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ABSTRACT

An automatic inertial dissipation system was used during three cruises of the RRS Discovery in the Southern
Ocean to obtain a large dataset of open ocean wind stress estimates. The wind speed varied from near calm to
26 ms~', and the sea—air temperature differences ranged from —15° to +7°C. The data showed that the as-
sumption of a balance between local production and dissipation of turbulent kinetic energy is false and that the
sign and magnitude of the imbalance depends critically on both stability and wind speed. The wide range of
stability conditions allowed a new formulation for the nondimensional dissipation function under diabatic con-
ditions.

A minimum in the 10-m neutral vatue of the drag coefficient occurred at 6 m s~'. At lower wind speeds the
data were fitted by the relationship
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(3 = UlOn <6 mS—l),

where U, is the 10-m neutral wind speed (m s~'). At higher wind speeds

1000Cp 100 = 0.60 + 0.070%Ujp, (6 < Ujon <26 ms™),

which gives drag coefficients that are about 10% higher than those from previous open ocean studies (which
assumed a balance between production and dissipation). Wave measurement suggested that the sea state was
not, on average, fully developed at wind speeds above 15 m s~'. However, contrary to findings from other
studies, no large anomalies in the drag coefficient were detected despite the range of conditions and sea states
encountered. It is believed that the ideal conditions (such as the absence of swell) needed to detect the effects
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of sea state on the wind stress may occur rather infrequently over the open ocean.

1. Introduction

This paper presents sea surface wind stress deter-
minations over a wide range of wind speeds obtained
using the inertial dissipation method from deep ocean,
long fetch regions of the Southern Ocean. This large
dataset is also used to determine the form of the non-
dimensional dissipation function under diabatic con-
ditions.

The sea surface wind stress is important because it
creates the surface wave field and drives the ocean cir-
culation. Realistic modeling of the atmospheric and
oceanic boundary layers, and of the surface wave field,
depends on the correct specification of the surface drag
coefficient (e.g., Geernaert 1987). Although the vari-
ation of wind stress with wind speed and sea state has
been a continuing subject of research for many years,
most data has been collected at nearshore, shallow wa-
ter sites. However, it has been demonstrated (Geernaert
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et al. 1987) that, due to the modification of the waves,
higher wind stress values occur for a given wind speed
in shallow water. In the survey of Blanc (1985) or the
review of Donelan (1990) the main open ocean data-
sets remain those of Smith (1980) and Large and Pond
(1981), both based on the use of the same Bedford
Institute of Oceanography (BIO) tower facility. The
amount of data collected in deep water, open ocean
conditions has been limited because the use of the eddy
correlation method for determining wind stress is im-
practical on a ship, mainly due to the airflow distur-
bance caused by the ship’s superstructure. To avoid this
problem, Smith (1980) implemented the BIO tower, a
taut moored spar buoy, and obtained eddy correlation
wind stress estimates using a thrust anemometer. Dur-
ing the same experiment, Large and Pond (1981, 1982)
demonstrated that wind stress estimates using the in-
ertial dissipation method were, under most conditions,
equivalent to the eddy correlation data. They then ex-
tended their dataset using the inertial dissipation
method with data collected from research ships oper-
ating in open ocean areas.

Comparisons of the inertial-dissipation method
against eddy correlation data over the sea have been
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FiG. 1. RRS Discovery Southern Ocean track plot.

reported by various authors (Dunckel et al. 1974;
Schmitt et al. 1978; Geernaert et al. 1988; Edson et al.
1991). The inertial dissipation method has been found
to be less affected by airflow disturbance about the
measuring platform compared to the eddy correlation
method (Edson et al. 1991). In addition, the eddy cor-
relation method requires a large sample time, which
depends on both wind speed and measurement height
(Wyngaard 1973), during which conditions must be
stationary. Most eddy correlation studies over the
ocean have used sampling periods of between 30
minutes and one hour in an attempt to ensure that all
scales of momentum transferring eddies are properly
sampled. On the other hand, the inertial dissipation
method only requires a sampling period sufficient to
determine the spectral density within the inertial sub-
range, that is, at frequencies of a few hertz. Sampling
periods of 20 minutes or less are commonly used;
Marsden et al. (1993) successfully employed a sam-
pling period of 1 minute. Although Large and Businger
(1988) and Fairall et al. (1990) have described auto-
matic instrumentation systems for routine inertial dis-
sipation wind stress estimation on ships, the number of
instrument deployments in the deep ocean has re-
mained low. Indeed, prior to the data reported in this
paper, Large and Pond (1982) has remained the major
wind stress dataset.

During three cruises of the research ship RRS Dis-
covery in the Southern Ocean, an automatic inertial dis-
sipation system, similar to that used by Yelland et al.
(1994), collected a large dataset of open ocean inertial-
dissipation wind stress estimates. The measurement
method and derivation of the wind stress will be de-
scribed in section 2. The data obtained are the first mea-
surements reported from the Southern Ocean, an area
characterized by large swell waves and well-developed
seas. During the cruises, wind speeds ranged from near
calm to 26 ms™!; sea—air temperature differences
ranged from —15° to +7°C. This wide range of stability
conditions has both necessitated and enabled a new for-
mulation for the nondimensional dissipation function

under diabatic conditions (section 3). An independent
test of this formulation will be presented using data
from the SOFIA experiment. During this experiment,
the French Research Ship le Suroit operated off the
Azores, which in terms of climate is a significantly dif-
ferent ocean area than the Southern Ocean. Having cor-
rected the data for stability effects, the wind stress, drag
coefficient, and wind speed relationships will be dis-
cussed in section 4. The Southern Ocean data signifi-
cantly increase the number of open ocean wind stress
estimates available at gale force and higher wind
speeds, and they improve our knowledge of the behav-
ior of the drag coefficient at low wind speeds. The re-
sults will be summarized in section 5.

2. The inertial dissipation method
a. Theoretical background

The inertial dissipation method has been reviewed
by Fairall and Larsen (1986) and has recently received
detailed evaluation by Edson et al. (1991). However,
différent options exist for implementing the method,
and these may significantly affect the results, particu-
larly with regard to the form of the nondimensional
dissipation function. Thus, it is necessary to describe
the specific equations and implementation method that
we have chosen.

The inertial dissipation method was suggested as a
means of flux estimation over the open ocean by Hicks
and Dyer (1972) and developed and applied by Pond
et al. (1979) and Large (1979). Based on the Kol-
mogorov hypothesis, the power spectral density S, (n)
of the downstream wind component u can, in the in-
ertial subrange, be related to the dissipation rate € via
the wave number n:

Sul(n) = Ke**n=>", (1)
where K is the one-dimensional Kolmogorov constant.
This relationship assumes that the turbulence is isotro-
pic, which may not be justified over the ocean [see
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section 2c(3)]. Using Taylor’s hypothesis, that is as-
suming ‘‘frozen’’ turbulence, Eq. (1) becomes

Suu(f) = K62/3f——5/3(Ur31/27r)2/3, (2)

where U, is the wind speed as measured by the ane-
mometer and fis the measurement frequency. Hence,
the dissipation rate can be obtained by calculating the
mean value of f%°S,,(f) over an appropriate fre-
quency range.

The wind stress is derived from the dissipation rate
using the turbulent kinetic energy budget (e.g., see
Busch 1972), which for steady-state horizontally ho-
mogeneous turbulence, can be written as

Nu') (w'T;) 0

2 2 1,0

"+ oy T8 T, 0z (w'e’)
P + B )

+ 19 (wp')=¢€¢ (3a)
p 0z

+ D, = ¢,

(3b)

where primes indicate fluctuations and angle brackets
indicates mean quantities. In Eq. (3b) P is the me-
chanical production, B the buoyant production, and D,
and D, are the vertical divergence of the turbulent
transport and pressure transport terms; ¢ is the dissi-
pation. Equation (3a) can be made dimensionless by
multiplying by the Monin—Obukhov surface-layer
scaling parameter kz/u3 giving

Z ckz
¢m_z—¢t+¢p=;7*:¢es (4)
where the Obukhov length, L, is
—udT,
- (5)

[ =——%v
(8k(Tyw")o)

and each of the dimensionless profiles ¢,,, ¢,, and ¢,
are expected to be universal functions of z/L. Equation
(4) defines the dimensionless dissipation function ¢..
If the terms on the left-hand side of Eq. (4) are known
[or equivalently the form of ¢.(z/L)], the friction ve-
locity can be evaluated from an estimate of the dissi-
pation.

Unfortunately, the exact forms of ¢,,(z/L), ¢,(z/L),
and ¢,(z/L) are not well enough known (Fairall and
Larsen 1986), and previous authors have made various
assumptions as to their magnitude for turbulence over
the sea. The form of ¢,,(z/L) is critically dependent on
the assumed value for the von Kdrmén constant k
(Frenzen and Vogel 1994). Taking k = 0.4, Edson et
al. (1991) reviewed several formulations for ¢,,(z/L).
The best performing formulas could be summarized by

[1—a(z/L)]7'%, z/IL<O0 (6a)

m(ZIL) =
nl2/L) {1 + I'(z/L), z/L >0, (6b)
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where values of a ranging from 16 to 28 all fitted the
data to a similar degree; Edson et al. (1991) chose a
value @ = 20 because it gave the best overall fit with
I' = 8. However, Eqgs. (6a)—(6b) still require further
verification over the open ocean.

With regard to the vertical divergence terms, Large
(1979) argued that the available evidence suggested
that

b~ —,. (7

This leads to a balance between dissipation and the sum
of mechanical and buoyant production

2z
¢e=<¢m‘—z>'

However, other authors, and the results presented in
section 3, suggest that there is an imbalance between
production and dissipation. Thus,

<
¢e=<¢m_z_¢D>’

where the imbalance term, ¢p = (¢, — ¢,), is signifi-
cantly larger than the uncertainty in the formula for ¢,,.

As formulated above, the inertial dissipation tech-
nique requires assumptions with regard to the values of
the von Kdrman constant, the Kolmogorov constant X,
and the form of the dimensionless functions ¢,,(z/L)
and ¢.(z/L). These constants and functions are not in-
dependent, and Fairall and Larsen (1986) have sug-
gested a different formalization of the inertial dissipa-
tion method in terms of turbulence structure functions.
As implemented by Edson et al. (1991), this requires
determination of ¢,,(z/L) and the dimensionless struc-
ture function parameter f, (z/L) but does not require an
explicit Kolmogorov constant value. Whichever for-
malization is used, the number of assumptions and un-
certainties are such that the best policy would seem to
be to choose a consistent set of definitions that has been
confirmed by comparison between eddy correlation and
inertial dissipation results. Since the work of Large
(1979) and Large and Pond (1981, 1982) represents
the main verification of the inertial dissipation method
over the open ocean, the analysis for this paper has been
largely based on their formulation (section 2c¢). As in
Large (1979), our analysis initially assumes a balance
between production and dissipation (section 3a), but
an imbalance term is found to be necessary and is for-
mulated in section 3b and used thereafter.

(8a)

(8b)

b. Instrumentation and data recording
1) DiscovEry SOUTHERN OCEAN CRUISES

The RRS Discovery Southern Ocean cruises took
place between the end of December 1992 and the start
of May 1993; the ship’s track is shown in Fig. 1. A
Solent Sonic Research Anemometer (manufactured by
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Gill Instruments Ltd.) was mounted on the foremast
18.5 m above the sea surface. The asymmetric head
version of the anemometer was used with the 240° open
sector facing the bow of the ship. The anemometer pro-
vided digital three-component wind estimates at 21 Hz
based on an acoustic sampling rate of 168 Hz. These
data were sampled using a NEC APC IV portable mi-
crocomputer for four 12-min sampling runs each hour.
The wind speed was calculated using all three com-
ponents from the sonic anemometer and horizontal
wind speed spectra were computed for 15 sections of
1024 samples. The steps in the spectral processing were
(1) subtract the mean value for each section, (ii) apply
a partial cosine window to the data, (iii) calculate the
spectrum using a fast Fourier transform, (iv) correct
for windowing loss and convert to spectral density, and
(v) average the 15 spectra. To avoid contamination by
ship motions, the mean value of f>*S(f) was calcu-
lated over the 2 to 4 Hz frequency range and a linear
fit calculated over the same range. The data stored for
each run included the slope and intercept of this
fit (used to quality control the data), the mean spectral
level, and the mean wind speed U, during the
12-min run.

To enable the stability to be estimated, two Vector
Instrument aspirated psychrometers (mounted near the
sonic anemometer), an aneroid barometer, and a hull-
mounted platinum resistance thermometer ( for sea tem-
perature) were used to record average values at 1-min
intervals. The analogue channels of the Solent Sonic
were also sampled by the mean meteorological logger.
One-minute mean data on the ship’s speed both over
ground and through the water were produced from the
ship’s Global Positioning System (GPS) system and a
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two component electromagnetic log system, respec-
tively.

2) LEe Surorr SOFIA CRUISES

For the SOFIA experiment (May—June 1992) in the
Azores region (Fig. 2), an asymmetric Solent Sonic
anemometer was mounted 16 m above sea level on a
10-m meteorological mast on the bow of le Suroit. The
sonic anemometer logging and spectral computation
were as described for Discovery. The mean meteoro-
logical data were logged on an I0SDL MultiMet sys-
tem (Birch and Pascal 1987), which recorded 1-min
samples based on 1-Hz sampling over a 50-s period.
Sensors were similar to those used on Discovery except
that a trailing thermistor was used to measure sea sur-
face temperature. A GPS and compass system was used
to record the ship’s speed over the ground. The fore
and aft component of the ship’s speed through the water
was available from an electromagnetic log. Initial re-
sults from the SOFIA experiment have been reported
by Dupuis et al. (1995).

¢. Data analysis method
1) QUALITY CONTROL PROCEDURES

During the postcruise data analysis, averages of the
mean meteorological and navigation data were calcu-
lated to correspond to the time periods of the sonic
anemometer sampling runs. Quality control criteria
were applied to the data and a run was rejected if: the
slope of the wind speed spectra was not within 30% of
a (frequency)®? relationship: the wind was not
blowing within 30 deg of the bows; the standard de-
viation of the 1-min values for either the relative wind
direction or the ship’s head was greater than 20 deg; or
the standard deviation in the ships speed was greater
than 0.5 m s™'. The latter two criteria were designed
to reject runs during periods when the ship was ma-
neuvering. The amount of data remaining after this se-
lection process is summarized in Table 1 [section
4b(2)].

2) CALCULATION OF FRICTION VELOCITY

The wind stress was calculated following the inertial
dissipation method formulation described in section 2a.
The dissipation rate was determined from the recorded
values of the mean spectral level using Eq. (2) and the
friction velocity calculated from Eq. (4) with the sta-
bility function ¢,,(z/L) given by Eq. (6). Using a von
Kérman constant, k¥ = 0.4, and following Edson et al.
(1991), @ = 20 was used in Eq. (6a). However, T
= 5 was used in Eq. (6b) in order that d¢,,/8(z/L)
should be continuous across z/L = 0.

3) CHOICE OF THE KOLMOGOROV CONSTANT

For this paper, K = (.55 has been used. This follows
Large and Pond (1981), who assumed 0.55 to be the
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TABLE 1. Drag coefficient relationship (obtained by one-way regression).
Study 1000Cp100 = r Uie (M s™Y) Data Anemometer

This study 0.60 + 0.070Uq, 0.74 6-26 2298

0.29 + 3. YU pu + 7.7/ 0-6 166 Solent Sonic
Large and Pond (1981/82) 0.49 + 0.065U¢, 0.74 10-26 973

1.14 4-10 618 K Gill propeller
Smith (1980) 0.61 + 0.063U 0, 0.70 6-22 63 thrust
Anderson (1992) 0.49 + 0.071Uq, 091 4.5-18 84

0.59 + 0.065U ¢, 0.83 10-18 61 Gill propeller
Geernaert et al. (1988) 5/Uyga + 0.07U+0, 3-10 130 sonic and hot film

value of the Kolmogorov constant and found good
agreement between eddy correlation and inertial dissi-
pation wind stress measurements. Similarly, the eddy
correlation and inertial dissipation comparisons of Ed-
son et al. (1991) implied that K = 0.55. However, the
latter authors suggested that this represents an effective
Kolmogorov constant K. and that the true value was
approximately 0.51. Deacon (1988) defined K. as the
value required to calculate the correct value of u,
[ from Eq. (4)] assuming that production balances dis-
sipation [ Eq. (8a)]. He reviewed previous estimates of
K.« and for the measurements over water (mainly for
winds < 10 m s™") found a range for K, from 0.50 to
0.77 with a mean of 0.60. If K. > K, then the use of
K.+ may be viewed as compensating for an excess of
dissipation over production at neutral stability. Assum-
ing that a further imbalance term, ¢p, is required at
nonneutral stabilities, it can easily be shown from Egs.
(2) and (4) that the use of K. implies a total imbalance
term in Eq. (8b) of

dp = (1 — v)(qu - %) —ydh  (9)

Keff 372

7 < K ) '
For example, if K = 0.55 and K = 0.52, then at neutral

stability Eq. (9) implies an imbalance of about 10%.

A possible inconsistency in the use of the dissipation
method must also be noted here. The spectral values
calculated were for the wind speed rather than the
downstream component required for Eq. (1). We orig-
inally chose to do this in an attempt to simulate the
method used by Large and Pond (1981, 1982), who
applied the dissipation formulas to the wind speed as
measured by the propeller—vane anemometer. How-
ever, during our development of the system we also
computed a few spectral values using the downstream
component and obtained essentially the same spectral
level. This suggests that the ratio of the cross-stream to

where

alongstream spectra is close to 1 rather than the 44
value expected if the turbulence were isotropic. Schmitt
et al. (1978) report a similar finding. Reviewing the
ratio of vertical to streamwise spectral levels published
by previous authors they found that, in contrast to re-
sults for turbulence over land, the ratio over the sea
averaged 1.06 + 0.16. This apparent anisotropy ques-
tions the basis of Eq. (1) for measurements over the
sea. However, the comparisons with the eddy correla-
tion method (for example, Edson et al. 1991; Large and
Pond 1981) suggest that the inertial dissipation method
does work. Possibly the effects of anisotropy have been
compensated by the use of an effective value for the
Kolmogorov constant.

4) CALCULATION OF THE STABILITY PARAMETER
(z/L)

To calculate the Obukhov length, the virtual tem-
perature scale, 7,,, was estimated from bulk formula
calculations of the temperature and humidity scaling
parameters, T, and g, . Since the transfer coefficients
are conventionally defined for 10-m height and neutral
stability, the calculations would be considerably sim-
plified by first evaluating the 10-m neutral values for
all quantities. However, it was found that the iterative
method used failed to converge on a few occasions, so
following Large (1979), the evaluations have been per-
formed using the observed height and stabilities. Thus,

Ty = Cri,(0, — T,) uy (10a)

g = Cu(qs — g} uyg, (10b)
where the potential air temperature, 8, = T, + 0.00976z,,
where zr is the height in meters at which the air tem-
perature 7, and humidity g, were measured. The sea
surface humidity g, was calculated assuming 98% sat-
uration at the sea surface temperature 7,. The 10-m
neutral transfer coefficients used were those of Smith
(1988), who suggests (Crip, = 1.0 X 1072, C10, = 1.2
X 107?), adjusted for height and stability following
Large (1979). For example,
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and similarly for C,, where

C n)l/2 zu -2
Cp = chOn{l + Q]:-— 1n<16 -y, |}

(12)

The neutral value of the drag coefficient was calculated
iteratively along with u,:

Cpion = Mzk/U%On (13)

[ see subsections (5) and (6)]. Finally, the virtual tem-
perature scale was calculated from (e.g., Stull 1988,
appendix D)

Tu* = T* -+ 0.61T10nq,1¢, (14)
and hence the stability parameter
2 _ z(gkTw) (15)
L (TUIOnMEk) ' .

5) REDUCTION TO 10-M NEUTRAL VALUES

Calculation of 10-m neutral values was performed
using the standard profile formulas

u, = g + Lx [ln(ﬁ) - \Il,,,]
k 2o

T ’
T, =Ty + -2 [m(i) — 11/] . (16b)
k 2o

where g, behaves similarly to T; uy, Ty, and g, are the
surface values. The stratification functions ¥, were as
" defined by Paulson (1970); for momentum,

(16a)

2 ln<%;'—l-> + ln<1%¢—;'2) (17a)
U,=9{ —2tan'¢; + g (z/IL < 0)
L ~¢n, (/L>0), (17b)
and for temperature and humidity,
W,=lﬁq=21n<#;—2> (z/L <0) (18a)
V,=9,=1~-4¢, (zL>0). (18b)

6) CALCULATION OF THE TRUE WIND SPEED AND
THE DRAG COEFFICIENT

Calculation of the friction velocity u, only requires
knowledge of the relative wind at the anemometer [ U,y
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in Eq. (2)]. However, calculation of the drag coeffi-
cient Cp g, requires knowledge of the true wind speed
U,on derived from the relative wind and the ship’s ve-
locity. The ship’s velocity with respect to the ground,
as determined by the ship’s GPS satellite navigation
system, was used for this purpose. This follows the
precedent of previous papers in neglecting the effects
of any ocean current, whether locally wind driven or
due to large-scale ocean circulations. Using data from
the North Sea, Geernaert et al. (1986) and Smith et al.
(1992) explicitly made allowance for the effect of the
strong tidal currents on their wind stress estimates.
Other authors have assumed that the effects of mean
ocean currents are negligible. Thus, the effect of any
wind drift current due to the local wind and waves has
effectively been parameterized into the drag coefficient
determinations.

An estimate of the ocean currents, and hence the er-
ror introduced by referencing the ship’s velocity rela-
tive to the ground, should be obtained by comparing
the ship’s speed over the ground from the GPS to the
ship’s speed through the water from the electromag-
netic log data. Unfortunately, it is difficult to obtain an
accurate calibration of the em log, particularly at the
low ship speeds characteristic of research vessels.
Thus, our initial estimates of the ocean currents were
of order a few tenths meters per second and of a nature
that, particularly in the case of the SOFIA data, sug-
gested em-log calibration errors. To calibrate the em-
log the assumption has to be made that for each dataset
as a whole the component of the (nonwind induced)
ocean current in the wind direction was not significant
in the mean. This seems valid given the large areas
traversed by the cruises (Figs. 1 and 2) and the varia-
tion of wind direction during a cruise. However, it is
likely that there would have been a nonzero mean com-
ponent of the wind-induced drift current along the wind
direction. This has been estimated by calibrating the
fore and aft component of the em-log against the GPS
system as a function of ship speed (noting that the wind
stress data were obtained with the wind on the bows).
Only data for wind speeds below 12 m s~ were used
since a full range of ship speeds occurred in that wind
speed range. The mean wind drift current was then es-
timated by calculating the mean difference between the
fore and aft component of the GPS and em-log-deduced
ship speeds as a function of wind speed. The resulting
estimate of the wind drift is shown in Fig. 3. Both the
Discovery and SOFIA data suggest negligible wind
drift for wind speeds below 10 m s™'. At higher wind
speeds the Discovery data suggest that at the depth of
the em-log (about 4 m) the mean wind drift magnitude
is about 15% of the friction velocity. This implies that
the error in calculating the wind speed due to referring
the measurements to the solid earth was probably less
than 0.2 m s ™! and not significant in the mean results
presented below.
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FIG. 3. Wind drift current (from GPS—em log ship speeds), against
10-m neutral wind speed for the Discovery cruises (solid line) and
the SOFIA Le Suroit cruise (dashed). The dotted line indicates
0.15u,,.. Error bars show the standard deviation of the mean.

3. The nondimensional dissipation function
a. Results assuming zero imbalance

The Discovery Southern Ocean data were initially
processed with the assumption of zero imbalance be-
tween dissipation and production [Eq. (8a), section
2a]. The resulting relationship between friction veloc-
ity and wind speed is shown in Figs. 4a and 4b for
unstable and stable values respectively. The data have
been separated into different stability ranges [repre-
sented for comparison purposes by the value of
[(10m)/L] and then the friction velocity averaged into
1 m s™! U, bins. For clarity, only some of the stability
ranges are shown, but the same trend applied through-
out the range of stabilities encountered. It can be seen
that the calculated friction velocity to wind speed re-
lationship varied with the stability range selected; this
should not be the case if the form of ¢,,(z/L) and the
assumption of zero imbalance are both correct. Figure
4a shows that, above 7 m s ', the friction velocity was
increasingly underestimated for increasingly unstable
data. This applied even in the range —0.05 < 10/L
< —0.01, which has been considered ‘‘neutral’’ data
in some studies. Similarly, Fig. 4b shows that below 7
m s~ friction velocity was again underestimated for
stable data. The apparent dependence of the u,, to Uy,
relationship on stability was much greater than could
be accounted for by any of the accepted variations in
the formula for ¢,,(z/L) reviewed by Edson et al.
(1991); the assumption of zero imbalance must there-
fore be false.
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b. Determination of the imbalance term

If the form of the imbalance term was correct, then
for a given wind speed there should be no dependence
of the friction velocity on 10/L. In order to formulate
such a term from the Discovery data, it was assumed
that there was a balance between production and dis-
sipation under neutral conditions. The form of the im-
balance under nonneutral conditions was then deter-
mined in relation to the neutral data. The validity of
this assumption and the implications of a possible im-
balance under neutral conditions are both discussed in
section 3c.

B - o o B L B B B S B
i
1.0 F 10/L range _
-01 .01 ;
—_ === -05-01 v
(U -
S~
E J
Sowr’
x
: -
00 A o oo 2 a1 s g o a b s oo o 0o o o 8 2
0 5 10 15 20 25
U10n (m/s)
1.2 ——— 1T T T
10F 10/L range B
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—
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S
£
A
L3
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00 a0 oo o b e aa o b o oo o L 4 o o b 2
1] 5 10 15 20 25
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Fic. 4. Friction velocity, calculated assuming zero imbalance,
against U, for Discovery data obtained under (a: top) unstable and
(b: bottom) stable conditions. To avoid confusion, only some of the
stability ranges are shown.
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The form of the imbalance term was determined for
the nonneutral data by comparison with neutral data. A
friction velocity to U,q, relationship was obtained for
neutral conditions using data where |10/L| < 0.005.
This relationship was used in the bulk formula and ap-
plied to the air and sea temperatures and mean wind
data to calculate the friction velocity and stability pa-
rameter for the entire dataset. The form of the implied
dimensionless dissipation function ¢, was then calcu-
lated using Eq. (4); it is shown in Fig. 5a as a function
of 10/L. The data are separated into different wind
speed ranges and a solid line illustrating Eq. (8a) (zero
imbalance) is also shown.

Figure 5a shows that the assumption of zero imbal-
ance may be reasonable at low winds (3—7 m s~') but
not at moderate to high wind speeds in unstable con-
ditions. For these conditions the different wind speed
ranges need different forms of ¢,, with an imbalance
term that increases as U, increases from moderate to
high winds. For stable conditions there is insufficient
data at moderate and high wind speeds to clearly define
the wind speed dependence. However, Fig. 4b implies
that an imbalance term is needed to increase the u,
values for stable conditions, particularly below 7
ms~'. After some experimentation, imbalance terms

of the form
Z UlOn
— 2 —_— R

2 <<Um,, - 12)?

Z/IL<0 (19a)

¢p =
>

I T ) zZ/L >0, (19b)

although not truly nondimensional, were found to pro-

T 1T s ——

U10n range
3-7

1.5

de (data)

1.0

10/L

FIG. 5. (a) Implied dimensionless dissipation function calculated
from Discovery data for three different wind speed ranges. Error bars
indicate standard deviation of the mean. The continuous line repre-
sents the balance between production and dissipation.
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FiG. 5. (b) Dimensionless dissipation function, including imbal-
ance terms from Egs. (19a) and (19b), calculated for wind speeds of
5,10,and 20 m s~ . .

duce the best agreement between neutral and nonneu-
tral data. The implications of a wind-speed-dependent
imbalance term are discussed in section 3c. Figure 5b
shows the form of ¢, when these imbalance terms are
included in the dissipation function [Eq. (8b)]. It may
be compared with the observed ¢, shown in Fig. 5a.
For unstable data the resulting ¢, values are clearly
similar to the observations. For stable conditions the
agreement does not appear as good. The effect of this
imbalance term on the friction velocity to U, rela-
tionship is shown in Figs. 6a and 6b for unstable and
stable data respectively. Except for the extremes of the
wind speed range, the unstable data now overlie the
neutral data. For stable data (Fig. 6b), there is an im-
provement at low and moderate wind speeds. It is this
improvement that justifies the suggested form of Eq.
(19b); however, it must be stated that, whereas Eq.
(19a) is well defined by the data from unstable con-
ditions, the stable form (19b) is much less well defined.

To produce Figs. 6a,b, the data were assigned to sta-
bility ranges using the 10/L value produced by the orig-
inal processing, rather than that which resulted from
the analysis that included the imbalance term. This al-
lows direct comparison between Figs. 4 and 6 and il-
lustrates how the friction velocity to U, relationship
has improved. However, inclusion of the imbalance
term significantly affected the calculation of 10/L, as
shown in Fig. 7a. The 10/L values were generally re-
duced toward the neutral value, particularly for stable
conditions. The resulting distribution of stability
against wind speed is shown in Fig. 7b. It must be em-
phasized that the forms of the imbalance terms sug-
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FiG. 6. Friction velocity, calculated assuming imbalance terms
[Eqs. (19a) and (19b)], for Discovery data obtained under (a: top)
unstable and (b: bottom) stable conditions. Data are grouped by sta-
bility ranges exactly equivalent to those in Fig. 4.

gested in Eq. (19) are only established over the com-
bined stability and wind speed ranges shown in Fig. 7b.

¢. Discussion

Figure 8a shows the form of the wind-speed-depen-
dent imbalance terms [Eqgs. (19a)—(19b)] as a func-
tion of stability for three different wind speeds. At each
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FiG. 7. (a) Stability parameter calculated with and without
imbalance terms. Solid line indicates 1:1 agreement.

wind speed, ¢, has only been plotted for the range of
stability encountered. That the required imbalance term
varied with wind speed as well as stability is not im-
plausible over the ocean where the surface roughness
elements may also vary with wind speed. For most
wind speeds and stabilities, even a very small departure
from neutral stability resulted in a rapid increase of ¢,.
Thus, Fig. 8a predicts a significant stability-dependent
correction for inertial dissipation data that other studies
may have treated as taken under neutral conditions.

05 YT T T T 0.05
L . 1
L J
J
0.0‘ 0.00
-
~—
o
- 2
! ]
05+ 4 -0.05
L -
_10 A...I;‘..-,nl- pad s a a o b o o o 1 '0-1
0 5 10 15 20 25
U10n (m/s)

F1G. 7. (b) Distribution of stability parameter 10/L (calculated with
imbalance terms) against 10-m neutral wind speed. Note change of
scale at 12 m s™".
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-0.5 0.0

10/1

Fi1G. 8. (a) Form of the imbalance term ¢p as a function of 10/L,
shown for wind speeds of 5, 10, and 20 m s™" and for Kolmogorov
constants of 0.55 (solid line) and 0.52 (dotted line). The term is pos-
itive when production exceeds dissipation.

Interpretation of these functions in terms of the bai-
ance between production and dissipation of turbulent
kinetic energy depends on knowledge of the true value
for the Kolmogorov constant. If the value used (0.55)
represents the true value, then Fig. 8a shows that for
most conditions ¢, is positive, implying that local pro-
duction exceeds dissipation. Here ¢, is negative (dis-
sipation exceeds local production), only when unstable
conditions combine with low wind speeds (Ujp, < 6
m s~ !). The observed values of ¢, for the Southern
Ocean data are shown in Fig. 8b as a function of wind
speed. At any given wind speed (above ~10 m s™')
the ¢, values range from O (those at neutral stability)
to about +0.2 (for the most stable or unstable values).
Except at low wind speeds the mean ¢, value, averaged
over all observed stabilities, is about 0.1, implying an
excess of local production over dissipation of 10%.

However, if the true value of the Kolmogorov con-
stant is 0.52 (e.g., see Frenzen and Vogel 1992), then
our value of 0.55 is an effective Kolmogorov constant.
As discussed in section 2c(3), this implies that there
is an imbalance even at neutral stability. The total im-
balance term that would then be calculated [ from Eq.
(9)] is also shown in Fig. 8a. As expected, the major
changes occur in very close to neutral conditions where
the implication is that dissipation exceeds local pro-
duction, rather than the previous assumption of bal-
ance. Dissipation is also found to exceed local produc-
tion at about 10 m s~! under stable conditions. In Fig.
8b the effect would be to decrease the ¢, values by
about 0.1 with, on average, near balance between pro-
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duction and dissipation. However, it must be stressed
that this is an average value only; the stability and
wind-dependent variation of ¢, still remains, and it
would not be correct to assume K = 0.52 and ¢, = 0,
even for neutral stability.

Figure 8a shows that, for most stability values, ¢,
(and hence the balance between dissipation and pro-
duction) reverses sign in the wind speed range typical
of previous studies, 3 to 10 m s ~'. Thus, comparison
of our results with other authors critically depends both
on the assumed Kolmogorov constant and on the range
of wind speeds and stabilities encountered, details
which are not always available. Most previous authors
have assumed that K = 0.52 in which case, for unstable
data, we find that dissipation is greater than production
by up to 10% if {10/L| < 0.1 and/or the wind speed
is less than 9 m s ™. For more unstable data and greater
wind speeds we find that production exceeds dissipa-
tion. Schacher et al. (1981) found a balance between
production and dissipation for unstable data and wind
speeds of about 3—8 m s ™', where we would also pre-
dict a balance (Fig. 5a). For stable conditions
they were more in agreement with the land-based re-
sults of Wyngaard and Coté (1971), which suggested
that dissipation exceeded local production. Other
studies have reached conflicting conclusions. Edson
et al. (1991) suggested that reinterpretation of the
Wyngaard and Coté (1971) results, using the more
commonly accepted value of the von Kdrman constant,

25

10

U10n (m/s)

FiG. 8. (b) Distribution of ¢, values against wind speed for the
Discovery data. The solid line indicates the mean value and the error
bars indicate the standard deviation of the mean. The dotted line
indicates the mean vatue if a Kolmogorov constant of 0.52 were to
be used instead of 0.55.
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k = 0.4, was consistent with their HEXMAX result of
an excess of dissipation over production of about 12%.
However, Fairall and Edson (1994 ) analyzed the HEX-
MAX data along with data from RV FLIP and RV Is-
elin and found that local production exceeded dissipa-
tion by about 10%. Frenzen and Vogel’s (1992) dis-
sipation measurements also suggested that dissipation
is less than production, by about 20%. They too rein-
terpreted the data of Wyngaard and Coté (1971) and
found that dissipation was about 16% less than pro-
duction. The contradictions between these various for-
mulations may be explained, at least in part, if the im-
balance term does indeed depend on both stability and
wind speed, as our resulits suggest.

Ideally, the ¢, formulas of Eqgs. (19a)—(19b)
should be expressed in a properly dimensionless form.
The wind speed dependence may, in fact, be due to sea
state and hence roughness Reynolds number. In that
respect, it is noteworthy that under unstable conditions
[Eq. (19a)] ¢, changes sign at about the wind speed
at which the airflow is thought to become fully turbu-
lent (e.g., Wu 1980). At lower wind speeds, the flow
may enter a ‘‘transitional’’ stage between turbulent and
laminar flow. Since the imbalance term for stable con-
ditions is based mainly on low wind speed data, Eq.
(19b) is very tentative. These problems do not apply
to the imbalance term for the unstable case (19a) since
it is derived from a large number of data across the
entire range of wind speeds.

To properly verify our assumption of a wind-speed-
dependent imbalance term would require a comprehen-
sive study of the turbulent kinetic energy budget over
the ocean similar to that described by Frenzen and Vo-
gel (1992) for an inland site. Unfortunately, the ex-
perimental difficulties posed by an open ocean site, and
the range of stability and wind speed conditions nec-
essary, would render such studies extremely difficult to
perform. An alternative, less direct method is to com-
pare concurrent eddy correlation and dissipation data.
Existing studies are generally restricted either to low
wind speed conditions in the open ocean (Fairall and
Edson 1994) or to a coastal platform (Edson et al.
1991), which may not be representative of open ocean
conditions. The results have not been presented in
terms of varying wind speed. Again, obtaining suitable
open ocean data under a wide range of conditions
would pose severe experimental problems.

4. Wind stress, drag coefficient, and wind speed
relationships

a. Drag coefficient to wind speed relationship

The relationship between the mean friction velocity
and drag coefficient and the 10-m neutral wind speed
has been calculated from the Discovery Southern
Ocean data using the wind-dependent imbalance term
described in section 3b. The number of data in each 1-
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m s ! wind speed range are shown in Fig. 9. Below 3
m s~ ! and above 23 m s ! there are less than 10 values
in each 1-m s ™' average; the majority of the data lie in
the range of 5—20 m s ' where there are more than 50
data in each average. For our measurement height of
18.5 m, this implies a wind speed precision of better
than 0.5% for winds of 3 m s~ or greater (Wyngaard
1973).

Figure 10a shows the mean relationship of Cpig, to
Uion, where the data have been averaged into 1 m g~ !
wind speed ranges; error bars indicate the standard er-
ror of the mean. The mean relationship for neutral data
(]10/L| < 0.01) was indistinguishable from the one
shown. The dashed line shows the one-way regression
for all data above 6 m s~!, represented by

IOOOCDI()“ = 060 + 0.070U10n,
(6<Upw=<26ms™'). (20a)

The regression coefficient was 0.74, the standard error
of the slope was +0.001 and the standard error of the
intercept was +0.02.

At lower wind speeds, below 6 m s ™' (Fig. 10b) the
data may be represented by the relationship

3.1 7.7
1000C010n =029+ —+

Ul()n U%On ’ .
(Uiw<6ms~"). (20b)

Also shown in this figure are the low wind speed results
from le Suroit, which lie within the scatter of the Dis-
covery data but fall slightly below the mean relation-
ship.

An alternative representation of the results is to ex-
amine the variation of the friction velocity u, with
U,on; individual data values are shown in Fig. 11a. Also
shown are the friction velocity values implied by the

300 |

250 |

200 |

150 |

100 |

Number of observations

50 |
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Lol all ol o o Sl o o

FIG. 9. Histogram showing number of data per 1 m s™!
of the 10-m neutral wind speed.
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Fic. 10. (a) Drag coefficient results from the Discovery data for
wind speeds above 6 m s™'. Error bars indicate standard deviation of
the mean. The Cp o, to Ui, relationship of Eq. (20a) is shown by the
dashed line. Also shown are Charnock relationships with constants
of 0.011 (lower dotted) and 0.017 (upper dotted).

Coiom to Ujg, relationships. It can be seen that these
represent the data very well across the entire range of
wind speeds, especially above 6 m s~'. Indeed it must
be stressed that in the higher wind speed range a linear

(*1000)
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N

U1i0n (m/s)

FiG. 10. (b) As Fig. 10a but individual low wind speed data points
from the Discovery (crosses), and Le Suroit (squares). The dashed
line indicates the relationship of Eq. (20b).
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FiG. 11. (a) Individual friction velocity data from the Discovery.
The dashed line shows the friction velocity values implied by the
Cpion t0 Usg, relationships of Eq. (20a) and Eq. (20b).

Cpion to Uy, relationship [Eq. (20a)] was chosen, not
for convenience but because it was an excellent fit to
the observed data. The low wind speed values (Fig.
11b) from both Discovery and SOFIA show the change

in the relationships occurring at about 6 ms ™.
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FiG. 11. (b) As in Fig. 11a but showing individual friction velocity
results from the Discovery (crosses) and Le Suroit (squares) for low
wind speed data.
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Using the data in Fig. 11a, it is possible to fit a poly-
nomial to the friction velocities over all wind speeds

g = 0.10038 + 0.00217U;¢, + 0.00278U %,
— 0.000044U3,. (21)

This, though cumbersome, avoids the discontinuity at
6 ms~! and is a very good fit to the data (r = 0.98).
However, this friction velocity relationship has the dis-
advantage that it must not be extrapolated above 26
m s~'. It would predict decreasing wind stress values
for wind speeds above 30 m s ', which have no basis
either in our data or in the review of Garratt (1977).

b. Discussion
1) Low WIND SPEEDS

The Cpion to Ui, relationships [Eq. (20)] are com-
pared in Fig. 12 to relationships proposed in previous
studies. We consider first the results at wind speeds
below 6 m s ~!. Although each of the data points shown
in Figs. 10b and 11b have passed the various quality
control criteria [section 2¢(1)], it might reasonably be
questioned whether the assumptions implicit in the in-
ertial dissipation method hold true at these low wind
speeds. However, comparison can be made with data
obtained using the eddy correlation technique under
low wind speed conditions off the Californian coast
that have been published by Geernaert et al. (1988).
These data, shown in Fig. 12b, are similar to our results
and are well fitted by the Cp o, to U, relationship pro-
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FiG. 12. (a) Comparison of drag coefficient relationships: results
from this study (dashed line), Smith et al. 1992 (upper dotted), Smith
1980 (upper solid), Large and Pond 1981/82 (lower solid), and Smith
1988 (lower dotted).
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Fic. 12. (b) Eddy correlation data from Geernaert et al. 1988
(crosses), and low wind speed drag coefficient relationships: Equa-
tion (20b) from this study (dashed line), Wu 1994 (dotted), Trenberth
et al. 1989 (chain), and Smith 1988 (solid).

posed here [Eq. (20b)], thus providing some reassur-
ance with regard to the inertial dissipation results.

On the other hand, it seems very unlikely that, at zero
wind speed, the friction velocity should take a value of
0.1 m s~! as our low wind speed formulas [Egs. (20b)
and (21)] imply. Geernaert and Plant (1990) suggest,
as a working formula for the height H, of the surface
layer, H; = AU o, (where A is about 10 s). Thus, about
2 ms~! would represent the lowest wind speed for
which the Discovery measurements would have been
within the surface layer under neutral conditions. Al-
though this wind speed limit would be higher in stable
conditions, and lower in the unstable conditions for
which most of the low wind speed data were obtained,
we should assume that for data below, say 3 m s, the
measurements were not definitely within the surface
layer. In that case, scaling with u, is no longer appro-
priate and measurements at a lower height are required.
The few Discovery data below 3 m s™' were in any
case very scattered (Fig. 10b) and the Cp,q, poorly de-
fined.

Considering the data between 3 and 10 m s™!, both
the Cpion, and u, data showed a change in slope at
about 6 m s ! (Figs. 10b and 11b); Cpy, continued to
decrease from 10 m s ~' down to a minimum value of
1.02 X 107> at 6 m s ', In agreement with Anderson
(1993), or Smith (1980, hereafter S80), the constant
value for Cpq, suggested by Large and Pond (1981,
1982, hereafter LP) was not found. At wind speeds
below 6 m s ™! Cp 0, increased, most markedly in the
Discovery results. It has already been noted above that,
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at ~6 ms~' wind speed, our imbalance term ¢,

changes sign and also that the airflow is thought to
become fully turbulent (Wu 1980). That the change in
nature of the results was not caused by the form of our
derived ¢p function is shown by Fig. 13. The near-
neutral Discovery data (for which ¢, = 0) and the
SOFIA data, with and without use of an imbalance cor-
rection, both exhibit a similar effect. Note that the SO-
FIA data processed with the assumption of zero im-
balance lay below the near-neutral (]10/L| < 0.01)
Discovery data. Since the SOFIA data above 5 m s !
were all unstable and the small amount of data below
5 ms~! were all slightly stable, the use of the imbal-
ance terms described in section 3b showed an improved
agreement between data from the two ships, particu-
larly above the 8-m s ' wind speed.

Low wind speed relationships proposed in previous
studies are compared to our formulas in Figs. 12b,c.
That of Trenberth et al. (1989) for winds below 3
m s~' was based on an empirical fit to the low wind
speed data of Dittmer (1977), Schacher et al. (1981),
and LP. For low wind speeds, the Smith (1988, here-
after S88) relationship is based on formulas for the flow
over an aerodynamically smooth surface. On the other
hand, Wu (1994) proposed that the sea surface is aero-
dynamically rough at low winds. For the Discovery
data between 3 and 6 m s~!, the Wu (1994) curve is
closest to our mean values. However, comparison with
the SOFIA data (Fig. 12¢) suggests that, on average,
the Discovery data at these lowest wind speeds may
have been biased high. If so, the S88 formula would be
more appropriate, at least down to the 4 m s~ wind
speed.

2) MODERATE TO HIGH WIND SPEEDS

The Cpion to Ui, relationship for wind speeds
greater than 6 m s ™' [Eq. (20a)] is compared in Fig.
12a with relationships proposed in previous studies.
Until now LP and S80 were the major sources of wind
stress data obtained at high wind speeds over the open
ocean (Table 1). The relationship of Anderson (1993)
is not shown in Fig. 12a since it is similar to S80. The
theoretical relationship of S88 was based on the Char-
nock (1955) relationship (see section 4c) at moderate
and high wind speeds and is seen to have a lower slope
than any of the empirical relationships. The Smith et
al. (1992) result for fully developed waves was in-
ferred from a wind stress to wave-age relationship de-
termined during the HEXMAX experiment from data
obtained over relatively shallow water (18-m depth).
Smith et al. (1992) agrees reasonably well with the
relationship from this study. Makin et al. (1995) have
also proposed a sea-state-dependent formulation for the
drag coefficient. They predicted a range of results for
fully developed waves, since the formulation was sen-
sitive to the dependence of the high wavenumber tail
on wave age, which is not known. Their range of results
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Fic. 13. Friction velocity results against 10-m neutral wind speed
for low wind speeds: Le Suroit data with assumption of zero imbal-
ance (dotted), Le Suroit data with imbalance terms (dashed), and
Discovery near-neutral (| 10/L| < 0.01) data (solid). Error bars in-
dicate standard deviation of the mean. Previous low wind formulae
are also shown: Wu 1994 (thin dotted), Trenberth et al. 1989 (thin
chain), and Smith 1988 (thin dashed).
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are not shown in Fig. 12a but would all lie above the
results from the Discovery.

In comparison to S80 or LP, the relationship pro-
posed in this study has a slightly greater slope. The
mean drag coefficient is in reasonable agreement with
S88 between 5 and 10 m s ™!, but becomes significantly
greater above 15 m s '. Considering the effect of pos-
sible measurement errors in our data (Yelland et al.
1994), an underestimate in the true wind speed of about
5% would bring the results from this study into close
agreement with those of S80 and LP. An error of this
size is not impossible but is considered unlikely since
the anemometer site was high up and well forward on
the bow of the ship.!

Alternatively, Smith et al. (1992) suggested that the
eddy correlation results from S80 may be low ‘‘by a
few percent”” due to possible flow distortion, which
was in addition to effects resulting from the tilt of the
platform (which was used simultaneously by LP). In
both S80 and LP the relatively few eddy correlation
measurements obtained for winds over 15 ms™' (24

! However, we have recently obtained preliminary results from
computer modeling of the airflow around ships that show that al-
though the error in the mean wind speed may be small, the lifting of
the airflow over the bows of a ship may be significant. This would
reduce the measured drag coefficient and bring the Discovery results
closer to those of Smith (1980).
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and 36 values, respectively) tended to lie above their
mean Cp o, to Uy, relationships. Large and Pond ex-
tended the wind speed range of their relationship by
using a large number of data obtained with the dissi-
pation method, which had, in effect, been calibrated
against the lower wind speed eddy correlation data. The
stability range of the LP data was large (~0.6 < z/L
< 0.15), and the mean relationship may have been
increased significantly if the analysis had included an
imbalance term of the form proposed in this study. In-
deed, if the data from this study is processed without
the use of an imbalance term, and data from all stabil-
ities are included in the calculation of a mean relation-
ship, then the result is very similar to that of S80 and
LP. Note, however, that the neutral data would not be
changed and would now lie above the mean relation-
ship. It must be stressed that our higher values are not
a result of the imbalance term overcorrecting nonneu-
tral data, since very near-neutral data (|10/L|
< 0.005) is present to 20 m s~ and is in excellent
agreement with the mean results. It is therefore sug-
gested that both the LP and Anderson (1993) results
may be 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.

3) IMPLICATIONS FOR WAVE EFFECTS ON WIND
STRESS

It is noteworthy that the empirical relationships de-
rived from the data in this and previous studies all show
greater slopes than would be expected from a Charnock
formulation such as S88 (Fig. 12a). The recent theo-
retical relationship of Makin et al. (1995) also predicts
a greater increase than that shown by the Charnock
relation. Figure 10a shows that the drag coefficient de-
rived from a Charnock (1955) relationship

20 = auzlg,

(22)

with a Charnock constant « of 0.011 a good fit to the
data between 6 and 13 m s 7! this is essentially the S88
formula for that wind speed range. However, larger
constants are needed at higher winds, reaching a value
of 0.017 for winds over 20 m s ' In his review of wind
stress studies, Wu (1980) also noted that the value of
the Charnock constant seemed to depend on the wind
speed range in this manner. He suggested a refinement
to the Charnock relationship where the stress is modi-
fied by a viscosity and surface tension term indepen-
dent of the sea state. However, our data suggest that
the exact form of the resulting power law, as proposed
by Wu, is very sensitive to the way the data are aver-
aged. This will be discussed in a future paper.

Since the Charnock relationship is normally taken to
refer to a fully developed sea, it might be questioned
whether the departure from the Charnock relationship
seen in our data was due to sea state effects. A Ship
Borne Wave Recorder (SBWR) was operated on Dis-
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covery during the Southern Ocean cruises. The average
measured significant wave height H; is shown in Fig.
14 as a function of U,y,. The data used corresponded
in time to the stress measurements used in this study
except that data from periods when Discovery was
moving at more than 2.0 m s~' (and the SBWR data
was therefore unreliable) have been excluded. Also
shown in Fig. 14 is the relationship for fully developed
waves based on a Pierson—Moscowitz spectrum
(Bouws 1988). The apparent overdevelopment of the
waves for winds below 13 m s~! is caused by the in-
clusion of swell when calculating H, from the one-di-
mensional SBWR spectra. Any state of wave devel-
opment could, in fact, be present at these wind speeds.

For higher wind speeds the H, values shown in Fig.
14 suggest that, on average, the sea state was under-
developed. It is tempting, but erroneous, to suggest that
the observed higher mean stress values (compared for
example to S88) were due to this underdeveloped sea
state. To investigate this, our data were separated into
over- and underdeveloped sea state cases by compari-
son with the Bouws (1988) relationship. The Cp o, to
U, relationships for both are shown in Fig. 15. It can
be seen that there is no significant difference between
either of these relationships and that from the entire
dataset. Thus, the apparent variations in sea state appear
to have had negligible influence on our wind stress
data.

Some studies (e.g., Geernaert et al. 1986; Denman
and Miyake 1973; Large and Pond 1981) have sug-
gested that the effects of varying sea state could cause
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FiG. 14. Mean significant wave height (H,) data from the Ship
Borne Wave Recorder. Solid line indicates the H, expected for fully
developed seas.
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F1G. 15. Mean drag coefficient results for underdeveloped waves
(solid line) and overdeveloped waves (dotted), compared to the fit to
all data from Eq. (20a) (dashed).

anomalies of the order of 20% in the drag coefficient.

over a period of a few hours. The magnitude of the
scatter present in our data is summarized in Fig. 16.
Ninety-eight percent of the u, estimates were within
0.075 m s™! of the mean u, value for a given wind
speed (Fig. 16a). Absolute differences are given since
the variation in friction velocity appears to vary little
with wind speed (Fig. 11a). In fact, the rms scatter for
u, was less than 10%, which is within the scatter to be
expected due to measurement error, instrument noise,
and the calculation of the true wind speed (Yelland et
al. 1994). The drag coefficient results (Fig. 16b) show
similar scatter to that in other studies, but we have not
found significant anomalies in our data that are coher-
ent over a few hours. Sea-state effects of the order pre-
dicted by Smith et al. (1992) or Juszko et al. (1995)
are not seen. However, those effects were predicted on
the basis of a pure wind-induced sea. Donelan et al.
(1993) found that the relationship between drag coef-
ficient and significant wave height obtained for wind-
induced waves was obscured when the wave field was
dominated by swell. It is very likely that swell domi-
nated during the Discovery Southern Oceans cruises,
especially at low to moderate winds. It may be that the
conditions needed to detect the effects of sea state on
the wind stress may occur rather infrequently over the
open ocean.

It is also possible that the assumption of zero im-
balance in the inertial dissipation formula may have
been responsible for some of the ‘‘wave effects”’
seen in previous studies. If a rapid change in wind
speed or direction was associated with the passage
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FiG. 16. (a) Histogram of absolute differences between observed
value of friction velocity and that expected from Eq. (20c).

of a front, then a change in the stability conditions
would often be expected, as well as a change in sea
state.
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F1G. 16. (b) Scatter in drag coefficient values for wind speeds above
6 m s difference between observed value and that expected from
Eq. (20a) expressed as a percentage of the expected value.
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5. Summary

The wind stress determinations made using the in-
ertial dissipation method from the RRS Discovery pro-
vide the largest amount of open ocean data to date and
were obtained over a wide range of wind speeds and
stabilities. This has allowed us to show that the errors
incurred by assuming a balance between local produc-
tion and dissipation of turbulent kinetic energy are sig-
nificant even in the mean wind stress to wind speed
relationship. We have suggested a form for the imbal-
ance term which, while very tentative for stable data,
is well founded for the unstable conditions that pre-
dominate over the oceans. It is a function of the wind
speed and stability

Uion
¢D=5<2—l>, Z/IL < 0,

where U, is in meters per second. This relationship
was based on the assumption of zero imbalance under
neutral conditions. The implication is that, on average,
local production exceeds dissipation by about 10%.
However, if the true value for the Kolmogorov constant
is K = 0.52, rather than the value K = 0.55 used here,
then dissipation exceeds production close to neutral sta-
bility. On average, dissipation would then equal pro-
duction, but neglect of the imbalance term would still
result in a biased value for the derived friction velocity.

Little low wind speed data has been obtained until
recently, due mainly to the problems of instrument re-
sponse associated with propeller anemometers. The
sonic anemometer used was not affected in this way
but was situated at some height (18.5 m) from the sea
surface. However, the Cpjo, to U, relationship for
wind speeds between 3 and 6 m s~

3.1 7.7
+

2
UlOn UlOn

predicts values of the drag coefficient similar to Wu
(1980) and is a good fit to the results of Geernaert et
al. (1988).

For wind speeds greater than 6 m s ™', the mean re-
lationship

(19a)

1000CD10n = 0.29 +

1000Cp 0, = 0.60 + 0.070U,,

is recommended for open ocean conditions. It is sug-
gested that the higher Cp 0, values predicted at higher
wind speeds, compared for example to the open ocean
measurements of Large and Pond (1981, 1982), are
due to the previous authors neglect of the imbalance
term in the turbulent kinetic energy budget. It is noted
that all the open ocean datasets show a greater increase
of Cp o, with wind speed than would be predicted by
the Charnock formula. Wave observations suggest that,
for our data at these higher wind speeds, the sea state
was not fully developed. However, our Cp g, to Ujg,
relationship is similar to that proposed by Smith et al.
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(1992) for fully developed seas, and our results do not
vary significantly with the mean state of wave devel-
opment.

For a given wind speed the rms scatter in u, was less
than 10%, which is within the scatter to be expected
due to the various measurement errors. It was not pos-
sible to detect any significant drag coefficient anoma-
lies despite the wide range of conditions encountered.
This suggests that, over the open ocean, the effects of
sea state on wind stress may not be as large or frequent
as sometimes suggested.
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