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ABSTRACT

A large dataset of wind stress estimates, covering a wide range of wind speed and stability conditions, was
obtained during three cruises of the RRS Discovery in the Southern Ocean. These data were used by Yelland
and Taylor to determine the relationship between 10-m height, neutral stability values for the drag coefficient,
and the wind speed, and to devise a new formulation for the nondimensional dissipation function under diabatic
conditions. These results have been reevaluated allowing for the airflow distortion caused by the ship. The
acceleration and vertical displacement of the flow have been modeled in three dimensions using computational
fluid dynamics (CFD). The CFD modeling was tested, first by comparison with wind tunnel measurements on
models of two Canadian research ships and second, by analysis of data from four anemometers on the foremast
of the RRS Charles Darwin. Originally, the four anemometers gave drag coefficient values that differed by up
to 20% from one to another and were all unexpectedly high. The CFD results showed that the airflow had been
decelerated by 4%–14% and displaced vertically by about 1 m. These effects caused the original drag coefficient
results to be overestimated by up to 60%. After correcting for flow distortion effects, the results from the different
anemometers became consistent, which gave confidence in the quantitative CFD-derived corrections.

The CFD modeling showed that the anemometer position on the RRS Discovery was much less affected by
airflow distortion. For a given wind speed the CFD corrections reduced the drag coefficient by about 6%. The
resulting mean drag coefficient to wind speed relationship confirmed that suggested by Smith from a more
limited set of open ocean data.

The effects of flow distortion are sensitive to changes in the relative wind direction. It is shown that much
of the scatter in drag coefficient estimates may be due to variations in airflow distortion rather than to the effect
of changing sea states. The Discovery wind stress data is examined for evidence of a sea-state dependence: none
is found. It is concluded that a wave-age-dependent wind stress formulation is not applicable to open ocean
conditions.

1. Introduction

Yelland and Taylor (1996, hereafter YT96) presented
inertial dissipation wind stress measurements from the
Southern Ocean, obtained from the Royal Research Ship
Discovery. The exceptionally large dataset obtained
(2464 ten-minute wind stress samples), and the wide
range of conditions encountered, allowed them to de-
velop a new formulation for the nondimensional dis-
sipation function under diabatic conditions and to reev-
aluate the relationship between the 10-m neutral values
for the drag coefficient CD10n, and the wind speed U10n.
For 6 # U10n # 26 m s21, their predicted CD10n values
were about 5%–10% higher than the results of Smith
(1980), Large and Pond (1981, 1982), or Anderson
(1993). YT96 suggested that (following Smith et al.
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1992) it was possible that the eddy correlation results
of Smith (1980) might be low by a few percent and that
the inertial dissipation results of Large and Pond and
of Anderson might also have been low on average due
to the inclusion of non-neutral data in the calculation
of the mean relationship together with the assumption
of zero imbalance in the kinetic energy budget. How-
ever, YT96 also offered an alternative explanation: that
their own results might have been biased high due to
the airflow distortion around the ship. They noted that
preliminary results from computational fluid dynamics
(CFD) modeling of the airflow around Discovery had
shown that, even though the error induced in the mean
wind speed was small, the lifting of the air flow over
the bows of a ship was significant. Correcting for this
effect would reduce the measured drag coefficient and
bring the Discovery results closer to those of Smith
(1980).

Since the publication of YT96, our further CFD
modeling of the airflow around the Discovery and other
ships has emphasized the vital importance of allowing
for these effects when determining either the true wind
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or the wind stress (section 2). Although thorough val-
idation of the CFD package will require an extensive
program of shipboard measurements, we believe that
the results to date are significant and have important
consequences for all wind stress studies made from
ships or other sizeable platforms. Section 2 describes
the preliminary validation of the CFD results both by
comparison with wind tunnel measurements and by
showing that the CFD-derived corrections are able to
reconcile previously anomalous data. The effects of
flow distortion on the Discovery data are described in
section 3. The CFD corrections modify the conclusions
of YT96: the corrected Discovery data confirm the
mean CD10n to U10n relationship suggested by Smith
(1980).

The effect of the sea state on the wind stress has
long been a subject for both experimental and theo-
retical study. From dimensional arguments, Charnock
(1955) suggested that the roughness length z 0 and the
friction velocity u* could be related via a dimension-
less ‘‘constant’’ a. Smith (1988) showed that a value
of 0.011 for the constant was a good fit to the open
ocean data of Smith (1980). However, other researchers
have found different values for the constant depending
on the measurement location. For example, for shallow
water or coastal sites a constant of 0.018 has been
suggested (Wu 1980), and measurements made over
lakes have suggested higher values still (Geernaert
1990; Nordeng 1991). Donelan et al. (1993) summa-
rized the many attempts to relate the different estimates
of the Charnock constant to some measurable property
of the sea state, often via a ‘‘wave age’’ parameter.
This is usually defined as Cp /u* or Cp /U10n where Cp

is the phase speed of the dominant wave at the peak
of the wave spectrum. In summary, the majority of
researchers suggest that the roughness length, and
hence the wind stress, increases with decreasing wave
age; that is, that for a given wind speed the drag co-
efficient will be larger in the presence of ‘‘young’’ or
underdeveloped waves. Data from the HEXOS exper-
iment, carried out from a platform in 18 m of water
in the North Sea, resulted in a wave-age-dependent
stress formulation (Smith et al. 1992) similar to that
found by Donelan (1990) in an experiment on Lake
Ontario. For shallow water, young wave environments
these relationships predict an increase in the drag co-
efficient of up to 100% compared to long-fetch, deep
water conditions (Kent et al., 1997, manuscript sub-
mitted to J. Atmos. Oceanic Technol.). The Discovery
Southern Ocean data are examined for evidence to sup-
port such relationships for open ocean conditions (sec-
tion 4). No evidence is found. The effects of flow dis-
tortion on the data are shown to depend strongly on
the attitude of the ship to the wind direction. It is sug-
gested that such effects may well explain the apparent
variations of wind stress reported by previous authors,
which have been ascribed to the effects of varying sea
state.

2. Flow distortion and the use of CFD

a. Sensitivity of the CD10n determination to airflow
distortion

Determining CD10n involves measurement of both the
wind speed and the friction velocity u* since, by defi-
nition

2u*C 5 . (1)D10n 1 2U10n

To determine u* YT96 used, and describe in detail, the
inertial dissipation method, which can be written

2/3
5/3f S ( f ) 2p kzu2u 5 , (2)* [ ]K U (f )rel «

where Su( f ) is the spectral density of the wind speed
measured at frequency f and height z, Urel is the relative
wind speed at the anemometer site, and k and K are the
von Kármán and Kolmogorov constants, respectively.
This study uses the form of the nondimensional dissi-
pation function f « given in YT96, which included an
empirically derived estimate of the imbalance between
production and dissipation of turbulent kinetic energy.
Since the magnitude of likely errors in inertial dissi-
pation estimates was considered in detail by Yelland et
al. (1994, hereafter Y94), we shall here only discuss
those errors caused by airflow distortion. In Eq. (2) the
main variables to be determined by measurement are
Su( f ), Urel, and z. There is evidence that for the eddy
sizes within the inertial subrange (order 1 m or less),
the value of Su( f ) is not significantly changed by the
flow distortion. For example, comparison of data from
instruments mounted on a well-exposed boom and a less
well exposed mast demonstrated that the inertial dis-
sipation method was much less affected by airflow dis-
tortion compared to the eddy correlation method (Edson
et al. 1991). A similar conclusion was reached by Oost
et al. (1994). With regard to Urel the correct value to be
used in Eq. (2) is that which is actually measured by
the anemometer since that is the speed at which the
turbulence is advected past the sensor. Acceleration of
the flow due to flow distortion will be included in that
measurement and will not cause an error in determining
u*. Thus, it is mainly through the estimation of the
correct value for z that flow distortion might produce
errors in the wind stress or u*.

It is normally assumed that the measured value for
Su( f ) corresponds to turbulence at the height z of the
anemometer. However, within the timescale that the tur-
bulence can be considered frozen (of order seconds),
the airflow may have changed height significantly [sec-
tion 2d(2)]. Where the airflow has been raised due to
the presence of the ship, the greater rate of turbulent
intensity existing nearer the sea surface would be mea-
sured and associated with the instrument height. The
value of u* would therefore be overestimated. While
Tillman et al. (1994) allowed for this effect in analyzing
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spectra from the Martian atmosphere, it has otherwise
been ignored in studies of ocean surface wind stress.

Potentially the most serious flow-distortion-induced
error occurs in determining CD10n from Eq. (1), since it
is necessary to know the true wind velocity. This is
normally determined from the measured relative wind
Urel and the ship’s velocity. Any flow-distortion-induced
error in Urel will cause an error in the calculated CD10n

value, regardless of the method (eddy correlation or
inertial dissipation) used to obtain the friction velocity.
If the aim is to determine the relationship between CD10n

and U10n, then this error will have a double effect since
if U10n is biased high, CD10n will be biased low (and vice
versa).

The potential size of each of these errors is significant.
A 3% underestimate of the true wind speed will be
equivalent to an overestimate of CD10n (for a given wind
speed) varying from 7% to 8% for wind speeds in the
range 1–25 m s21. A similar drag coefficient error would
be caused by a 10% rise in the airflow height, that is,
a vertical displacement of 1–2 m for typical anemometer
heights of 10–20 m.

b. Previous estimates of wind speed errors

Previous authors have reported comparisons between
mast and bow boom mounted anemometers (Ching
1976; Kidwell and Seguin 1978) and between ship mea-
surements and meteorological buoys (Augstein et al.
1974; Godshall et al. 1976; Reynolds 1982; Weller et
al. 1983). It is difficult to obtain consistent results from
such comparisons. For example, the difficulty of ob-
taining reliable wind data from buoys was emphasized
by Weller et al. (1990), and Queffeulou (1991) even
suggests the need for ship-derived wind data to inter-
calibrate a buoy array. However, the comparisons do
indicate that typical magnitudes for the wind speed er-
rors for ship-mounted instruments are perhaps 65% for
winds within 6458 of the bow, and possibly much larger
for other relative wind directions.

Wind tunnel studies conducted on ship models pro-
vide estimates of wind speed errors at chosen anemom-
eter sites for a wide range of relative wind directions.
For example, for a research vessel, Romanov et al.
(1983) found wind speed errors of 25% at the end of
a bow boom, 23% on the foremast, and 11% on the
mainmast when the wind was on the bow. With the wind
on the beam the wind speed was overestimated; by over
110% for the foremast site and 15% on the mainmast.
For two warships, Blanc (1986, 1987) found that the
wind speed was overestimated, for bow winds, by about
10% at the mainmast anemometer positions. Wind tun-
nel studies for two Canadian research ships (Surry et
al. 1989; Thiebaux 1990) will be used below in eval-
uating our own results. These studies also indicated an
overestimation of the wind speed by about 5% for a
mainmast anemometer site.

Increased wind speeds at mainmast anemometer sites

have also been predicted by numerical modeling. Using
a potential flow model, Kahma and Lepparanta (1981)
predicted errors of about 15% for a small research ves-
sel, the R/V Aranda. Dupuis (1994, personal commu-
nication) has used a CFD model to predict a wind speed
increase of about 20% at the mainmast anemometer site
on the research ship Le Suroit. However, both these
studies were two-dimensional, implying an infinitely
wide ship, and the errors might have been overesti-
mated.

In summary, previous results from field experiments,
wind tunnel studies, and numerical modeling all suggest
typical wind speed errors of 5%–10%. This would imply
possible errors in the value of CD10n, for a given wind
speed, of 12%–25% and possibly more.

c. Use of CFD to determine the airflow distortion

1) THE COMPUTATIONAL FLUID DYNAMICS

PACKAGE

The numerical model used for the three-dimensional
computation of the airflow was a finite volume, com-
mercially available CFD package called ‘‘Vectis’’ (Ri-
cardo 1994). A commercially available finite element
preprocessor, ‘‘Femgen’’ (Femsys 1994), was used to
form the surface geometry of the ship from a digitized
set of ship’s plans. This ship model was enclosed in a
computational domain that simulated a large rectangular
‘‘wind tunnel’’ equivalent to 600 m long, 300 m wide,
and 150 m high (typical ship dimensions are less than
100 m in length and 20 m in width).

A variable density computational mesh was generated
inside the wind tunnel by the CFD package, allowing
the models to have fine resolution (minimum cell di-
mension ø 20 cm) in areas of interest while using a
much coarser resolution in regions well away from the
ship. The simulations included around 200 000 com-
putational cells and required about four weeks of pro-
cessor time on a dedicated Silicon Graphics Indigo2

R8000 machine with 288 Mb of memory before con-
verging on a steady solution. This has limited the num-
ber of CFD evaluations that have been performed, and
the present results only apply to a restricted range of
relative wind speeds and directions, as will be discussed
below.

During each simulation, the vertical profile of the
wind speed 100 m abeam of the ship, halfway along the
tunnel, was compared to the inlet wind profile to ensure
that the ship was not causing significant blockage of the
air flow through the tunnel. Streamlines from the tunnel
inlet were used to estimate the original height zf of the
flow reaching the anemometer site. This was used as
the value for z in Eq. (2). Velocity data were extracted
for the anemometer sites and compared to the velocity
at height zf in a region of free stream flow, well away
from the ship. Hence, for each anemometer site, the
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FIG. 1a. Distribution of relative wind directions for the data from
RRS Discovery (corresponding to relative wind speeds over 6 m s21)
as used by Yelland and Taylor (1996) and the subset of data (wind
within 6108 of the bow) used in this study.

FIG. 1b. Mean drag coefficient values (averaged as a function of
10-m neutral wind speed) for the RRS Discovery data used by Yelland
and Taylor (1996). The data have been separated according to relative
wind direction: the solid line indicates winds over the bow (6108);
the dashed line, winds from the port bow (3308–3508); and the dotted
line, winds from starboard (108–308). Error bars indicate standard
deviation of the mean.

mean wind speed error DU and the vertical displacement
of the flow Dz could be found.

2) RANGE OF RELATIVE WIND DIRECTION

Most published CD10n data has been obtained from
research ships while hove to, that is, with the ship sta-
tionary or moving very slowly through the water and
with the relative wind blowing from ahead of the ship.
For that reason, all of the ships were modeled in the
CFD simulations with the wind blowing directly over
the bow.

Observations suggest that changes in the relative
wind direction can significantly alter the results. YT96
used all data when the wind was within 30 degrees of
the bow (Fig. 1a). Figure 1b shows the CD10n results
after the data have been separated into three relative
wind direction classes: ‘‘port’’ and ‘‘starboard’’ for rel-
ative wind directions of more than 10 (and less than 30)
degrees to port or starboard of the bow, and ‘‘bow’’ for
relative wind directions within 10 degrees of the bow.
For a given U10N it can be seen that over most of the
wind speed range the drag coefficients obtained with
the wind on the starboard bow are overestimated by
about 5% compared to the bow-on values, and those
from the port bow are underestimated by about 10%.
This asymmetry is to be expected since the anemometer
was mounted on the starboard edge of the platform, as
far as possible from the foremast extension in the center
of the platform. The effect of relative wind direction on
the mean CD10n to U10n relationship derived from the
whole dataset was small, since the errors in the port bow
data were fortuitously cancelled out by those from the
starboard bow data. However, only data obtained when
the wind was within 6108 of the bow will be considered
further in this paper.

3) RANGE OF WIND SPEED

The YT96 results were similar to other studies in
showing a minimum in the drag coefficient relationship

at about 6 m s21. At lower wind speeds, observed CD10n

values show large scatter and, as free convection is ap-
proached, u* is no longer an appropriate scale for the
boundary layer parameters. It is also likely that, at some
critical wind speed below 6 m s21, the pattern of flow
around the ship may change (for example see Kidwell
and Seguin 1978). This paper will only consider data
for wind speeds of 6 m s21 and greater. For the open
ocean this represents almost all the data. For example,
YT96 obtained only 166 wind stress values at winds
below 6 m s21 compared to 2298 at higher wind speeds.
Of the latter, 1111 data corresponded to our criterion of
relative wind direction within 6108 of the bow.

d. Validation of the CFD results

1) COMPARISON WITH WIND TUNNEL STUDIES

In order to evaluate the accuracy of the DU estimates
from the CFD model, the air flow over the Canadian
research ships CSS Hudson and CSS Dawson were first
simulated, since these ships had previously been tested
in a boundary layer wind tunnel by Surry et al. (1989).
Both ships carried an anemometer on the mainmast and
an additional anemometer mounted in the bow.

To allow quantitative comparison with the wind tun-
nel results, the ships were modeled using a logarithmic
wind profile with a wind speed of 13 m s21 at a height
of 10 m. Table 1 summarizes the mean wind speed er-
rors, DU, as a percentage of the undisturbed wind speed,
for the mainmast and bow anemometer sites. Both the
CFD and wind tunnel results suggested accelerated flow
of about 6%–7% at the mainmast anemometer and de-
celerated flow by up to 3% at the bow anemometer. The



JULY 1998 1515Y E L L A N D E T A L .

TABLE 1. Vertical displacement of airflow and wind speed errors at anemometer sites from CFD model and wind tunnel tests. A negative
wind speed error implies that the airflow has been decelerated and that the wind speed from the anemometer would be an underestimate.

Ship

CFD model results

Mainmast
Dz (m)

Bow
Dz (m)

Mainmast
DU (%)

Bow
DU (%)

Wind tunnel results

Mainmast
DU (%)

Bow
DU (%)

CSS Dawson
CSS Hudson

1.1
2.4

0.4
1.1

15.5
16.0

20.2
23.3

17.0
16.0

21.0
21.0

FIG. 2. Wind speed errors at the bow (dashed lines) and mainmast
(solid lines) anemometer sites as measured in wind tunnel studies of
(a) the Dawson and (b) the Hudson (Thiebaux 1990). The CFD model
results are shown as a circle for the bow anemometer site and a
triangle for the main mast site (see also Table 1). Relative wind
directions within 6108 of the bow are indicated by the vertical lines.

largest difference between the wind tunnel and CFD
results was for the bow anemometer on Hudson. How-
ever, Fig. 2, which reproduces the wind speed errors
from the tables in Thiebaux (1990), suggests that the
wind tunnel results may have been in error by showing
a spuriously large variation in DU with wind direction
in the immediate vicinity of the bow. Apart from that
one data point, the wind tunnel results confirm that the
CFD wind speed corrections calculated for bow winds
are applicable to data obtained for relative wind direc-
tions within 6108 of the bow. Significantly different
corrections would be required to correct data obtained
for other relative wind directions.

The wind tunnel results did not include estimates for
the change in height of the airflow. However, obser-
vations suggest that the CFD predictions are of the cor-
rect order. Thus, Dobson et al. (1994, 1995) show CD10n

observations from the Hudson that, in the mean, are
about 10%–30% greater than the results of Anderson
(1993), obtained on the Dawson. Taken in isolation, the
CFD derived corrections for the wind speed would sug-
gest that the Hudson CD10n values should only be 5%–

15% greater than those from the Dawson. Allowing for
the change in height of the airflow increases the pre-
dicted overestimate for the Hudson to the range 8%–
22%, closer to that observed. If it is assumed that the
CFD-predicted DU values are correct (since they agree
with the wind tunnel measurements), then the inference
is that the CFD predicted Dz values are correct or slight-
ly underestimated.

2) REMOVAL OF BIASES FROM SIMULTANEOUS

WIND STRESS ESTIMATES

Yelland et al. reported data from four anemometers
mounted on the foremast of the research ship Charles
Darwin (Fig. 3). The foremast was situated well forward
in the bow of the ship and appeared to be well exposed
for winds from ahead. However, for a given U10n, the
calculated CD10n values were significantly larger than
those of YT96 and varied by 12%–20% from one an-
emometer to another. Because the observed friction ve-
locity values agreed to better than 3%, Y94 concluded
that the CD10n differences were caused by errors in es-
timating the wind speed [see Eq. (1)]. Differences in
the measured mean relative wind speed ranging up to
8% were ascribed to airflow distortion in the region of
the anemometer sites. These data therefore provide a
good test of the ability of the CFD package to predict,
and provide corrections for, the effects of flow distor-
tion.

Figure 4 shows results from the three-dimensional
CFD modeling of the airflow around the Charles Dar-
win. Data on a vertical plane that intersects the Solent
sonic anemometer position are shown. The ratio be-
tween the actual wind speed at any point and the frees-
tream wind speed (i.e., the wind speed at that point
undistorted by the presence of the ship) has been used
to indicate the magnitude of the wind speed errors on
the vertical plane. Ratios with a value greater than 1.0
indicate that the presence of the ship has accelerated the
airflow. The length and shading of the arrows indicate
the size of the wind speed ratio, and the direction of
the arrow indicates the direction of the airflow. The
results from each computational cell are shown by a
separate arrow: the greater mesh densities around
regions of interest are apparent.

The superstructure of the Charles Darwin forms an
abrupt blockage relatively close to the foremast. The
region of decelerated air in front of the superstructure
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FIG. 3. (a) The foremast platform of the RRS Charles Darwin (photographed from the port bridge wing). From left to right the
anemometers (and their heights) are a Solent sonic (15.1 m), a Young propeller–vane (15.6 m), a Young bivane (15.7 m), a Kaijo-
Denki sonic (position forward of the platform indicated by the arrow, 14.3 m), and a Young tri-axis (not used). (b) Plan view of
the platform (reproduced from Yelland et al. 1994).

extends forward to the foremast platform, causing large
wind speed errors at the anemometer sites. The Solent
sonic, propeller–vane, and bivane instruments, mounted
above the foremast platform, were in a region where the
wind speed had been decelerated by between 3% and
9% from the undisturbed value (Table 2). The Kaijo-
Denki anemometer was situated in front of the foremast
platform. This also presented a blockage to the flow of
air and caused the measured wind speed at this ane-
mometer site to be reduced by more than 13% from the

undisturbed value. The airflow had been displaced ver-
tically by 1 m at the site of the Kaijo-Denki and by 1.2
m at the other anemometer sites, which were mounted
slightly higher and farther aft. The displacement began
40 m (or 2.9 s) upstream of the site, but half of the
displacement took place within 8 m (0.6 s) of the an-
emometer. Since the correlation, or ‘‘memory,’’ time of
the turbulence has been estimated to be of the order of
5 s or more (Henjes 1996), this suggests that the tur-
bulence will not have adjusted to the vertical displace-
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FIG. 4. CFD model results for flow over the RRS Charles Darwin. Only data on a vertical plane
intersecting the Solent sonic anemometer site are shown. The results are expressed as the ratio
between the actual wind speed at any point and the freestream wind speed (i.e., the wind speed
at that point undistorted by the presence of the ship). This ratio governs the length and shading
of the arrows, the direction of which indicates the direction of flow around the ship. Each arrow
is associated with a single computational cell.

TABLE 2. Wind speed errors DU, vertical displacement of airflow
Dz, and the angle of the flow to the horizontal f, at the anemometer
sites on RRS Charles Darwin as calculated from the CFD model.

Anemometer
Height

(m) DU (%) Dz (m) f (8)

Solent sonic
Propeller-vane
Bivane
Kaijo-Denki

15.1
15.6
15.7
14.3

23.5
29.0
26.0

213.5

1.2
1.2
1.2
1.0

6
9
8
7

ment by the time the flow reaches the anemometer site
(section 2a). The CFD prediction that the flow of air is
displaced vertically by a similar amount at all the an-
emometer sites is consistent with the observation (Y94)
that the friction velocities from the four instruments
were in good agreement. However, it also suggests that
all of the observed u* values were biased by a similar
extent.

The angle of the airflow to the horizontal at the an-
emometer sites was between 68 and 98 for the Darwin
anemometers. These CFD results were in accord with
the measured components of wind speed from the Solent
sonic anemometer. Although it is difficult to know the
precise vertical alignment of a shipborne instrument, the
Solent sonic indicated a deviation of the wind flow from
the horizontal of 78 when the wind was over the bow
(Yelland et al. 1991), in good agreement with the CFD
value of 68. Similar information from the Kaijo-Denki
anemometer was not available. Whereas the sonic an-

emometers measured all three components of wind
speed, and the bivane anemometer oriented itself into
the mean flow, the propeller–vane anemometer only
measured the horizontal component of the mean wind
and a correction is required. Assuming a cosine re-
sponse, an increase of 1% was made to the wind speed
from the propeller–vane anemometer to allow for the
98 angle of the flow predicted by the CFD simulation
at that anemometer site.

In order to determine the effect of the CFD predicted
errors on the wind stress values the Darwin cruise data
were reanalyzed selecting only data samples collected
for winds within 6108 of the bow. This amounted to
approximately half of the 146 ten-minute samples used
by Y94 (the remainder were all obtained with the rel-
ative wind farther to port, 3408–3508). The form of the
dissipation function used followed that of YT96, rather
than Y94: this further increased the calculated mean
drag coefficients by about 10%, that is, the discrepancy
with YT96 was increased still further. Although the data
from the two sonic anemometers was the least scattered
(see Y94), these instruments showed the largest system-
atic differences in measured wind speed, resulting in
drag coefficients that differed by about 25% at the higher
wind speeds. The average drag coefficients from the four
anemometers differed by up to 20%. Based on this rean-
alysis, the mean drag coefficient relationship from the
four anemometers used on the Darwin cruise was up to
40% larger than that reported by YT96 for the Discovery
cruises (Fig. 5).
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FIG. 5. (a) The drag coefficient to wind speed relationships from
the two sonic anemometers on the foremast of the Darwin before
(dashed lines) and after (solid lines) correcting the data for airflow
distortion. Error bars indicate standard deviation of the mean. The
dotted line is the YT96 relationship; n: Solent Sonic; and V: Kaijo
Denki. (b) As in (a) but for the two propeller anemometers, n: Young
Propeller–vane and V: Young bivane.

TABLE 3. Wind speed errors DU, vertical displacement of airflow
Dz, and the angle of the flow to the horizontal f, at the site of the
Solent Sonic anemometer (height 18.5 m) on RRS Discovery for three
different values of the 10-m wind speed.

U10

(m s21) DU (%) Dz (m) f (8)

6
14
20.5

20.3
20.5
20.8

1.2
1.0
0.7

2
2
2

Applying the corrections for airflow distortion greatly
reduced the calculated drag coefficients from all four
anemometers. The CD10n values obtained from the Solent
sonic anemometer, located in the region of least flow
distortion, were reduced by up to 15%, whereas those
from the Kaijo-Denki were reduced by up to 45%, bring-
ing the results from the two instruments into close agree-
ment (Fig. 5a). The corrected sonic anemometer data
were now similar to the YT96 relationship (shown for
comparison): however, it must be remembered that ap-
plication of the CFD corrections will also change the
Discovery data (section 3a below). The CD10n values
estimated using the propeller anemometers were also

significantly decreased (Fig. 5b). For the higher wind
speeds, all four anemometers were brought into good
agreement. At lower wind speeds, the drag coefficients
from the two propeller anemometers were up to 20%
larger than those from the sonic anemometers. This was
probably due to the use of too large a response correc-
tion for the propeller instruments at the lower wind
speeds (Y94).

Overall, the difference in the average drag coefficients
from the four anemometers was reduced from a maxi-
mum of 20% for the uncorrected data to 5% or better
for the corrected data. That the CFD-derived correction
factors reconciled these previously disparate results
from Y94 gives confidence that the CFD results are
quantitatively correct as well as being qualitatively rea-
sonable.

3. The mean open ocean drag coefficient
relationship

a. Airflow distortion over the RRS Discovery

The data from the RRS Discovery cruises in the
Southern Ocean used by YT96 cover a wide range of
wind speed and stability conditions. Most of the data
were obtained when the ship was hove to or steaming
slowly into the wind. The shape of the vertical profile
of the relative wind will have varied from logarithmic
(for the ship stationary and a neutral stability surface
layer flow) to a slab profile (for the ship under way in
calm weather). However, there was not enough data ob-
tained with the ship under way to determine observa-
tionally whether the measured drag coefficient was af-
fected by this modification of the relative wind profile
by the ship velocity.

To simulate these conditions, three separate CFD sim-
ulations were performed, with 10-m wind speeds equiv-
alent to 6, 14, and 20.5 m s21. The shape of the CFD
modeled wind profiles were such that the slowest wind
speed run was equivalent to a stationary ship, whereas
the other two model runs were equivalent to a ship under
way at 3 m s21 into true wind profiles with a U10n of
11 and 17.5. The results are summarized in Table 3. In
all cases, the airflow reaching the Solent sonic ane-
mometer site had been raised by about 1 m and decel-
erated by less than 1%. Both of these effects act in the
same sense, causing the value of CD10n for a given wind
speed to be overestimated by, in total, about 6%. A
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FIG. 6. As in Fig. 4 but for flow over the RRS Discovery. The image has been reversed (port to
starboard) to expose more of the ship structure.

FIG. 7. The drag coefficient to wind speed relationships from the
Discovery data within 6108 of the bow before (dashed lines) and
after (solid lines) correcting the data for airflow distortion. Error bars
indicate standard deviation of the mean. The dotted line is the YT96
relationship that was derived using data within 6308 of the bow.

similar overestimate was obtained for each of the sim-
ulations. The changes in DU and Dz were such that the
effect of the increased wind speed error at higher wind
speeds was cancelled by the smaller height change. This
was confirmed by using each pair of calculated DU and
Dz values in turn to reanalyze the data from the Dis-
covery. The calculated CD10n to wind speed relationships
were indistinguishable at all but the highest wind speeds,
where the maximum difference in the mean drag co-
efficients was less than 2%. Thus, the combined effect

of the changes in relative wind speed, and in the de-
viation of the profile from logarithmic, made no dis-
cernible difference to the calculated results.

For the remainder of this paper it will be assumed
that the results from a CFD simulation using a 10-m
wind speed of 14 m s21 can be applied to all data ob-
tained at wind speeds of 6 m s21 or more. Based on that
simulation, Fig. 6 shows wind speed errors, as a per-
centage of the undisturbed value, on a vertical fore–aft
plane through the Solent sonic anemometer position on
the Discovery. It can be seen that the superstructure of
this ship is relatively streamlined and that the foremast
platform is situated well above the region of decelerated
flow that occurs in front of the accommodation block.
Hence, the airflow corrections needed for the Discovery
data (Table 3) are much smaller than those needed for
the Charles Darwin (Table 2).

The effects of the corrections on the Discovery data
are shown in Fig. 7. The CFD-corrected CD10n values
lie parallel to but about 0.1 (31023) lower than the
YT96 relationship. Comparison with the CFD-corrected
data from the Charles Darwin (Fig. 5) shows that the
corrected data from the two ships now agree to within
10% or better over the entire wind speed range, com-
pared to the original differences of up to 40%. This
residual difference could be accounted for by an addi-
tional 3% error in the measured wind speed, or an ad-
ditional 10% displacement in the height of the flow. For
the Discovery anemometer site, these would represent
large additional airflow distortion corrections compared
to the CFD results, but for the severely affected Darwin
anemometer sites the additional error would be rela-
tively small.



1520 VOLUME 28J O U R N A L O F P H Y S I C A L O C E A N O G R A P H Y

FIG. 8. The mean CD10n to U10n relationship from the Discovery data
corrected for the effects of flow distortion [Eq. (3)—thick solid line].
Also shown are the open ocean relationships proposed by YT96 (thin
solid line), Smith (1980) (thick dashed), and Large and Pond (1981)
(dotted). The shaded region indicates the HEXOS relationship (Smith
et al. 1992) for mature or fully developed seas.

TABLE 4. Drag coefficient relationships obtained in previous open ocean studies that obtained data at high wind speeds. In each case, the
formulas quoted were of the form 1000CD10n 5 a 1 b U10n where the values of a and b quoted were those obtained by one-way regression.
Also shown is the regression coefficent r, the wind speed range observed, and the number of data points. The figures in parentheses represent
the standard errors of the a and b values where available.

Study a b r
U10n

(m s21) Data

Relative wind
directions

(deg)

Smith (1980)
Large and Pond

(1981)
Anderson

(1993)
Yelland and Taylor

(1996)
This study

0.61
0.49
1.14
0.49
0.59
0.60

(60.02)
0.50

(60.02)

0.063
0.065

0
0.071
0.065
0.070

(60.001)
0.071

(60.002)

0.70
0.74

0.91
0.83
0.74

0.80

6–22
10–26

4–10
4.5–18
10–18

6–26

6–25

63
973
618

84
61

2298

1111

N/A
290 to 145

245 to 145

230 to 130

210 to 110

b. The drag coefficient to wind speed relationship

Based on the above discussion, we have assumed that
the Darwin data were slightly undercorrected, and have
used only the much larger dataset from Discovery to
determine the open ocean drag coefficient to wind speed
relationship. This was well represented by a one-way
regression of the form

1000CD10n 5 0.50 1 0.071U10n

(6 # U10n # 26 m s21). (3)

There were 1111 data points, the correlation coefficient
was 0.80, and the standard errors of the intercept and
slope were 0.02 and 0.002 respectively.

Figure 8 and Table 4 compare Eq. (3) with previous
formulas. The new relationship gives larger CD10n values
than Large and Pond (1981) but, because of the CFD
corrections, lower values than Yelland and Taylor

(1996). The relationship confirms that suggested by
Smith (1980) over most of the wind speed range.

c. The effect of airflow distortion on other open
ocean CD10n measurements

The airflow distortion corrections estimated by the
CFD studies and the modified form of the inertial dis-
sipation function suggested by YT96 each have the po-
tential to significantly change the values of the derived
drag coefficients. It is therefore useful to consider the
possible errors that may have occurred in previous stud-
ies. Because the distribution of data with relative wind
direction is not known for previous datasets, a quantified
estimate of the effect of flow distortion on the observed
drag coefficients cannot be made. Similarly, the lack of
information with regard to the stability conditions pre-
vents an assessment of the effect of the inertial dissi-
pation function used. However, it is clear that these
effects could combine to explain both a large percentage
of the scatter in individual datasets and the mean dif-
ferences between datasets. The platforms used fall into
three categories: those where the airflow distortion is
known to have been small, those for which the CFD
modeling suggests larger correction factors, and plat-
forms for which the airflow distortion is likely to have
been large but for which quantitative estimates are not
available.

Of the platforms that caused small airflow distortion,
the best was undoubtedly the Bedford Institute of
Oceanography (BIO) tower used by Smith (1980). This
was a very stable, moored spar buoy designed to present
very little obstruction to the air flow. Thus, Smith was
able to use the eddy correlation method, and neither
airflow corrections nor dissipation function formulation
are relevant to these results. It is therefore thought that,
although few in number, the 63 data obtained by Smith
were least likely to suffer significant bias. In contrast
to these data, all the other relationships summarized in
Table 4 were obtained using the inertial dissipation tech-
nique and data from ship-mounted instruments.
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The CFD modeling showed that the airflow distortion
was relatively small for the RRS Discovery, the CSS
Dawson, and, by inference, the CSS Parizeau, a sister
ship to the Dawson. Our reanalysis of the YT96 data
from the Discovery using the CFD corrections decreased
the CD10n values by about 6% and resulted in a CD10n to
U10n relationship [Eq. (3)] that gives CD10n values very
similar to the Smith (1980) formula for most wind
speeds. Anderson (1993) used data from the Dawson
and also obtained results similar to the Smith (1980)
relationship. Had he used the YT96 dissipation function,
then his CD10n values would have been increased by
about 5%. However, for bow winds most of this increase
would have been cancelled by the 3% decrease due to
airflow distortion corrections and any residual bias
would have been negligible considering the scatter in
the data. Similar arguments apply to the Large and Pond
(1982) data from a bow mast on the Parizeau. These
data were reasonably in accord with either the Large
and Pond (1981) or the Smith (1980) relationships and
would be well represented by the formula proposed here
[Eq. (3)].

The CFD modeling suggested that much greater air-
flow distortion would have affected data from the RRS
Charles Darwin (Y94) or the CSS Hudson (Dobson et
al. 1994, 1995). The CFD-derived corrections reduced
the Darwin data toward the Discovery relationship and
explained most of the difference observed between the
Hudson and Dawson.

Large and Pond (1981, 1982) used data from the BIO
tower and also from two ships, the weather ship Quadra
and the F.S. Meteor, for which the magnitude of the
airflow distortion is not known. In profile, the Quadra
was more similar to the Discovery than to the Darwin
or the Hudson, suggesting small airflow corrections for
winds over the bow. However, the potential for signif-
icant airflow distortion existed. The foremast, where the
anemometer was sited, was a very substantial structure
located far aft on the foredeck, and there was a large
radar dome situated over the main accommodation. For-
tunately, Large and Pond were able to confirm that the
Quadra data were comparable to the BIO tower values
before merging the two datasets. Thus, for the range of
relative wind directions that they used, any airflow dis-
tortion does not seem to have affected the mean CD10n

to U10n relationship significantly. The Meteor (later re-
named the R.V. Rapuhia) was in profile more similar
to the Hudson and larger errors in the measured drag
coefficient would be expected, even for winds over the
bow. Studies by Augstein et al. (1974) and Rahmstorf
(1988, 1989) have demonstrated the potential for large
airflow distortion on this ship. Since they were well
aware of this problem, Large and Pond (1982) mounted
anemometers on the main mast and on a bow boom.
Data were selected from each instrument according to
the relative wind direction, the choice being based on
comparisons with the measured wind speeds from near-
by buoys. Assuming the buoy data supplied an accept-

able calibration standard, the ship data would thus have
been selected for minimum distortion to the airflow. In
addition, the Meteor data were mainly obtained at wind
speeds below 10 m s21 and any effects of airflow dis-
tortion may have been hidden by the large scatter in the
estimated CD10n values.

4. The dependence of the drag coefficient on sea
state

a. The expected effect of wave age on the drag
coefficient

Figure 8 shows that, in the case of fully developed
(Cp/U10n 5 1.2) or ‘‘mature’’ (Cp/U10n 5 1.0) seas, the
Smith et al. (1992) HEXOS relationship

21Caz p0 5 0.48 (4)
2 1 2u u* *

overestimates the drag coefficient by between 15% and
25% compared to typical open ocean CD10n to U10n re-
lationships. Despite this, the HEXOS formula has been
applied to open ocean conditions by, for example, Gulev
and Hasse (1998) who used wind and wave data from
a climatology to obtain wind stress values up to 25%
larger than those obtained using the formula suggested
by Smith (1988). Similarly, wave-age-dependent stress
formulations are sometimes incorporated into coupled
ocean–atmosphere models: the wave-dependent stress
relationship employed in the wind wave model of Jans-
sen (1996, personal communication) results in open
ocean CD10n estimates 40% larger on average than those
calculated from the Discovery data. However, despite
the discrepancy between the HEXOS relationship and
the measured mean open ocean CD10n to U10n relation-
ships, it was thought that Eq. (4) might be used to ex-
plain some of the scatter in the drag coefficient mea-
surements obtained during the Discovery cruises.

The Discovery data were collected over the open
ocean, where depth and fetch did not limit the wave
development. However, the wind speed varied with time
and hence the sea state could be considered as duration
limited (Tucker 1991). Determining the duration is not
straightforward since weather systems persist over pe-
riods of days. The arrival of a front, for example, is
accompanied by waves that have been influenced by the
winds associated with the front for an unknown length
of time. To estimate the duration, significant wave
heights Hs were derived from the Discovery’s shipborne
wave recorder (SBWR) and were compared to those
predicted for fully developed waves HsB. This was es-
timated from the wind speed using the relationship sug-
gested by Bouws (1988):

HsB 5 0.0246 ,2U10n (5)

which was based on the Pierson–Moscowitz wave spec-
trum. The variation of the ratio Hs/HsB with wind speed
is shown in Fig. 9. Also shown is the ratio HsD/HsB,
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FIG. 9. Wave development with wind speed. Individual values of
the ratio of the measured significant wave height from the SBWR,
Hs, to that expected for a fully developed sea (from Bouws 1988)
are shown (crosses), while the average values are shown by the thick
solid line. The error bars indicate the standard deviation of the data.
The thin lines represent the ratio predicted for different wind dura-
tions: for a fully developed sea, or infinite wind duration, the ratio
would be 1.0.

where HsD is the significant wave height predicted for
wave development under duration-limited conditions
(Tucker 1991);

HsD 5 0.0146D5/7U 9/7, (6)

and D is the duration in hours.
In the mean, for wind speeds of 12 m s21 or less, the

waves were fully developed: values of the ratio greater
than one indicate the presence of swell. Above 15 m
s21, the mean value of Hs/HsB indicates that the mea-
sured wave heights correspond to those expected for a
wind speed duration of 30 hours. Individual data suggest
duration times of 15 hours or less. It must be emphasized
that the SBWR will overestimate Hs when swell is pres-
ent, that is, at all wind speeds, the duration of the wave
development will generally be less than that suggested
by the SBWR data.

In order to estimate the range of variation in the drag
coefficient estimates that could be expected from the
duration-limited wave development, the frequency, f p,
of the peak of the wave spectrum was calculated from
(Tucker 1991):

5 0.540D3/7U 4/7.21f p (7)

Durations of 15 upward hours were assumed. The re-
sulting Cp /u* estimates were then used in the HEXOS
formula (4). This suggested that CD10n anomalies of the
order of 10% should be seen. Larger anomalies would
occur if, as thought, the duration has been overesti-
mated due to the presence of swell increasing the es-
timate of Hs . Of most importance, the CD10n anomalies

caused by the duration-limited wave development
should, by definition, persist for periods of at least a
few hours.

b. The effects of wave age on the observed drag
coefficient

The friction velocity estimates obtained during the
Discovery cruises were scattered about a mean u* to
U10n relationship with a standard deviation of almost
9%: equivalently, the scatter of the drag coefficients
about the mean relationship was 18%. This is consistent
with the rms errors of 3% for wind speed and 6% for
u* estimated from instrument comparisons on the RRS
Darwin by Yelland et al. (1994). This suggests that the
scatter in the Discovery data could be completely ac-
counted for by random experimental errors. However,
the results from the Discovery cruises were examined
for systematic deviations from the mean CD10n to U10n

relationship, which could be attributed to changes in the
sea state. To this end, the percentage CD10n ‘‘anomalies,’’
DCD, were calculated from

(C 2 C )D10N DFITDC 5 100 , (8)D CDFIT

where CDFIT was calculated from the measured U10n us-
ing the relationship (3).

Yelland (1997) examined the Discovery data for ev-
idence of sea-state-dependent CD10n anomalies; no sta-
tistical links with either wave age, duration of wave
development, or wind history were found. Persistent
anomalies could only be seen if the data were
smoothed, using a running 2-h ‘‘top hat’’ filter, which
reduced the standard deviation of the DCD estimates
from 18% to 7%. Some small anomalies were seen to
persist for an hour or so in the smoothed data, but
could not be associated with either sea state or wind
history.

One exceptionally large and persistent anomaly oc-
curred during a storm where the wind speed reached a
maximum of more than 23 m s21 during the night of 13
January 1993. The time series of smoothed data obtained
during this storm are shown in Fig. 10. The logging
system for the anemometer failed at the peak of the storm
and was not restarted until 6 hours later. It can be seen
that, as the wind speed increased from 18 to over 23 m
s21, the DCD estimates were very small, whereas during
the 12 hours over which the wind decreased to 15 m s21,
the DCD estimates averaged between 5% and 10%. While
the wind speed was increasing, the true wind direction
was fairly steady at 2758, but had shifted by about 208
by the time the logging system had resumed working.
However, it can clearly be seen that the enhancement of
the CD10n estimates correlates much more closely with the
change in the relative wind direction than with the
changes in the wind speed or true wind direction. It is
therefore evident that the apparent CD10n ‘‘anomaly’’ was
due to the changing effects of flow distortion and was
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FIG. 10. Time series of data smoothed with a running 2-h filter; (top) U10n and nCD, (middle) stability
parameter and wave development, and (bottom) true and relative wind directions. The data shown begins
at 1200 LT 13 January and ends at 1800 LT 14 January.

not due to any change in the sea state. Very careful ob-
servations would be essential in any study aimed to un-
ambiguously associate drag coefficient anomalies with
changes in the wave field.

It is concluded that wave-age-dependent parameter-
izations of the wind stress, such as that suggested from
the HEXOS experiment, are redundant for open ocean
conditions.
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c. Implications for previous studies

It has been shown that the effects of airflow distortion
can vary rapidly with a change in relative wind direction
(Figs. 1b, 2, and 10). This relative wind direction de-
pendence must be taken into consideration when ex-
amining anomalies in the observed drag coefficient. For
example, Anderson (1993), Large and Pond (1981,
1982), and Yelland and Taylor (1996) all used data ob-
tained over rather wide ranges of relative wind direction
(Table 4). The wind tunnel results and the CFD mod-
eling both suggest that airflow distortion would be ca-
pable of causing variations of CD10n similar in magnitude
to the reported scatter in the observations. In addition,
research ships when on station or hove-to tend to be
oriented with respect not only to the wind but also to
any significant wind sea or swell. A change in the swell
conditions may cause the ship’s orientation to be altered,
thus changing the relative wind direction. The resulting
change in airflow distortion could cause a spurious
change in the observed CD10n values, which would then
appear to be associated with the change in sea condi-
tions.

The lack of observed drag coefficient anomalies in
the Discovery data contrasts with the large anomalies
found over the open ocean in previous studies, as de-
scribed by Large and Pond (1981) and by Denman and
Miyake (1973). In both these studies, coherent anom-
alies of the order of 20% of the mean drag coefficient
were seen to persist for periods of a few hours and were
attributed to changes in the sea state. Denman and Mi-
yake used a shipborne anemometer to obtain the wind
speed and stress measurements, and data were accepted
from a range of relative wind directions spanning 1808.
Estimates of the flow distortion were not available and
no corrections were made for non-neutral atmospheric
stability. The results were so scattered that the authors
concluded that the drag coefficient did not depend on
the wind speed, which ranged from 4 to 17 m s21, or
on atmospheric stability. The observed dependence of
the drag coefficient on the sea state could have been
due to either the assumption of a constant drag coeffi-
cient, to a change in the flow distortion with relative
wind direction, to the lack of stability corrections, or
any combination of these. In contrast, the results from
the Large and Pond experiment were both more nu-
merous and of higher quality. These authors also re-
ported an increase in the dissipation-derived drag co-
efficient estimates after the passage of a storm. The data
in question were obtained from an anemometer mounted
on the Bedford Institute of Oceanography tower, so,
although there was a large coincident shift in the wind
direction, the effects of flow distortion may not have
been significant. However, the anomaly was observed
during wind speeds of around 5 m s21 and for rather
stable conditions (z/L $ 0.2): the accuracy of the dis-
sipation method under such conditions is rather doubtful
(Yelland 1997). Indeed, over the wind speed range of

4–10 m s21, the results of Large and Pond were so
scattered that they showed no variation with wind speed
and were represented by a constant CD10n value. More
recent studies (Yelland and Taylor 1996; Dupuis et al.
1997) have shown that the CD10n to U10n relationship has
a minimum at about 6 m s21 and that an increase in
CD10n with decreasing wind speeds is to be expected.

d. Discussion

The present study shows that the wind stress over the
open ocean can be well represented by a simple CD10n

to U10n relationship and that the effects of sea state on
this relationship are insignificant. The scatter in the Dis-
covery drag coefficient estimates could not be related
to the sea state, but could be explained entirely by ex-
perimental noise. The open ocean sea-state effects de-
scribed by previous authors are thought to have been
due to the effects of flow distortion or to other exper-
imental causes. The effects of flow distortion seem to
be of particular importance since the impact on the drag
coefficient estimate is both large and very sensitive to
changes in the relative wind direction

The lack of any significant effect of the sea state on
the open ocean wind stress could be due either to 1) an
absence of young waves due to the persistence of weath-
er systems or 2) the presence of swell. The mechanism
by which the presence of swell could suppress the char-
acteristics of young wind seas is not known. However,
no reliable evidence for a wave age dependence of the
wind stress has been reported for cases where swell
waves are present. For example, Dobson et al. (1994)
were unable to verify the HEXOS formula in open ocean
conditions. Indeed, Smith et al. (1996), in their review
of the HEXOS program, state that the application of the
HEXOS formula should be restricted to sites with a
water depth of 18 m or to wind speeds below 13 m s21.
However, the results from the present study suggest that
the formula is not applicable in the open ocean even at
the lower wind speeds. Again, this may be due to the
prevalence of swell in the open ocean: Smith et al.
(1996) state that the dependence of the wind stress on
the wave age was only apparent for single-peaked wave
spectra.

In addition to the lack of evidence for a wave age
dependency of the open ocean wind stress, the validity
of wave age relationships derived from coastal and lake
experiments is also now being questioned (e.g., Janssen
1997). For example, Oost (1997) reexamined the HEX-
OS data and found that the reported wave age depen-
dence of the wind stress (Smith et al. 1992) was more
likely to have been caused by the long wavelength
waves shoaling and steepening into shallowing water,
rather than by the presence of underdeveloped waves.
Anctil and Donelan (1996) described a similar effect of
the wave steepness on the wind stress measured over
Lake Ontario.
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5. Summary and conclusions

This study examined open ocean drag coefficient
measurements for evidence of significant anomalies that
can be related to sea state or wave age. None were found.
It is thought that such anomalies, which have been de-
scribed by previous authors, were caused by experi-
mental errors rather than changes in the sea state. It has
been shown that the effects of flow distortion can pro-
duce such spurious anomalies.

The presence of the ship, or other large instrument
platform, will cause systematic errors in the measure-
ment of the drag coefficient, even if the anemometer is
sited in a carefully chosen, well-exposed position. The
effects of flow distortion are twofold: the flow can be
both displaced vertically and either accelerated or de-
celerated. If the inertial dissipation method is used these
effects cause biases in the calculation of the friction
velocity and the true wind speed respectively. However,
if the magnitude of the flow distortion effects can be
quantified (for a particular relative wind direction), then
the necessary corrections are straightforward. In con-
trast, if the eddy correlation technique is employed then
correcting for the effects of flow distortion is rather more
complicated (Oost et al. 1994).

Use of a three-dimensional CFD model successfully
reproduced the wind speed errors at anemometer sites
on two Canadian research ships that had previously been
determined using wind tunnel studies (Surry et al. 1989;
Thiebaux 1990). The CFD model was also used to sim-
ulate the flow of air around the RRS Charles Darwin:
the results of this simulation reconciled the previously
disparate drag coefficient results from four anemometers
mounted on the foremast of the ship. After this initial
validation, the CFD software was used to quantify the
effects of flow distortion at an anemometer site on the
RRS Discovery. This showed that, although the ane-
mometer was well sited on a relatively streamlined plat-
form, the initial estimates of the drag coefficient were
overestimated by about 6%. The corrected drag coef-
ficient data, selected for a narrow range of relative wind
directions (6108 of the ship’s bow), confirmed the ear-
lier open ocean relationship suggested by Smith (1980)
from a more limited set of data.

The wind tunnel studies and the extensive Discovery
dataset both showed that the effects of flow distortion
are sensitive to changes in the relative wind direction.
For example, the mean CD10n to U10n relationship changed
by about 10% when the relative wind direction changed
from bow-on to 208 to port of the bow of the Discovery.
This implies that much of the scatter found in any drag
coefficient dataset could be caused by the effects of flow
distortion varying with changes in the wind direction.
Much care is needed when examining such a dataset.
Apparent anomalies in the drag coefficient might be
erroneously ascribed to a change in the sea state or to
a change in the angle between the wind and the waves,

whereas this rather more mundane problem may be the
true cause.

It is believed that the scatter in the open ocean drag
coefficient estimates is caused by experimental factors.
The lack of any significant sea-state dependence of the
wind stress over the open ocean contrasts with the en-
hanced drag coefficients observed by other researchers
over coastal waters and lakes. It is not known whether
this disagreement is due to an absence of ‘‘young’’
waves in the open ocean or to the enhanced coastal
stresses being caused by shoaling, rather than young,
waves. However, it is clear that the use of a wave-age-
dependent parameterization of the wind stress is redun-
dant for open ocean conditions.
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