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ABSTRACT
The thrust anemometer is an instrument designed to measure the three components of
wind -velocity fluctuations in the atmospheric boundary layer over the sea surface, as required for the calculation of Rey nolds stress of the wind on the sea. The anemometer has
proved to be suitable for its intended purpose; first, wind - tunn el tests were carried out and
then spectra obtained from field measurements with thrust, cup, and hot-wire anemometers
were compared. Spectra and cospectra of wind -velocity fluctuations have been calculated
by analog analysis. The spectra of downwind and vertical-velocity fluctuations have been
plotted in normalized form, and an empirical formula is given for the low-frequency end of
the vertical spectrum. The correlation between the downwind and vertical-velocity fluctuations is - 0.5 at low frequencies and approaches zero at hi gher frequencies. The average
value of the drag coefficient of the sea surface for 32 runs was o.ooro ± 0.00027, and no
significant variation with wind speed was observed over the range 3 to r 3 m sec- 1 •
I. Introduction. Since 1961 the Institute of Oceanography at the University
of British Columbia has been conducting a study of air-sea interaction on
Spanish Banks, an easily accessible site (49 °17.1'N, 123°14.4'W) near the
University where the water depth is o to 4 m, depending on the tide, and the
fetch is 15 to 70 km for the measurements used in this study (see Pond et al.
1966: fig. 1). The obj ecti ves of this program are: (i) development of suitable
instrumentation, (ii) direct measurement of verti cal fluxes of momentum, heat,
and water vapor, (iii) study of the structure and spectra of wind-velocity
fluctuations over the waves, and (iv) study of the mechanisms of wave generation. Much of the initial work has of necessity been directed toward the development of sensors. One of these is a three-component thrust anemometer for

r. This work is described in more detail in a Doctor of Philosophy thesis at the University of British
Columbia (Smith 1966).
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measuring turbulent wind-velocity fluctuations and momentum Rux. This
instrument has been assessed by comparing its performance with that of cup
and hot-wire anemometers, since comparison of measurements of the same
quantity obtained simultaneously with different types of instruments seems
to be the best way to evaluate the performance of such instruments.
Enough measurements were obtained under different conditions to provide
a preliminary concept of the variations in turbulent stress and velocity spectra
with such parameters as mean wind speed and height above the water. Particular attention has been given to direct determinations of the drag coefficient
of the sea surface.
This paper describes and discusses the instruments and gives analytical
results derived from recordings of wind-velocity fluctuations observed in 1964,
1965, and 1966, using the three-component thrust anemometer described
below. Although the results reported here cannot be extrapolated for use in
the open ocean, they may be applicable in the study of other situations with
similar fetch.
2. Definitions, Assumptions, and Theoretical Predictions. For a more complete treatment of the following, reference may be made to Lumley and
Panofsky (1964) or Roll (1965).
THE SHEAR-FLOW MonEL. The subscripts r, 2, 3 are used to denote the
three orthogonal components of direction, and boldface type distinguishes a
vector. A capital letter denotes the total instantaneous value of a quantity
that varies in time, a bar denotes its mean, and a lower case letter denotes its
deviation from that mean.
It is assumed in this paper that the wind in the few meters immediately
above the sea satisfies the following simplifying assumptions: (i) the Row is
incompressible, (ii) the only body force is gravity (neglecting Coriolis force),
(iii) turbulent transports far exceed diffusive transports, (iv) the mean wind
direction is invariant with height (generally observed to be true at the experimental site) and is chosen as the , x, direction, (v) this two-dimensional mean
How is independent of time, D = U(x 3) only, where the x 3 direction is chosen
to be vertically upward, and (vi) the turbulent shear stress is independent
of X3.
TURBULENT SPECTRA. The spectral tensor, </)ii (/), in terms of the frequency,
f (cycles per unit time), is defined so that

Ui Uj

=

\qiij (f) df'

(1)

• 0

where the bar _denotes a time avera~e. The dimensions of </)ii(/) are velocity
~quared per unit of frequenc~ b~nd~1~th. If i = j, a tensor component, </)ii (f),
1s referred to as a spectrum; if z cf J, its real part is a cospectrum. All m easure-
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ments have been made in the form of time series at a fixed point, but these
may be related to spatial variations with Taylor's hypothesis (Hinze 1959: 40),
k=2nf/fJ.

In a shear flow, for low-level turbulence, assuming kx 3 )) 1, k is the downwind component of the radian vector wave number, k, as discussed by Lumley
(1965). Where kx3 is not )) I , no precise physical interpretation of k is intended and eq. (2) is a convenient linear transformation from a frequency to
a length- 1 parameter. The one-dimensional spectral function, <l>ti (k), satisfies
the relationship
C)

UtUj

k</>ii(k)

=

= ~

0

</>iJ(k) dk,

f<Pi1(f)

=

(3)

n<l>t1(n).

The last member of (4) indicates that a spectral function may be defined in
terms of any desired frequency or wave-number unit, n, since k, f, and n are
proportional to one another.
THE QUADRATURE SPECTRUM. Let the components of velocity fluctuations be resolved into frequency components, so that ut' (f, of, t) is that part
of ui that lies in the frequency range f - '/2of to f + '/2 of, where '/2df « J.
Where i -:/= j we henceforth denote the cospectrum with <l>ti(f):
t+r/dit

ffi [ut' (f, Of, t) u/ (f, Of, t)] = ~ <l>t1(/) df.
f-1 /20/

If a phase lag of n / 2 is applied to one of the velocity components by introducing
a time lag of 1/{4f}, then the quadrature spectrum, <l>t.1(!), is defined by
t+ 1/2 0/

ffi [u/ (j, Of, (t - I/{4f} )) u/ (f, of, t)] = ~

<l>t*J (f) df.

(5)

t- 1/2 0/

THE INERTIAL SUBRANGE. If there is a range of wave numbers that is
high enough for the turbulence to be isotropic but low enough for viscous
dissipation to be unimportant, then in this inertial subrange the Kolmogoroff
theory of locally isotropic turbulence predicts, by a dimensional argument, that

(6)
where s is the rate of energy dissipation per unit mass. This result has been
verified for the atmospheric boundary layer (Pond et al. 1963: fig. 3) and for
certain other turbulent flows; and it is seen that the universal Kolmogoroff
constant, K', has a measured value of 0.48 ± 0.055 (Pond et al. 1966: fig. 7).
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For isotropic turbulence (Hinze 1959: 167) in the inertial subrange where
the - 5/J power law holds,

<P22(k)

=

<l>33(k)

=

4/J <P11(k),

i * j.

<Pt1(k) = o,

TURBULENT FLUX OF MoMENTUM AND REYNOLDS STRESS. The average
downward transport of horizontal momentum is the Reynolds stress of the
wind on the sea surface,
Tr3 = - ea Ur U3,
where

ea

is the air density. The kinematic stress is
IH

- u, u 3

f <P, 3 (f) d (1nef),

- ~

h
fH

-

(7)

f <P, 3(f) o(1nef).

~

h

The first line of (7) assumes that there is a limited range of frequencies, fL
to fn (to be determined by observation), beyond which f<P,3(/) contributes
negligibly to the integral. The second line of (7) is equivalent to interpolating
with straight lines between spectral estimates on a graph of /<1> 13 (f) vs lnef.
(The area under this graph is integrable to give the mean velocity product.)
Wind stresses may be compared in terms of a dimensionless drag coefficient,

(8)
which is referred to the mean wind speed, D5 , at an arbitrarily chosen height
of 5 m above the mean water level. (A height of IO m is more commonly
chosen.)
In addition to Reynolds stress methods, two less direct methods may be
used to determine the wind stress.
THE LOGARITHMIC PROFILE METHOD. The profile of wind velocity vs
height is logarithmic over land for air of neutral stability (Lumley and Panofsky
1964: 103), and

where the von Karman constant K 0.40 . For our measurements, the rough ness height, zo (< x 3 . The frictional velocity, u* = (-u,u 3) 1 l2 , is given by

(9)
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THE DOWNWIND VELOCITY SPECTRUM METHOD. Assuming for any
height that the rate of production of turbulent energy is equal to its rate of
dissipation, e, we have
(1 o)
see Lumley and Panofsky ( 1964: 1 20) and Hess and Panofsky ( 1966 ). If, also,
the logarithmic profile law (9) is a valid approximation, at least over the range
of heights at which this dissipation occurs,

In the inertial subrange, substituting from (6 ),
( I I)

see Taylor (1955).
3. Experimental Equipment and Method of Analysis. All instruments were
supported by a primary mast 5 m high and 1o cm in diameter and by a secondary
mast 15 m away. The signals from the probes were carried by underwater
cables to a recording platform 40 m away. (See Pond et al. 1966: fig. 2.)
CuP ANEMOMETERS. Six Thornthwaite rotating cup anemometers (Wind
Profile Register, Model 106) were mounted on the primary mast on an assembly that could be cranked up and down to keep the lowest anemometer
one to two meters above the tide level. The anemometers were separated by
vertical spacings of 30, 50, 70, 90, and 11 o cm, starting from the bottom.
A seventh anemometer, on the other mast, could be raised and lowered by
remote control and was used to check the operation of the others. These cup
anemometers respond to frequencies up to 2Hz (cycles sec- 1 ). The data,
obtained as a series of pulses, were frequency multiplexed into one channel
of an Ampex CP-100 magnetic tape recorder; an additional record was obtained by photographing counters that displayed the number of pulses.
The cup-anemometer data were used for three purposes: (i) to determine
the mean wind speed, which was required in the analysis of hot-wire and
thrust-anemometer data, (ii) to make indirect estimates of the wind stress
from profiles of mean wind velocity, and (iii) to obtain spectra of the downwind-velocity fluctuations.
For spectral analysis, the average velocities over 4.69-sec intervals were
obtained with a Hewlett Packard Model 5262A counter and Model 562A
printer. Autocovariances at 25 lags, from 4.69 to 117 sec, and spectral estimates at 25 frequencies, from 0.0043 to 0.108 Hz, were computed on an
IBM 7040 computer. The program used, BMD 02T (Health Sciences Computing Facility, UCLA, 1964: 459-481), follows the method of Blackman
and Tukey (1958: 53). This program smooths the spectrum by hamming
(Blackman and Tukey 1958: 14,171). Since the first spectral estimate (at
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0.0043 Hz) may be seriously affected by hamming, which adds 0.23 times
the relatively large low-frequency energy of the zeroth estimate, the zeroth
and the first estimates have not been plotted.
HoT-WIRE ANEMOMETERS. This equipment was of the constant-current
type (Flow Corporation Models HWB2 and HWB3). The probes were
platinum wires about 7.5 µ in diameter and 0.5 mm in length. A single vertical
wire (U-wire) was used to sense downwind-velocity fluctuations. A pair of
wires, crossed but not quite touching (X-wire), was aligned in the Xr-x 3 plane
to produce signals from which both horizontal and vertical components of
velocity fluctuation could be calculated. These wires were mounted on probes
extending o.6 m from the cup anemometers' adjustable-height assembly, and
the probes were set at the height of one of the three lower cup anemometers,
from one to three meters above mean water level. The Flow Corporation
amplifier was replaced with a Honeywell Accudata V de amplifier, and the
data were recorded on FM channels of the tape recorder (Pond et al. I 963,
1966; Weiler and Burling, in press). The analog analysis of the hot-wire
anemometer data was very similar to that of the thrust-anemometer data
discussed in the following section.
THRUST ANEMOMETER. Doe ( I 963) reported the development of a thrust
anemometer for observing wind turbulence and stress over water. In its present
application, the instrument was relatively untried. It has the disadvantage of
lacking the high-frequency response of the hot-wire anemometer, but it
apparently responds to frequencies that are high enough for determining
Reynolds stress. I ts advantages consist of having a less fragile probe, which
is not subject to contamination and change of calibration by airborne dust,
oil droplets, or water droplets. Also, it is easier to install and operate and is
less prone to failure and unreliability than the hot-wire equipment, although
these disadvantages in the hot-wire equipment might be partially overcome
with further engineering.
Since the wind force on the thrust anemometer is proportional to the square
of the wind speed, extremely small forces are obtained at low speeds. Also, the
aerodynamic performance of the sphere may be expected to be unsatisfactory
below a certain wind speed. Records, when analyzed, appear to give inconsistent
results at wind speeds below 3 m sec-1 • It is believed that the performance of
the thrust anemometer is best at winds above 5 m sec-1 •
The highest wind speed for which this anemometer was calibrated, r 8 m
sec- 1 , was never encountered in the field. A storm with mean winds of r 3 m
sec- 1 placed a severe strain on the mast and other equipment, but there is in
principle no upper limit to thrust anemometer operation if suitable support
can be provided and if the spring suspension and amplifier gain are adjusted to
handle higher winds.
The instrument described here differs from Doe's original design in the
electronic system and in some mechanical details. Electric signals proportional
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to the three components of force on a spherical shell are related to the instantaneous wind velocity. Perforations in the shell greatly reduce the aerodynamic noise level of the instrument. By an internal linkage the wind force,
F, on the shell is resolved into three orthogonal components, F,, F 2 , F 3 •
Fig. I is a simplified diagram of the mechanism of one component. A threaded
brass rod (a) carries the movable core (b) of a Sanborn 7 DCDT-050 differential
transformer (c). At each end, the rod is clamped (d) to a flat spring (e) with a
thin, chemically-etched section. From each clamp (d) a tie wire of o. 17-mm

Figure r. Simplified spring and linkage mechanism for one component of the thrust anemometer.
(a) Core rod . (b) Transfo rmer core. (c) Sanborn 7DCDT-050 differential transformer.
(d) Spring clamp. (e) Flat spring. (f) Tie wire. (g) Aluminum circle. (h) Styrofoam
sphere. (i) Fixed frame. (j) Plastic mounting block for transformer. (k) Sliding subframe
for transformer. (I) Adjusti ng screw for position of subframe an d transformer.

diameter (f) proj ects along an axis of the sphere to a junction of two of the
three orthogonal aluminum circles (g) that support the styrofoam sphere (h).
The movable assembly, consisting of sphere, supporting circle, core rod, and
transformer core, is suspended by means of flat springs (e) from a fixed frame
(i). The differential transformer (c), clamped in a plastic block (j), is mounted
on a sliding subframe (k), with adjusting screws (1) for the positioning of the
transformer relative to its core. Three of the assemblies shown in Fig. 1 are
mounted orthogonally on a fixed framework placed on four stainless-steel
tubes (3 mm in diameter and 12 cm long). Four stubs proj ect from the opposite
side of the sphere for aerodynamic symmetry. In 1964 and I 96 5 the anemometer was mounted with its supporting tubes vertical (Pond et al. 1966 :
figs. 2, 3), but in 1966 the tubes were mounted in a horizontal position to
achieve better aerodynamic symmetry between the downwind and vertical
components.
The electronic system of the thrust anemometer has been described by Pond
et al. (1966: fig. 4). For the 1965 and 1966 measurements, the voltagecontrolled oscillators were replaced with three FM channels of a 14-channel

Journal of Marine Research

[ 2 5,3

Ampex CP-1 oo tape recorder. In 1966, a modified offset voltage circuit
reduced drift.
T ests of the thrust anemometer at constant wind speeds in the wind tunnel
of the D epartment of M echanical Engineering, University of British Columbia showed that the vector force on the anemometer was proportional in
'
magnitude
to the square of the wind speed and that it acted in the direction of
the wind,
( I 2)
For the sphere used in 1966, c = 0.0220 dyne cm- 2 sec 2 , with a standard
deviation of 0.00021 dyne cm- 2 sec 2 over the range of calibration, 3 to 1 8 m
sec' . Noise spectra from recordings with the thrust anemometer in the wind
tunnel showed appreciably lower spectral and cospectral levels (by factors of
1 o to 2000) than those from recordings in the field at comparable wind speeds
and frequencies.
Only the fluctuations, f;, of the force components on the anemometer
were recorded in the field; the mean signal levels, Ft, were approximately
balanced out by adjustable de offset voltages for each component. F or lowlevel turbulence there are simple relationships between the force components,
/i, and the velocity components, u; . (It was found that (u;,) 112 2 0.1 D and
that the other velocity-fluctuation components were even smaller.) Taking
i = 1 in ( 12), splitting it into mean and fluctuating parts, and assuming that
the / 1 component of the anemometer is aligned with the mean wind direction
and that the / 3 component is vertical,

F I +f I =c (U 2 + 2Uu I + u2I + u22 + u32 ) 1f 2 (U + u)
I )
'.::,'_c(D + u,) (U + u,),

'.::,'_c (U2 + 2 Uu,).
Subtracting the mean value, F, = cU2,

f 1 '.::,'_2cVu 1 •

(I

3)

Similarly,
/2'.::,'_C

/ 3 '.::,'_

(U +u 1 ) u2 '.::,'_c Uu 2 ,

c (U + u,)u 3 '.::,'_ cUu 3 •

For analog spectral analysis, runs of 32 minutes' duration were selected to
satisfy the assumption of stationary mean velocity. The playback of the tape
was through filters of half-octave bandwidth (Krohn-Hite Model 330-A)
followed by anal~g squarers an~ integrators (Pond et al. 1966 : fig. 4 b ). F e;
co:pectral analysis of two velocity components, two filters matched in phase
shift ':ere followed by an_ an~log multiplier and integrator. For quadrature
analysis, a 90 phase-lag c1rcu1t was inserted after one of the phase-matched
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filters and before the multiplier. Analysis was repeated at each of 23 frequencies
at half-octave intervals from 0.0039 to 8 Hz. For efficiency, the data tapes
were rerecorded at higher speed and for analysis the data were played back
at 64 times the original speed.
VERTICAL ROTATION OF COORDINATES.
In 1964 and 1965 the importance of accurate leveling of the anemometer had not been fully realized
and a correction was required for the effect of tilt on the cospectrum, /<!>1 3(/).
This correction may be calculated as follows: Let the unprimed coordinates
be those of the thrust anemometer tilted at an angle 0 and let the true coordinates be primed. The true horizontal and vertical forces on the sphere are

f,

f,'

=

H

= -

cos 0 + / 3 sin 0,

f,

sin 0 + / 3 cos 0.

The relationships between the force and velocity fluctuations, (13) and (15),
now apply to the primed coordinates, and the velocity-fluctuation products
to be resolved into spectra are

u/

2

u/
u,' u/

2

D2 ) ,
u; cos' 0+ J~ sin' 0- f,h sin 2 0) / (c 2 u,.),
2
2
1
[ /2 u;-J~) sin 20 +/1/J cos 20] / (2e D ) .

= (f~ cos 2 0 +J; sin 2 0 +/,/3 sin 20) / (4c 2
=
=

The correct or primed spectral estimates, in terms of the unprimed spectral
estimates calculated on the assumption that the anemometer was level, are

<l>,i' = <l>u cos 2 0 + ¼ <1> 33 sin 20 + '/2 <1>1 3 sin 2 0,
<!> 3/ = <!> 33 cos2 0 + 4 <Pu sin 2 0 - 2 <l>, 3 sin 2 0,

<I>,/

=

(1/4 <1>33 - <l>aj sin 2 0 + <!>1 3 cos 2 0.

The most difficult part of making a tilt correction is in the estimation of
the angle of tilt. One obvious method is to use a rotation that makes the average
vertical velocity equal to zero, but our recordings purposely included only the
fluctuations, hence this technique is not applicable.
At the lower frequencies analyzed, we will see that <l>"(f) )) <!>33 (/) and
so ( 1 8) shows that the anemometer tilt affects the cospectrum, <I>, 3 (f ), by
adding to it a fraction of <Pn (f); that <Pn (f) )) <!>13 (f), so that a small fraction of <Pu (f) has a relatively large effect on <!>1 3(/); and that the lo~frequency end of the cospectrum is particularly sensitive to anemometer tilt.
We will see also that, for eight runs with the anemometer leveled (0 = 0.0°),
the average correlation was
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over a frequency range from 0.003 9 H z to 0.0 156 H z . For each of the questionable ru ns, a vertical rotation angle, 0, was chosen to ma ke the average
value of Rr / (J) = - 0. 5 over this frequency range. A digital computer program was written to calculate 0 and to carry out rotations on the analog spectra
according to (16), ( 17), (18).
CON FIDE NCE I NTERVA LS. As the frequency, f , decreases th ere are fewer
cycles in a du ration T of record; thus the spectral estimates become less reliable.
Blackma n and Tukey (195 8 : 21-25) have shown that, if the data represent
a stationary G aussian process, the spectral estimate at each frequency approximately follows a chi-square distribution with 2 Tof degrees of freedom, where
of is the effecti ve bandwidth. F or our analysis, using a half-octave fil ter of
bandwidth of = '/,f, the number of degrees of freedom is equal to the n umber
of complete cycles in the record . From tables of the chi-square distribution,
confidence intervals may be fo und that relate the spectral estimates for 32minute data runs to long-term averages under stationary conditions. The
variance of the cospectral estimates is somewhat higher.
4. Results and Discussion. From a large quantity of recordings made under
more or less suitable conditions, 32 runs of 32-minute duration have been
selected for spectral analysis. The selection excluded runs in which (i) the
mean wind velocity was not approximately stationary with time, (ii) the mean
wind speed was too low, or (iii) the recording was discontinuous. F our ru ns
have been chosen fo r the illustration of specific points.
SPECTRA FROM THRUST AN D CuP-ANEMOMETER MEASUREME NTS. Pond
et al. ( 1966: figs. IO, 11) have shown close agreement in spectra of downwind-velocity fluctuati ons from a thrust anemometer and a cup anemometer.
A nother similar comparison is shown in Fig. 2 fo r the run of 2242-2 3 14 hrs
on 26/VI / 1965 3 • The thrust anemometer was 213 cm above the water and
the cup anemometers were 206 and 556 cm above the water. The digitally
analyzed cup-anemometer spectra, f <1>" (/ ), extend from 0.0086 to o. 1 Hz,
and the points plotted at each of the four highest frequencies represent averages
over five spectral estimates. N o significant variation w ith height was observed
in the downwind spectrum over this frequency range.
The thrust-anemometer spectrum, f <1>" (f), agrees reasonably well with
the cup-anemometer spectrum. This veri fies the lineariz ing ass umptions made
to relate fo rce fluctuations on the thrust anemometer to velocities since the
cup anemometers respond linearly to velocity. The calibration of 'the thrust
anemometer and the analog-analysis tech nique were also verified by this
independent measurement.
Also shown in Fig. 2 are the spectra /<1>22 (f) and f</> 33 (J) and the cospectum
f <l>,3 (f) from thrust-anemometer records. A vertical coordi nate rotation
0 = 1.93°, was applied. At low frequencies, f</> 33 (/) (( /<l>"(f) andf</> 22 ( / ) ;
3. Pacific Dayl ight Saving Ti me is used throughou t th is paper.

1967]

Smith : Th rust-anemometer Measurements

fcp(f)
2

+
-2

cm . sec.

0

+
0

•

2,000

0

0

•+
•

+
+
!>

•
0

•+ •

0

+

0

0

0

1,000

CUP I

'</>11

+

CUP 6

t<f,

THRUST

0

X

(f)

f <p II

(I)

X

tcf,22 (I}

A

f</>33 (f)

D

t<f,

"

t¢ 1•3 (f)

13 (f)

0
X

X

X

X

X
X

X

0

X

0

)(

X

X

X

6

X

6

6

6

D

C,

c,.

D

D

6

C,

c,.

6

81.
0

c,.

6

11,

0

6

c,.

2i
0

6

X

D

II

0

0

0

(f)

0

X
X

•
0

+

249

X

(!;

0

'v
'v

v' 'v
D
D

D

D

D

D

- 500

- .2

-I

0

log io f

F igu re 2. Thru st-anemometer and cu p-an emom et er spec tra for the run of 224 2- 2 3 14 hrs, 2 6/VI/
1965. At the th rus t anemometer,x3 = 213 cm, (J = 97 1 cm sec- 1 , 0 5 = 1062cm sec-1 ,
and CD = 0.00 127. Cup anemometers

I

and 6 were at h eights of 206 and 55 6 cm, re-

spectively.

J<Pn (/), but at the higher frequencies, J<Pu (f) and f<P 33 (f) appear to cross
J<Pn (f) . The quadrature spectrum /<Pr* 3 (f) is negligible in comparison with
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Figure 3. a) Thru st-anemometer and hot U-wire anemometer spec tra for the run of 1528-1600 hrs,
8/V/1966. x 3 = 42 2 cm, D = 702 cm sec- 1 , 0 5 = 707 cm sec- 1 , and CD = 0.00102.
b) The phase angle tan- 1 [<l>lu* (f) / <1\u (f)] •

SPECTRA FROM THRUST AN D HOT U - WIRE ANEMOMETER MEASUREMENTS .

F ig. 3 a shows close agreement between the downwind spectra /<l>u (f) and
f<l>u (f) from simultaneo us thrust recordings and hot U-wire recordings at a
wind speed of 702 cm sec- 1 (1528 -1 600 hrs, 8/V/ 1966). Both in strumen ts
were at a height of 422 cm above the water and the U -wire probe was 50 cm
directly upwind of the thrust anemometer. No falling off of the thrust-anemometer response was detected at frequencies up to 8 H z. A lso shown are a
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Figure 4. Thrust-anemometer (2049-2121 hrs) and hot X-wire anemometer spectra (2039-2122
hrs, 29/Vl/ 1965). For the thrust anemometer, x 3 = r 10 cm, V = 320 cm sec- 1 , V 5 =
370 cm sec- 1 , and CD = 0.00092.

cospectrum j<l\ u (f) and a quadrature spectrum j<l\ u* of the two measurements; Fig. 3b shows their phase shift tan- 1 (j<l\u!f<P,u*). The cospectrum
of the signals from the two instruments coincides with the spectrum of each
of the signals, indicating that both instruments reported identical velocity
fluctuations, at least up to a frequency of I Hz, and that the phase shift
between the signals from the two anemometers, measured up to a frequency
of 2 Hz, was consistent with that expected due to their separation in space
(solid line in Fig. 3 b ).
The thrust-anemometer spectra f<P 33 (f) and J<P1 3 (f) are also shown in
Fig. 3a. For this run the anemometer was accurately leveled and no vertical
rotation was required. These two spectra are similar in shape to those in
Fig. 2. For this run, U5 = 707 cm sec- 1 and Cn = 0.00102 .
CoMPARISON OF SPECTRA AND CosPECTRA FROM THRUST AND HoT X WIRE ANEMOMETER MEASUREMENTS. Fig. 4 shows spectra and cospectra
from the thrust anemometer (2049-2121 hrs) and X -wire anemometer
(Weiler and Burling, in press; run of 2039-2122 hrs, 29/VI / 1965); the
measurements overlapped in time. The mean wind speed of 320 cm sec'
at the height of the thrust anemometer (II o cm) is not far above the empirically determined low-speed limit for this instrument. A vertical rotation,
0 = 1.01 °, was applied to the thrust-anemometer spectra. The downwind
spectra agree well up to a frequency of 2 Hz, but by comparison the thrustanemometer response falls off above this frequency. The vertical spectra agree
well up to a frequency of 8 Hz, above which the thrust-anemometer response
falls off. The thrust-anemometer cospectrum has smaller values than the
X-wire cospectrum at frequencies above 0.5 Hz, accounting for the drag
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Figure 5. Spectra for the thru st-anemometer run of 22 38-2 310 hrs, 12/ V / 1966. Vertical bars
show the 800/0 confidence intervals relating / <Pu (j) for thi s 32-minute run to long-term
averages .

coefficient computed from X-wire anemometer recordings (0.00114), which
is 24°/0 higher than the drag coefficient from the thrust-anemometer measurements (0 .00092). There are two possible explanations : (i) the thrust-anemometer response may fall off at lower frequencies than would be expected, or
(ii) noise, such as that from air-temperature fluctuations, may influence the
hot-wire measurements more strongly than expected. Comparisons of the highfrequency response of the two instruments at higher wind speeds are needed.
T1ME VARIATION OF THE MEAN VELOCITY PRODUCTS. Fig. 5 shows the
spectra for the run of 2238-2310 hrs, 12/ V / 1966, with a height of x 3 = 245
cm and a mean wind speed of O = 91 7 cm sec-' . F or this run 0 = 0.0°,
Us = 976 cm sec-', and Cn = 0.00104 . The vertical bars indicate the extent
of the 80° / a-confidence interval for f<J>" (f), which arises from the analysis
of only a finite length of data run . There is a I o 0 / 0 chance that the long-term
average value lies below this range and a I o 0 / o cha nce that it lies above. Since
all runs analyzed were of equal 32-minute length, the confidence intervals
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for the other runs shown (and for J<P22 and f<P 33 ) are the same fractions of the
appropriate spectral estimates. The confidence intervals for the cospectra are
somewhat larger fractions of the cospectral estimates. The error in calibration
an~ analysis, no_t _included in these bars, amounts to about ± 1 o 0/ 0 of the spectral
estimates. Add1t1onal errors may arise
in correction for anemometer tilt and
2 -2
m sec.
in high-frequency response.
Fig. 6, constructed from analog-comr-..., .65
puter outputs, shows the variation in
u2
I
the mean velocity-fluctuation products,
<-,

<-,

..__,

u~, u;, and u1u 3 , during this 32minute run. The frequency range covered is from 0.0039 Hz to 4 Hz, and
the tilde indicates that each signal has
been averaged by a low-pass filter
having a time constant of approximately one minute, the effect of which
may be seen in an exponential drop at
the end of the run and in an exponential rise at the start. All three functions
show some recognizable similarities, but

has slightly greater relative variability in time. It may be seen that, for a
useful determination of the mean stress
on the sea surface, the value of these
'--.
u1u 3

data should be averaged over a
period of at least ten minutes.
THE NORMALIZED DOWNWIND SPEC-

0

.17

0

0

32
t (min.)

Figure 6. Variations with time, t, of the
<-, <-,

velocity products, ui2, u32, and
<-,
u 1 u3 , during the run shown in
Fig. 5. The tilde denotes averaging by a low-pass filter of oneminute time con stant.

Fig. 7 shows, in the normalized
form log10 [f<Pn (f) U-2J vs log10 (kx3),
the downwind spectra for the eleven
1966 runs of the thrust-anemometer
data analyzed. Each symbol represents a particular run. A few points had to
be omitted because of overlapping. Above a normalized frequency of kx 3 =
0.1 (log10 (kx 3) = - 1), the points are closely grouped, and for kx 3 .::: 2, they
approach a slope of - 2 iJ - the same slope that was predicted by the Kolmogoroff theory for the inertial subrange. This implies that the inertial
subrange may be approached at these frequencies. In Fig. 7 there is a broad
maximum near kx 3 = 0.05. Below this frequency the results are more scattered, indicating that some other parameter may be significant.
At various sites over land, Berman (1965) found that the neutral downwind
spectra were peaked at about kx 3 = 0.2- a normalized frequency four times
TRA.
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Figure 7. The normalized downwind spectra for eleven runs. The different symbols identify individual runs . The strai"ght line has a slope of - 2 /i.

higher than that of the maximum in Fig. 7. At low frequencies he found that
the spectra do not obey similarity and are better plotted against k instead of
kx 3 ; this is also true for the present study over the sea.
E lderkin ( I 966), working over sagebrush desert, also found neutral downwind spectra peaked near kx 3 = 0.2. His average normalized spectral level at
the peak, f<P"(f) 0- 2 = 5.5 x 10-3, was three times higher than the average
peak value of 1. 8 x 1 0-3 over the sea (Fig. 7 ). (He measured O at a height of
3 m above the ground.)
THE NORMALIZED VERTICAL SPECTRA. Fig. 8 shows log,o [f <P 33 (f) 0- 2 J
vs log10 (kx 3) for 11 runs, with each run identified by the same symbol as in
Fig. 7. These are peaked near kx 3 = 2 . They do not show straight-line or
power-law behavior at the high-frequency end, probably because they do not
quite extend to frequencies high enough to reach the inertial subrange. The
relationship </J 33 (f) = 4/ 3 </J" (f) for the inertial subrange is not expected to
apply at the frequencies analyzed (up to 8 Hz), since the hot X -wire data of
W eiler arid Burling (in press) have shown that <P 33 (f) < 4/ 3 <Pu (f) under the
same conditions. Many of the vertical spectra from thrust-anemometer data
cross above the downwind spectrum above a frequency of 2 to 4 Hz, but this
is attributed to noise and to errors in the high-frequency response. Unlike the
downwind spectra, the vertical spectra remain closely grouped at the lowfrequency end, and for kx3 So. I they are approximated by the straight line of
slope + 1 , given by
log10 [f </J33 (f) 0-zJ = log, o (kx3) + 2 . 7

(20)
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Figure 8. The normalized vertical spectra. The sym bo ls identify the same eleven runs as those in
Fig. 7 . The st raight line has a slope of I and is descri bed by eq . (20).

This result may be compared with the wind-tunnel measurements of
Comte-Bellot ( 1965), who used hot-wire anemometers. (We have translated
her results into our notation, changing the subscripts 2 to 3. ) F rom her fig. IV43 for R e = l 20,000 and x 3 / D = 0.040, the spectrum at low frequency
appears to approach the line

(21)
W e will see that, for the thrust-anemometer results, u* 2 ( U- 2 ) - u1 u 3 ( U5- 2 ) =
on the average, and Figs. 7 and 8 may be normalized against u* 2
simply by adding 3 to the logarithmic ordinates. The value for the constant
in (21) from the spectra in Fig. 8 is 1.8, which is not alarmingly different
from the wind-tunnel value of l .o, considering the very different scales in the
two experiments. The peaks of both curves lie near kx 3 = 2; but the windtunnel spectrum has a lower normalized spectral level (by a ratio of 0. 4 to l)
at the peak and drops off rapidly above the peak, indicating th e absence of an
inertial subrange in the wind tunnel. The constants in ( 20) and ( 2 l) may be
related to stability. Unfortunately, the apparatus intended for the reporting of
thermal stratification failed to operate reliably during the maj ority of the runs
reported here, therefore no conclusions can be drawn about the effect of
atmospheric stability.
For neutral vertical spectra derived from data taken over sagebrush desert,
0 .00 1 o
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Elderkin (1966) has reported a peak of /</> 33 (/)( D- 2 ) = 2.4 x 10-J near kx 3 = 3,
but in Fig. 8 the peak value is o.6 x 10- 3 near kx 3 = 2. The agreement in
frequency is much closer than that for the downwind spectra. The vertical
spectra at low frequency (kx 3 S o. 2) are approximated by the line </> 33 ( kx 3)
u* -z = 1 + This value of I .4 over desert compares reasonably well with the
values of I .o in Comte-Bellot's wind tunnel and 1 .8 over water from the
spectra in Fig. 8.
THE CoSPECTRA. All 32 measured cospectra, when plotted as f<l>, 3 (!)
(see Figs. 2 to 5), were relatively flat and did not show any sharp peaks in the
vicinity of the wave spectrum (0.25 Hz to 0.5 Hz). The I 5 quadrature spectra,
J<l>r. 3 (f), analyzed were generally small, contributing negligibly to the coherence,

Fig. 9 shows the correlation R, 3/, defin ed in eq. ( I 9), plotted vs log10 f
for eight runs with the thrust anemometer leveled at 0 = 0.0°. A few points
had to be omitted because of overlappin g. The symbols identify individual
runs, as in Figs. 7 and 8. The average over the five lowest frequencies,
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Indirect determinations of u. 2 by the loga rithmic-profile method, eq. (9), and the downwind velocity spectrum method, eq . (u), plotted against - u 1 u 3, eq. (7).

Rr 3 = - o. 5, was used in calculating tilt angles, 0, for the other runs

analyzed.
INDIRECT STRESS DETERMINATIONS. T en runs with relatively straight
profiles of Vvs lnex 3 were selected for computation of u* from (9). In Fig. 10
(crosses) the results are plotted as u*z vs -uru 3 from (7). The straight line
indicates the relationship that would be obtained if the direct and indirect
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methods were equi valent; the logarithmic-profile method clearly does not
give consistent results for our data. The profile method may be extended to
cover unstable and stable conditions (Roll 1965 : 140-152, Lumley and
Panofsky 1964 : 1 0 4 - 118), and corrections for stability might improve these
results somewhat.
Fig. 10 (circles) shows values of u* 2 from (11) for the above runs and for
the eight runs in Fig. 9. Clearly the downwind spectrum method is more
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F· thru st-anemomet er runs of 32-minute

durat ion . T he heavier poin t s identify the runs sh own in Fig. 9, wi th the anemo meter
leveled to

0-

o .o 0 •

consistent with the direct stress measurements. W eiler and Burling (in press),
at the same experimental site, fo und that the downwind-spectrum method
gave estimates of u* 2 that are 4 0°/o higher than the direct X-wire determinations of - u, u31 which are already higher than those from thrust-anemometer
measurements. The discrepancy lies in differences in spectral levels at the
higher frequencies analyzed, such as those in Fi g. 4 .
THE DRAG C oEFFICIE NT OF TH E SEA SuRFACE. The drag coefficients, Cn,
were determined with (7 ) and (8) fo r 32 thrust-anemometer runs of 32 minutes'
du ration at fetches of I 5 to 70 km . These are plotted vs V5 in Fig. 11 . The
eight runs in Fig. 9, with 0 = 0.0 ° , are di stinguished by heavier points. N o
significant variation with wind speed was observed, and the average value is
Cn = 0 .00 10, with a standard deviation of 0 . 000 2 7. The scatter in the
values is less at the higher wind speeds than at the lower w ind speeds.
Profile methods have been used by many workers to estimate the drag
coefficient, and average values of o.oo 1 I and 0.00 2 0 fo r w inds less, and
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greater, than 10 m sec- 1 , respectively, have been given by Roll (1965: 158).
A few recent direct determinations by various workers are compared in Fig. 1 2.
Weiler and Burling (in press) used a hot X-wire anemometer at the Spanish
Banks site. Their analog analysis was similar to that described here. Again no
variation in CD with wind speed was observed, but their average drag coefficient
for ten runs at wind speeds from I to 10 m sec- 1 was 0.0015, with a standard
deviation of 0.00042, which is 50°/o higher than the average for the thrust-
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Recent direct determinations by various workers of the drag coefficient of the sea surface.

anemometer runs. Applying the "t" test, we find t = 5.6, which shows that
there is less than a I O/ o chance of the difference in the mean drag coefficients
arising only from statistical scatter. Further investigation of what is apparently
a difference in instrumental response is indicated.
Hasse et al. ( 1966) have reported hot-wire measurements for I 3 runs of
5 minutes' duration over the Baltic Sea ; they obtained an average of CD =
0.0007, which again does not vary with wind speeds from 3 to 8 m sec-'.
Zubkovski and Volkov (in press), using a sonic anemometer, reported a drag
coefficient that varied linearly from 0.0008 at I m sec- 1 to o.oo 19 at Io m
sec-'; these results are in close agreement with those given by Sheppard (1963),
who used the logarithmic profile method. These European determinations of
CD are related to the mean wind at a I o-m height. Extrapolation of our profiles to 10 m would decrease our values of CD by only a few percent.
Certain properties of the turbulent Row may be studied in terms of the
ratios of the square roots of the mean velocity products. Zubkovski and Volkov
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reported values of the ratio (u ,z)* ( - u 1 u3)- ' f2, which decrease linearly with
increasing wind speed from 4.0 at 2 m sec' to 2 . 2 a: 9 m sec ~. The d~crease
in thi s ratio with increasing wind speed is accompanied by an increase 1~Cn.
For the eight thrust-anemometer runs shown in Fig. 7 ~he values of (u, 2 ) 1 !2 ,
(u32) 1f2, and ( - u1 u 3) 1/ 2 have been calculated by summat10n of the spectra as
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3. T he flu ctu at ion veloc iti es (u, 2 ) 1 / 2 , (u32 ) 1 iz, an d (- u1 u3) 1 / 2 be tween

JL = 0.0039 H z

and

f H = 4 H z by di rect ana log ana lys is of t h ru st-anemometer da ta, and by summation of the
spect ra, plotted aga inst

D'; for the eight ru ns shown in F ig. 9.

in (7) and by a direct analog method, taking fL = 0.003 9 H z and f H = 4 Hz
in each case. The two analyses, plotted against 0 5 in F ig. I 3, agree closely.
For these runs the average value of the ratio (u, 2 ) 1 / 2 ( - u 1 u 3)- 1 / 2 is 2.5, and
no significant variation with wind speed is observed. H ence the turbulence
level ( u 1 2 ) 1 i 2 U- 1 must be lower fo r our measurements than fo r the Zubkovski
and V olkov measurements. (A better indicator of turbulence level might be
(u 32 ) 1 ! 2 U- 1 , which has only small contributions from the lower frequencies
and should thus depend much less st ro ngly on the choice of f L- )
E lderkin ( I 966 ), who has reported a drag coefficient of Cn = 0.006 over
desert fo r neutral conditions (related to the mean wind speed at 3-m height),
found no variation with mean w ind speed. The drag coefficients of land
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surfaces are characteristically much higher than those of the sea, as demonstrated by this example, and are not expected to depend on wind speed, as are
those of fluid surfaces.
5. Conclusions. Thirty-two thrust-anemometer runs of 32 minutes' duration recorded at the Spanish Banks experimental site in 1964, 1965, and 1966
have been analyzed into velocity spectra and cospectra, using analog techniques.
A few representative runs have been discussed. Composite plots of the downwind- and vertical-velocity spectra showed that these were principally functions of frequency, mean wind speed, and height above the water. The data
suggest that there may be a universal constant for the vertical-velocity spectrum
at low frequencies.
The thrust anemometer is a suitable instrument for its intended purposethe direct determination of Reynolds stress, at heights from I to 5 m over
the sea and at wind speeds from 3 to I 3 m sec'. Its performance at frequencies
above 2 Hz requires further study. The average value of the drag coefficient
of the sea for these runs was CD = 0.0010 ± 0.00027, and it was observed
that this parameter did not vary with wind speed.
Two indirect methods were also used to calculate the wind stress. For our
data, the downwind-spectrum method gave more consistent results than did
the logarithmic-profile method .
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