.062 0.051 1.42 0.81 -2.6 —48 1.05 0.052
136 1317 9 Jan 148 13.9 0.089 0.066 0.052 1.41 0.80 -3.5 ~-57 . 092 0.060
138 1650 9 Jan 148 16.4 0.097 0.069 0.053 1.72 1.02 —4.9 ~96 0.94 0.046
139 1816 9 Jan 151 16.7 0.084 0.063 0.051 1.22 1.43 -5.0 -77 0.74 0.059
140 2014 9 Jan 151 17.0 0.091 0.069 0.054 1.39 1.08 -5.7 -101 0.83 0.061
141 2337 9 Jan 146 19.0 0.105 0.076 0.056 1.61 1.35 -6.6 -122 0.78 0.042
143 0138 10 Jan 150 22.0 0.112 0.094 0.062 1.79 1.62 -7.4 —-170 0.85 0.032
161 1606 14 Jan 152 13.0 0.081 0.060 0.051 1.32 0.72 -4.7 =77 0.96 0.106
162 1726 14 Jan 156 12.1 0.096 0.073 0.052 1.22 0.72 -4.7 —66 0.89 0.130
163 1827 14 Jan 152 12.6 0.075 0.062 0.050 1.17 0.69 -5.0 -75 0.95 0.140
164 1942 14 Jan 148 13.8 0.086 0.064 0.052 1.38 0.70 -5.8 —-81 0.78 0.087
166 0056 15 Jan 152 15.2 0.085 0.065 0.053 1.35 0.96 -6.6 —111 0.87 0.096
167 0153 15 Jan 153 15.4 0.091 0.067 0.054 1.42 1.10 -6.6 —-106 0.82 0.080
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TABLE 1. (Continued)
Wind Turbulence level Drag rms
Start Wind speed coef- wave Heat
Run  time direction Uso 22} o2 o3 ficient height T,-T, flux Stability
No. (GMT) Date (degT) (ms™) U U U 10°C,y  (m) (\() Wm™) 10°C, z/L
Year 1978

169 0351 15 Jan 153 15.5 0.091 0.072 0.055 1.35 1.32 -6.1 —108 0.90 0.086
170 0450 15 Jan 156 17.0 0.096 0.074 0.055 1.28 1.34 —-6.4 —-115 0.85 0.076
175 2022 18 Jan 155 16.3 0.104 0.087 0.055 1.19 1.17 -5.2 — — 0.078*
179 1409 26 Jan 167 14.6 0.093 0.065 0.054 0.98 0.55 —-5.6 - — — 0.144*
181 1834 26 Jan 182 14.6 0.082 0.063 0.052 1.33 0.90 -7.7 _ — 0.126*
182 2010 26 Jan 180 14.1 0.088 0.066 0.055 1.42 0.89 -7.9 — — 0.126*
190A 0946 7 Feb 075 19.4 0.105 0.093 0.058 2.20 1.19 2.4 87 1.39 -0.002
190B 1027 7 Feb 076 19.2 0.118 0.094 0.059 2.23 1.15 23 — — —0.014*
190C 1108 7 Feb 079 19.3 0.115 0.096 0.058 1.99 1.19 2.1 — — -0.015*
191 1224 7 Feb 075 19.5 0.120 0.096 0.058 2.15 1.35 1.7 - 59 1.32 -0.012

* Heat flux estimated by bulk method.

value of Garratt (1977) which is heavily influenced
by data at fetches around 10 km. The extensive pro-
file data of Kondo et al. (1972) at wind speeds from
7 to 20 m s~1, although not included in the review,
would give aresult nearly identical to that of Garratt,
again containing data at limited fetch.

In a direct comparison with only the beach site
data of Smith and Banke (1975), who found 103C,,
= 0.61 + 0.075U,,, aregression on only the 38 near-
neutral points from Table 1 (second line in Table 3,
Fig. 6a) gives a 14% lower drag coefficient at 15 m
s~1. The wind speed ranges are similar. The rate of
increase of the drag coefficient is 30% larger in this

-case than in Eq. (14).

The mean drag coefficient is lower and the wind
speed dependence is the same as Eq. (14) if all runs
from Tables 1 and 2 are included (Fig. 6b) and the last
line in Table 3. Increased scatter and a lower cor-
relation coefficient occur in these less uniformly
selected conditions.

The drag coefficients during periods of alongshore
winds are frequently much lower than during off-
shore or onshore winds, a result which was not antic-
ipated. If the shoreline contains numerous sources
of oil, and if surface drift is mainly with the wind,
then slicks may occur more frequently at the stable
platform site during periods of alongshore winds and
would reduce the surface roughness by damping
the shorter waves. No observation of slicks was
attempted.

If a is set to 0.01 then the Charnock relation
[Eq. (11)] agrees very closely with Eq. (14) at wind
speeds from 8 to 13 m s, coincides with the second
linein Table3atC,y = 1.5 X 1073, U, = 15 m s},
fits the data almost as well as a regression line, and
requires only one instead of two free parameters.

Some details appear consistently, however, which

are not predicted by the Charnock relation. The
variation of the drag coefficient with wind speed
appears to be faster than predicted if the data at
lower wind speeds are not included (second line in
Table 2). Geostrophic departure analysis of data
from hurricanes supports a continuing linear in-
crease in the drag coefficient to extremely high wind
-speeds, while Eq. (11) would give a slower increase
at these speeds. Large (1979) agrees closely with
Eq. (14) at wind speeds from 10 to 26 m s™!, but is
able to distinguish a region of nearly constant C,
at wind speeds from 4 to 10 m s™! (Table 3), a range
where Kondo (1975) found capillary wave heights
indicate transition from a rough to smooth surface.
If the summary of Garratt (1977, Fig. 3) is viewed
separately at wind speeds above 10 m s~ and below
10 m s™!, the same conclusion may be drawn, i.e.,
that the drag coefficient appears to be nearly con-
stant at wind speeds below 10 m s~! (see, also,
Smith, 1967, 1974b) and to vary more rapidly, like the
second line in Table 3, at the higher wind speeds.

b. Variation with sea state

A linear regression of C;, on rms wave height for
cases of onshore winds and near-neutral stability
(Table 4, Fig. 7) shows an increase with wave height
but a lower correlation coefficient (0.58) than did the
regression of the same drag coefficients on wind
speed (Table 3). The rms wave height is not as good
an indicator of the drag coefficient as wind speed,
and the wave measurements do not quite reach high
enough frequencies to compute a high-frequency
wave height 4, as did Kondo ez al. (1973). The drag
coefficients at limited fetch are not significantly cor-
related with wave height (Table 4), although this
negative result may be partly due to combining a



TABLE 2. Thrust anemometer data at limited fetch. The letter A indicates an alongshore wind.

Heat
) Wind  Wind Turbulence level  Drag  rms flux
Start direc-  speed coef- wave Heat coef-
Run time tion U oy o2 o3 ficient height flux ficient  Stability
No. (GMT) Date {deg T) (ms™) U U U 10°C, 7 (m) (Wm™®» 103Cr z/L
Year 1976
1 1752 7 Oct 250 82 0.076 0.063 0.039 0.80 _ 6 _ -0.077
2 1158 10 Oct 234 16.5 - 0.106 0.071 0.048 1.71 — 6 —_ —0.003
7 1150 15 Oct 269 15.0 0.109 0.107 0.048 _ 1.59 0.68 40 0.83 -0.028
8 1736 150ct 265 13.4  0.119 0.112 0.049 1.60 0.66 -13 —_ 0.013
17 1931 21 Oct 232 13.5 0.099 0.076 0.051 0.64 1.07 ~22 0.42 0.079
20 1348 12 Nov 283 11.1  0.120 0.118 0.051 1.59 0.49 135 1.09 -0.240
22 - 1344 19 Nov 313 15.8 0.108 0.084 0.054 2.14 0.30 72 —_ -0.029
o Year 1977
37 1345 10 Feb 227 8.0 0.079 0.060 0.053 1.15 - 0.28 -9 — 0.067
41 1255 10 Mar 231 12.4  0.079 0.060 0.047 0.95 0.55 -37 1.04 0.098
42 1410 10 Mar 230 13.8 0.076 0.062 0.048 0.73 0.60 -37 0.81 0.104
43 1707 10 Mar 229 14.0  0.081 0.063 0.050 0.91 0.64 ~42 0.80 0.082
44 2008 10 Mar 234 11.4  0.077 0.061 0.047 0.81 0.64 -30 0.82 0.132
52 0043 16 Mar 068 14.6 0.107 0.098 0.057 1.08 0.97 -23 — 0.031
53 0146 16 Mar 068 13.9 0.103 0.097 0.061 0.88 0.96 -13 — 0.026
62 0137 24 Mar 068 10.5  0.114 0.095 0.064 1.03 0.91 — — 0.006*
63 1416 24 Mar 018 7.8 0.100 0.091 0.080 0.97 0.83 — — -0.030*
67 0451 4 Apr 293 19.6 0.139 0.113 0.062 1.05 0.73 — — 0.013*
70 1204 4 Apr 304 144 0.135 0.150 0.057 1.75 0.68 — —_ -0.018*
78 1144 6 Apr 223 10.2 0.079 0.078 0.049 1.17 0.74 —_ —_ 0.045*
79 1243 6 Apr 223 11.4  0.085 0.070 0.048 0.9 0.80 —_ — 0.066*
80 1546 6 Apr 222 12.2  0.078 0.070 0.047 0.81 0.70 — —_ 0.066*
83 0355 7 Apr 217 9.9 0.089 0.076 0.046 0.85 0.52 — — 0.005*
84 1546 1 Nov 246 6.5 0.085 0.057 0.036 0.69 0.17 1.1 7 0.85 -0.225
8 1311 7 Nov 010 10.5 0.098 0.104 0.055 1.41 0.24 3.8 54 1.03 -0.126
87 1958 7 Nov 025 9.5 0.109 0.116 0.050 1.95 0.29 3.2 56 1.48 -0.115
97 1207 18 Nov 235 13.9  0.094 0.079 0.046 1.43 0.92 — -1 — 0.001
98 1340 18 Nov 230 11.8 0.100 0.069 0.047 1.43 0.84 _ 7 — —0.011
100 1706 22 Nov 298 6.1 0.092 0.068 0.059 0.95 0.40 -0.8 -7 — 0.168
101 1758 22 Nov 320 10.1 0.105 0.082 0.050 1.27 0.38 0.9 17 — —0.062
102 1850 22 Nov 308 9.4 0.103 0.086 0:.047 1.26 0.36 1.4 14 0.82 —0.055
112 1110 27 Nov 247 186 0.118 0.093 0.055 1.65 1.09 2.6 59 0.95 —0.021
113 1207 27 Nov 246 194  0.126 0.101 0.056 1.79 1.19 3.5 94 1.12 -0.026
115 1403 27 Nov 247 190 0.113 0.095 0.058 1.88 1.26 5.2 164 1.30 —0.044
116 1459 27 Nov 246 19.8 0.107 0.089 0.056 1.54 1.32 54 168 1.24 -0.054
117 1604 27 Nov 251 200 0.118 0.088 0.055 1.76 1.31 5.5 163 1.17 —0.041
119 1800 27 Nov 259 18.7 0.106 0.097 0.053 1.66 1.24 7.0 175 1.05 -0.059
120 1854 27 Nov 268 17.6 0.108 0.094 0.053 1.47 1.14 7.0 152 0.95 -0.074
121 2003 27 Nov 268 i7.1 0.114 0.108 0.054 1.98 1.13 7.4 207 1.25 —0.069
124 -~ 2322 27 Nov 270 13.8 0.111 0.111 0.054 1.66 1.08 7.9 168 1.18 -0.139
126 0129 28 Nov 273 13.1 0.103 0.103 0.052 1.41 1.09 8.0 174 1.16 -0.213
Year 1978
133 1153 4 Jan 279 114 0.105 0.105 0.050 1.72 0.52 151 — -0.230
134 1531 4 Jan 281 9.0 0.106 0.136 0.052 0.96 0.40 113 — —0.850
145 0332 10 Jan A 212 159 0.112 0.096 0.063 1.44 1.66 -46 0.58 0.032
146 0442 10 Jan A 226 18.2 0.132 0.102 0.062 1.45 1.47 3 — -0.001
147 0921 10 Jan A 232 17.4  0.115 0.148 0.06Q 1.16 1.86 76 -0.055
148 1024 10]Jan A 232 174 0.109 0.111 0.057 1.24 1.68 82 — —-0.058
151 1334 10 Jan A 225 17.6  0.123 0.143 0.060 1.30 1.75 80 —-0.051
152 1511 10Jan A 231 158 0.114 0.128 0.059 1.27 1.80 89 — —0.082
153 1739 10 Jan A 228 179  0.119 0.120 0.055 1.12 1.59 74 —0.048
154 1832 10 Jan A 230 18.4 0.123 0.098 0.053 0.74 1.62 86 —_ —-0.111
160 1952 12 Jan 11 284 11.2  0.123 0.113 0.051 1.91 0.48 179 — -0.217
1727 1622 15 Jan 70 251 10.8 0.103 0.093 0.054 1.20 1.42 51 — -0.156
184 1520 27 Jan A 219 13.6 0.110 0.097 0.050 0.78 1.10 — —_— 0.062*
185 1718 27 Jan A 228 16.1  0.108 0.085 0.051 0.80 1.13 — — 0.025*
186 2014 27 Jan A 226 148 0.112 0.094 0.048 0.99 1.12 _— —_ —0.045*%
187 1152 1Feb . 11 336 9.4 0.076 0.082 0.046 1.01 0.23 —_ — Unstable

* Heat flux estimated by bulk method.
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range of fetches. The drag coefficients for along-
shore winds were 30% lower but almost as well cor-
related with wave height as those for onshore winds.
Krugermeyer et al. (1978) report that the dimen-
sionless profile slope, as measured from a mast on a
surface-following buoy, increases with wave height

about three times faster than the present drag coef- =

ficients (Table 4), depending somewhat on the range
of heights chosen for the profile. This casts some
doubt on certain earlier reports of variation of the
drag coefficient with wind speed based on wind pro-
files, but does not affect the interpretation of eddy
flux results.

c. Variation with stability

Because the data in the present experiment were
collected primarily during periods of high wind
speed the stability was small, lying in the range
—0.34 < z/L < 0.17 with only two exceptions: run
64 in Table 1 and run 134 in Table 2. Over this range
the profile equations [(6) and (8)] lead us to expect
drag coefficients varying from 11% higher to 14%
lower than in the neutral case, and this range of vari-
ation is comparable to the scatter in the present data.

STUART D. SMITH
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compared to simultaneous mean wind velocity U,; from Aerovane
anemometer. Thrust 6.4 (®) October~December 1976; thrust
6.3 (@) February 1977-January 1978; and thrust 8.1 (x) February
1978. The line U, = 0.975U,; represents calibration agreement
between Aerovane and thrust anemometers.

NEUTRAL, LONG FETCH

* 1976-78
o 1968-69
2.
. .
. gorn
S S
" ‘ * ¢
[t [ ¢
\ REGRESSION ALL POINTS X R 92N o CHARNOCK
e N 'Yy ./’0 .

—
" —— ‘ e
\ —0.___-.____ °

SMOOTH
FiG. 6. Drag coefficients plotted as a function
of wind speed. (a) Long fetch and neutral o X \ A 4
stability (—0.1 < z/L < 0.05) from Table 1 and 0 5 L 15 2
similarly selected points from Smith (1973). Also Upp (Ms™)
first two regression lines from Table 3, Charnock
line {Eq. (11)] and smooth line [Eq. (12)]. All
points from Tables 1 and 2, and third regres- f b
sion line from Table 3. 25} 2 Lot FeTen ¢
= ALONGSHORE
A
20} a a oA K
A i «®  2a
i a ® arT et .
3'.5 a * 'A * L] 4 A ¥
b s TP O S
Lo a ® "wE . -
/‘A = .\ " " [ -
A . -
ost
*
% 5 X s %




720

TABLE 3. Regression of drag coefficient on wind speed.
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TABLE 4. Regression of neutral drag coefficient on wave height.

Correla- Correla-
tion rms . tion
Wind Num- 103C,, coef- wave  Num- 10%C,, coef-
speed ber of regression ficient height ber of  regression ficient
Data selection (m s™') runs . equation r Data selection (m) runs equation r
Table 1, neutral, Table 1, :
long fetch! 6-22 63 0.61 + 0.063U,, 0.70 onshore wind 0.3-1.6 38 1.00 + 0.690 0.58
Table 1, neutral, - Table 2,
long fetch 9-22 38 0.27 + 0.082U,, 0.72 offshore wind 0.3-1.3 17 1.38 + 0.21¢ 0.24
All data, Tables 1 Table 2, )
and 2 6-22 120 0.44 + 0.063U,, 0.57 alongshore wind 0.6-1.9 15 0.84 + 0.24¢0 0.50
Smith and Banke Krugermeyeret al. ’
(1975) 6-21 33 0.61 + 0.075U,, 0.86 (1978) 0.1-0.4 1.04 + 1.57¢ 0.69
Garratt (1977) 3-21 791 0.75 + 0.067U,,
Miller (1964) 6-60 0.75 + 0.067U,,
Large (1979 4-10 616 1.14 o . .
Lnge E1979; 10-26 975  0.49 + 0.065U,, 0.74 stability, the low correlation coefficients of- the

! Includes selected data from Smith (1973).

The measured drag coefficients have been adjusted
to equivalent values at 15 m s~ wind speed using
the slope of the second regression line in Table 3, i.e.,

10°C}; = 103Cyo — 0.082(U,q — 15 m s™). (15)

Regression lines of C1§ on stability (Table 5 and
Fig. 8) have been fitted separately for stable and
unstable stratification, omitting the two outlying
cases mentioned above and also omitting runs from
Table 2 with alongshore winds, some of which ap-
pear to give anomalously low drag coefficients. Al-
though these seem to indicate good agreement with
the expected variation of the. drag coefficient with

regressions indicate that while the drag coefficient
varies with stability in the correct sense, quantita-
tive agreement is probably fortuitous.

d. Variation with fetch

We might expect to find higher drag coefficients
at short fetches with actively growing waves absorb-
ing momentum from the wind than at long fetch with
the waves more or less in equilibrium. The drag
coefficients at long fetch in the present study are
slightly lower than those in the literature (e.g., Gar-
ratt, 1977), the majority of which have been meas-
ured at limited fetch. The drag coefficients at limited
fetch from Table 2 have been adjusted to remove
wind speed dependence using Eq. (15), and the
stability dependence has similarly been removed
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FiG. 7. Drag coefficient plotted against wave height for long-fetch alongshore,
and limited fetch cases. Only runs from Tables 1 and 2 with near-neutral stability
—0.1 < z/L < 0.05, are included. Regression lines (Table 4) are shown for the

three cases.
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by adding 0.6 x 107® z/L (unstable) or 1072 z/L
(stable). The neutral, 15 m s™! drag coefficients
plotted against dimensionless fetch Xg/U,,*> do not
exhibit any very strong functional dependence.
Group means over ranges of multiples of 1-2, 2-5
and 5-10 have been plotted with standard errors,
showing ~20% higher average values at dimension-
less fetches of 500-1000 and 1000-2000 than at
longer fetches. This trend is not continued at the
lowest fetches, ~400. These are the highest wind
speed runs and if in Eq. (15) we used a less strong
wind speed dependence, then the drag coefficients
would increase slightly at low fetch. Near a major
harbor and two refineries, certain wind directions
may on occasion produce surface slicks which re-
duce the wind stress and contribute to the scatter
in Fig. 9. One particularly low drag coefficient
(run 67) has not been used in calculating the group
means. Hicks (1972) also concluded from experi-
ments in Bass Strait and Lake Michigan that the drag
coefficient does not vary noticeably with fetch.

e. Turbulence levels

The increase in the drag coefficient with wind
speed is, as expected from similarity theory, mainly
accounted for by a corresponding increase in tur-

bulence levels, o;/U = Z?I/Z/U . For the 38 runs in
near-neutral stability and at long fetch (Table 1) used
to derive the second line in Table 3, regression lines

are

D. SMITH 721

TABLE 5. Dependence of 15 m s™! drag coefficient on stability.

103C13 Correlation
Number regression coefficient
of runs equation r
Stable
/L = 0) 49 1.46 — 0.97z/L 0.20
Unstable .
(z/L < 0) 41 1.56 — 0.33z/L 0.08

Between wind speeds of 10 and 20 m s™* o,/U in-
creases by 31% and o3/U by 21%, according to Eqgs.
(16a) and (16c). This leaves only a small increase of
5% in the downwind-vertical turbulence correlation
coefficient ry3 = u (o,03)7 % to account for the 75%
increase in C,, over this wind speed range. Smith and
Banke (1975) observed that vertical turbulence levels
increased less rapidly than downwind levels, requir-
ing a small and not very well resolved increase in
rs with wind speed to account for part of the increase
in drag coefficient. The more rapid increase of down-
wind turbulence level with wind speed is explained
by the same (40 min) averaging time including longer
turbulence length scales at higher wind speeds. The
downwind spectrum contributes substantial fluctua-
tions at longer scales, while the vertical does not.

- The behavior of the crosswind turbulence level
[Eq. (16b)] is between that of the downwind and
vertical components. The yaw motion of the plat-
form may cause (16b) to be slightly on the high side.

SethuRaman (1979) shows a very similar depend-
ence of o, and o, on U, over the sea at wind speeds

0y/U = 0.061 +0.0027 Uy, r = 0.68, (16a) from 2 to 27 m s™*. His empirical formulas for o, and
/U = 0.057 + 0.0017 Uy, r = 0.55, (16b) 02 areexpressed in a different form, but agree within
) 15% with Eqs. (16a) and (16b) over the entire range.
o3/U = 0.038 + 0.0010 Uy, r =0.52. (16c) Turbulence levels and drag coefficients over land
® LONG FETCH
® LIMITED FETCH
A ALONGSHORE .
dd
)
[$)
'C,_> -
| -
[o] Y .+ 4 n i 1 A 1 1
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FiG. 8. Drag coefficients adjusted to 15 m s™! wind speed [Eq. (15)] plotted
against stability. Solid line shows expected dependence on stability from wind
profile formulas and dashed lines are regressions from Table 5. The heavy part of
the axis is the range —0.1 < z/L < 0.05 taken to be nearly neutral.



722

i

o°cs | I.
[ ]

JOURNAL OF PHYSICAL OCEANOGRAPHY

VOLUME 10

200 500 1000

20IOO
Xg/U2

5000 10000 20000

F1G6. 9. Drag coefficients from Table 2 adjusted to 15 m s™! wind speed and
neutral stability and plotted against dimensionless fetch. Group means are shown
with vertical lines giving +standard error.

surfaces tend to be higher and do not vary with
wind speed.

As has been doné with the drag coefficients, it is
possible to use Eq. (16) to express turbulence levels
adjusted to a wind speed of 15 m s™! and then to
examine their stability dependence (Fig. 10). Regres-
sion lines of the 15 m s turbulence levels on stabil-
ity for 62 runs from Table 1 are (omitting runs 64 and
105 which have large values of z/L and would other-
wise dominate the regression) as follows:

o5/U = 0.101 — 0.12 z/L, r = —0.62 (17a)
o¥5/U = 0.084 — 0.14 z/[L, r = —0.53 (17b)
o¥5/U = 0.052 + 0.01 z/L, r =0.14. (17¢c)

The horizontal turbulence levels are correlated
equally well with stability as with wind speed, and
are higher in unstable conditions as one might ex-
pect. The vertical turbulence levels, on the other
hand, do not appear to be significantly correlated
with stability. This is a curious result since it is the
vertical component of the turbulent kinetic energy
which gains or loses energy from the potential
energy associated with unstable or stable stratifica-
tion. Large (1979) observed independently a similar
variation with stability of horizontal turbulence levels
and a lack of such variation of vertical turbulence
levels. '

Spectra of the velocity fluctuations and the wind
stress cospectra were plotted in normalized form
Sd(Hlus? against a dimensionless frequency fz/U
for neutral, stable and unstable groups. These are
not reproduced here but were found to agree well
with those of Large (1979), who in turn found that

his spectra were similar to those of McBean (1971)
measured over a flat land surface with mown grass.

4. Heat flux

The heat fluxes observed in this experiment, in
which both wind speeds and sea-air temperature
differences were often large, extend to much larger
values than those previously available over the open
ocean (Fig. 11). Regression lines of tu; on (T,
— T U, are given in Table 6. Two points with posi-
tive tu; but negative (T, — 7,) (runs 1 and 2 in
Table 2) have been omitted in the second and third
lines in this table. The heat flux coefficient Cr
= tus/(T, — T,)U,, may be equated to the slopes of
the lines in Table 6. The intercept in the first line
in Table 6 is largely a result of forcing a straight line
fit to a slightly curved data set, while the intercepts
in the second and third lines are small compared to
the scatter of the data. For those runs in Tables 1
and 2 without direct heat flux measurements (the
thermistors broke occasionally) the first line in
Table 6 has been used to estimate fuz and hence the
stability.

The slope of the last line in Table 6 indicates 25%
less heat flux.than that reported by Smith and Banke
(1975) for similar measurements over the same range
of U,(T, — T,), with onshore winds passing over a
coastal surf zone, while the difference in wind stress
between the two sites was only 14%.

The results in Table 6 are in excellent agreement
with those of Large (1979), who obtained slopes of
0.75 x 1073 and 1.0 X 1072 for regressions of tu; on
(T, — T,)U,, in stable and unstable conditions,
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Regression lines from Table 6.

respectively, and then made adjustments which
raised Cy slightly. Friehe and Schmitt (1976, Fig. 2)
summarized available eddy correlation measure-
ments of heat flux over the sea covering the range of
the rectangle in Fig. 11, finding 103C; = 0.86 and
0.97 for stable and unstable conditions, respectively.
A larger spread between stable and unstable cases
in the present data is attributed to the wider range
of conditions covered. If the data summarized by
Friehe and Schmitt were combined with the present
data, the lines in Table 6 would be essentially un-
changed since the wide range of the new data would
weight it heavily in the regression calculation.
Francey and Garrett (1978) observed sensible heat

TABLE 6. Regression lines of heat flux on bulk parameters.

Correlation
Number 10%u; *CCms™) coefficient
of runs regression equation r
All 73 8.7 + 0.9%(T; — THU,, 0.99
Stable 39 —0.1 + 0.83(T, — T)HUy 0.98
Unstable 32 3.2 4+ 1.1KT; -~ THU 0.97
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cient Cpy.

exchanges exceeding 300 W m™2 in cold air out-
breaks over subtropical waters.

Heat flux coefficients for individual data runs are
listed in Tables 1 and 2 for cases in which |Ts - Ta]
> 1°C. We cannot select data in near-neutral condi-

tions in order to look for possible wind-speed depend-.

ence of the heat flux coefficient. Neutral heat flux
coefficients Cry and neutral 10 m wind speeds U, ox
have been calculated to remove stability dependence
from the data in Tables 1 and 2, using Paulson’s
(1970) integration of the flux-gradient relationships
(Dyer, 1974); see also Large (1979). A plot of Cy
against U,,y (Fig. 12) clearly shows that the heat
flux coefficient does not depend as strongly on wind
speed as the neutral drag coefficient Cpy calculated
in a similar way for the same group of data runs. The
scatter in the data is such that a much smaller
dependence of Cry on wind speed is not disproven.
(The cases of alongshore wind from Table 2, which
may have been included some anomalously low drag
coefficients, have not been included in Fig. 12.) This
agrees with Large (1979), but contrasts with results
of similar studies over shallow water (Smith and
Banke, 1975; Smith et al., 1976; Francey and Gar-
ratt, 1978, 1979).

Dyer (1974) gives the same stability dependence
for temperature and wind profiles on the stable side,
so that we might expect Crto follow arelation similar
to that given by the line in Fig. 8, while on the un-
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stable side the stability dependence of C; would be
~1.5 times as great as indicated by the line in Fig. 8.
For modeling purposes the use of two values for
103C; (stable, 0.83; unstable, 1.10) may be more
convenient than a pair of continuous functions of
stability. A plot of Cr against stability from Tables 1
and 2 (not reproduced here) shows that two constant
values of C fit the present data better than a smoothly
varying Cy. A plot of Cry (Fig. 13}, on the other hand,
seems to show a functional dependence (Cry in-
creases with z/L on the stable side) which should not
occur if the Dyer (1974) flux-gradient relations
derived over land are equally applicable over the
sea. The scatter makes it difficult to draw firm con-
clusions. Large (1979) also notices that discrete
values of C; give the best representation of his data.
In Fig. 13, Cyy appears to be lower in stable than in
unstable cases, although this could be corrected by
making the temperature profile depend more strongly
on stability (e.g., Deardorff, 1968).

5. Conclusions

Wind stress and heat flux in open-sea conditions
have been measured by eddy correlation methods
over ranges U, = 6-22ms™! and U,(T; — T,)
= —160-125°C m s~*, which are larger than those
previously available. As predicted by Charnock
(1955) the neutral sea surface drag coefficient meas-
ured for long fetch, at wind speeds up to 22 m s, is
clearly seen to increase with increasing wind speed.
The present result is slightly'lower than that given by
Smith and Banke (1975) or Garratt (1977). The ob-
served drag coefficients are less closely correlated
with wave height than with wind speed, and vary
with stability in general agreement with profile
formulas established over land.

The variability of the drag coefficient with wind

" speed affects not only the mean wind stress but also

the transient meteorological forcing of surface water
movements. For the same mean stress Egs. (11) or
(14) give ~30% higher transient forcing than a con-
stant drag coefficient. This is a large enough differ-
ence to be of marginal importance in models of ocean
movement which use observed wind velocities (e.g., -
Petrie and Smith, 1977), and may become significant
as more precise models are developed.

The heat flux coefficient does not depend strongly
on wind speed, but is larger in unstable (Cr = 1.10
x 1073) than in stable (C = 0.83 x 1073) conditions.

The above results are in agreement with those of
Large (1979) at the same site. While wind stresses at
even higher wind speeds are of great importance in
modeling certain events such as storm surges, the
present data cover a range which determines most
of the mean wind stress and heat flux in most
climates.
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