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WIND STRESS OVER THE OPEN OCEAN
by Margaret J. Yelland

An automatic inertial dissipation system was used during three cruises of the RRS
Discovery in the Southern Ocean to obtain a large data set of open-ocean wind stress
estimates. The wind speed varied from near-calm to 26 m/s, and the sea-air temperature
differences ranged from -8 to +4°C. It is shown that, under unstable atmospheric

conditions, the assumption of a balance between local production and dissipation of
turbulent kinetic energy is false, and that the sign and magnitude of the imbalance, @p,
depends critically on both stability, z/L, and wind speed, Ujgn:

z U
dn = —(05 - —1ON /L<0
D L(05 6.5) z/L<

Application of this empirical term increased the wind stress values obtained under
unstable conditions, and brought them into agreement with the data obtained under

neutral conditions.

The flow of air around the RRS Discovery was simulated in three dimensions using a
computational fluid dynamics model. The vertical displacement and the acceleration of
the air flow reaching the anemometer site were quantified. The results were used to

correct the measured drag coefficient, Cpion, and wind speed estimates. The resulting

mean wind stress to wind speed relationship:
1000 Cpign = 0.53 +0.064 U oy 6<Upn <26 m/s

confirmed those obtained by Smith (1980) and Large and Pond (1981).

Wave measurement suggested that the sea state was not, on average, fully developed for
wind speeds above 12 m/s. However, contrary to findings from other studies, no
persistent anomalies in the drag coefficient were detected despite the range of conditions
and sea states encountered. It is shown that the wave-age dependent wind stress
formulae, derived by previous authors from data obtained over shallow water, do not

apply to open ocean conditions.
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1 INTRODUCTION

The sea surface wind stress represents the vertical transfer of horizontal
momentum between the atmosphere and the ocean surface.  The air-sea fluxes of
heat and water vapour also depend on the wind stress, or momentum flux, as do the
fluxes of trace gases such as CO,. Improved understanding of these fluxes is of
critical importance to studies of climate (OOSDP, 1995). Knowledge of the fluxes
are required to determine the atmospheric forcing of the ocean’s circulation, and as
boundary conditions in atmospheric or ocean models. In coupled ocean-atmosphere
models, the air-sea fluxes provide the physical description of the interface between
the two thermodynamic systems. The return signal received by scatterometers is
strongly dependent on the wind stress and can be used to infer the wind field over the
oceans if the wind stress to wind speed relationship can be determined. The growth
and spectra of surface waves are determined by the wind stress, as are surface drift

currents, aerosol generation and whitecap coverage.

In most applications the wind stress is not directly available since it is difficult
to measure, especially over the open ocean where fixed platforms are rarely available.
In such cases, the wind stress is estimated from the wind speed using an empirical
relationship. The variation of the stress with the wind speed is usually
parameterised via a drag coefficient, which in turn has a wind speed dependence.

The aim of this study is to determine the mean drag coefficient to wind speed

relationship over the open ocean.

In recent years it has been suggested that the drag coefficient has a strong
dependence on the sea state, as well as on the wind speed, and evidence for this has
previously been found over coastal waters and lakes. The influence of the sea state

on the wind stress over the open ocean is investigated in this study.

Section 2 outlines the theory relating the wind stress to the wind speed and

describes the inertial dissipation method used in this study to obtain estimates of the



wind stress. Section 3 describes the validation of the dissipation method by previous
authors, and discusses the advantages and disadvantages of both this technique and

the more direct eddy correlation method.

The majority of the data used in this study were obtained using a sonic
anemometer during three cruises of the RRS Discovery in the Southern Ocean. It is
the largest published open-ocean data set to date, and was obtained under a wide
range of atmospheric conditions. The wind speed varied from near-calm to 26 m/s,
and the air-sea temperature ranged from -8° to +4°C. Data collection and processing

are described in Section 4.

In many previous studies which employed the inertial dissipation method, the
assumption of a balance between local production and dissipation of turbulent kinetic
energy was made. This assumption is shown to be false for the unstable atmospheric
conditions which predominate over the oceans. An empirical formulation for the
imbalance between production and dissipation is determined from the Discovery data

in Section 5.

Once the wind stress has been measured, by whatever method, it has to be
related to the true wind speed. However, the measurement of the wind speed can be
severely affected by the distortion of the flow of air around the measurement
platform. In previous studies these effects have, at best, been discussed
qualitatively. In this study (Section 6), a computational fluid dynamics model is
used to produce three dimensional simulations of the air flow around various research
ships, including the RRS Discovery. The results of the model are used to quantify,
and correct for, the effects of the flow distortion on the wind stress and wind speed

measurements.

The use of a) the imbalance term, and b) the air flow distortion corrections
effectively removes the two main sources of systematic error which have affected

other wind stress data. The data from the Discovery cruises enable the mean



relationship between the drag coefficient and the wind speed to be accurately

determined for open ocean conditions (Section 7).

For any given wind speed the scatter of the drag coefficient estimates is large.
It has previously been suggested that much of this scatter is due to the dependence of
the drag coefficient on the changing sea-state. This hypothesis is investigated in
Section 8. The results of this study are summarised and discussed in Section 9,

where suggestions for future work are also made.



2 MEASUREMENT OF THE WIND STRESS.

The wind stress is defined and related to the turbulent kinetic energy budget in
Section 2.1, where the theory of the dissipation method of estimating the stress is
also described. The practical application of this method is discussed in Section 2.2.
The sensitivity of the stress estimates to measurement error is investigated in Section

2.3.

2.1 Wind stress and the turbulent kinetic energy budget.

Wind stress is the vertical transfer of horizontal momentum between the

atmosphere and ocean. It is defined as;

e -ofuw) @

where p is the density of air, and the brackets denote a time average of the product of
u and w', the along wind and vertical wind speed fluctuations. The stress is positive
for a net transfer of momentum into the ocean. The direction of the stress is
commonly assumed to be the same as that of the mean horizontal wind, although
observations described by Geernaert (1990) show differences of the order of 10
degrees. In the surface layer the stress is assumed to be constant with height and
equal to the surface value (Section 2.3.d). The friction velocity, u-, can then be
defined as;

>
W= (2.2)

Wind stress is related to the wind speed, U, via the drag coefficient, Cp,

which is defined as;

u2

Cpion = 2 (2.3)
10N

where the subscripts 10 and N refer to a height above the sea surface of 10 m, and

neutral stability conditions respectively. An equivalent parameterisation is via the

Yelland, M. J., 1997: Wind stress over the open ocean. PhD thesis, University of Southampton,
U.K.,



roughness length, zy. For neutral conditions, mixing length theory (e.g. Stull, 1988)

gives;
dy Us
W & 2.4)

which, when integrated from a height z, at which U is zero relative to the water

surface, gives;

z

U
Uzn =E|n(g) (2.5)

where k, is the von Karméan constant, and z is the height above the sea surface.
Combining Eqgns. (2.3) and (2.5) gives the relationship between the drag coefficient
and the roughness length;
k
,/C = 2.6
D10N n (1% ) ( )
0
The drag coefficient also has a dependence on wind speed. For wind speeds
above 5 m/s or more, this dependence is commonly represented by a linear

relationship;

1000 *Cpion =@ +b Ugn (2.7)

where a and b are constants, the values of which are determined experimentally. It

is worth noting that this relationship describes data corrected to an arbitrary height of
10 m: the logarithmic wind profile (Eqn. (2.5)) implies that, at any other height, the
relationship would be non-linear. However, most data are too scattered to suggest a

more universal form for the relationship.

The various methods of determining the wind stress are reviewed by Kraus
and Businger (1994). A brief summary of the eddy correlation method is given here
since it is the most direct method. The inertial dissipation technique is described in

more detail as it is the method employed in this study.

In the eddy correlation technique, all three components of the wind speed are

measured and the stress is calculated from Eqn. (2.1). The stress is then related to
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the measured wind speed via Egn. (2.3) or (2.5). However, Egn. (2.1) must be
integrated over a wide range of frequencies, necessitating a sampling period of 30
minutes or more, depending on wind speed and measurement height (Wyngaard,
1973), during which conditions must be stationary. In addition, the eddy correlation
method is very sensitive to flow distortion caused by the measurement platform
(Oost et al., 1994), and is difficult to use on moving platforms such as ships or
buoys (Section 3.3). Previous wind stress results obtained using the eddy
correlation method have generally been restricted to relatively shallow, coastal waters

where a fixed platform could be used.

The inertial dissipation technique is a less direct method of determining the
wind stress, but one that is more practical for use on a moving measurement platform
in the open ocean. This method (Weiler and Burling, 1967; Hicks and Dyer,1972)
relates the friction velocity, or wind stress, to the dissipation rate, €, using the
turbulent kinetic energy (TKE) budget (Busch, 1972). Turbulence is produced at
low frequencies (less than about 0.1 Hz) and dissipated at high frequencies (of the
order 1000 Hz), with no significant production or dissipation occurring in the region
between (McBean and Elliott, 1975). In this middle region, or inertial subrange, the
TKE is merely transported from the low to the high frequencies. In the inertial

subrange, the Kolmogoroff hypothesis suggests that the dissipation rate is related to

the power spectral density, S(n), of the longitudinal wind component, by;

S(n)=Ke?/3n5/3 (2.8)

where n is the wavenumber, and K is the one-dimensional Kolmogorov constant.
The Kolmogoroff hypothesis is based on the assumption of isotropy in the inertial
subrange (“local” isotropy), which may not always be justified over the ocean. The

implications of this are discussed in Section 2.2.b and Section 3.

Taylor’s hypothesis, or the assumption of “frozen” turbulence, allows the

conversion of S(n) to S(f), where f is the frequency, via;

s(f) -7 s(n) (2.9)
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where;

n 2
4_r 2.10
f Urel ( )

and U, is the wind speed as measured by the anemometer. Hence Eqn. (2.8)

becomes;

S(f) =Ke?/3¢%/3(U, 1 20)"° (2.11)

The dissipation rate can thus be obtained by calculating the mean value of /3s()

over an appropriate frequency range.

For steady state, horizontally homogeneous turbulence, the TKE budget can

be written;

u?aiz<u )+g W_II/V —%(w'e‘)—%aiz<w'p'>=s (2.12)
or

P + B - Dt - Dp = ¢

where primes indicate fluctuations, brackets indicate mean quantities, U is in the
longitudinal wind direction and w the vertical, and TV is the virtual potential
temperature. Term P is the mechanical or shear production of turbulent kinetic
energy, e. B represents the buoyant production (under unstable conditions) or loss

term. Dt and Dp are the vertical divergences of the TKE flux and the pressure

transport term respectively. & represents the rate of loss of TKE at small scales to

molecular dissipation. Eqn. (2.12) is made dimensionless by multiplying by the

Monin-Obukhov surface layer scaling parameter k,z /u®

k
b= —0t—0p =~ 5 = 0. (2.13)

where the Monin-Obukhov similarity argument suggests that the dimensionless
profiles, ¢;, are unique functions of z/L. The Obukhov length, L, is defined;

—uSTV

) (2.14)
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Thus if the terms on the left-hand side of Eqn. (2.13) are known, the friction velocity

can be evaluated from an estimate of the dissipation.

Eqn. (2.13) defines the dimensionless dissipation function, ¢.. The forms of
the other dimensionless profiles are not well known (Fairall and Larsen, 1986), and
the form of ¢m(z/L) is critically dependent on the assumed value for the von Karman
constant, k, (Frenzenand Vogel, 1994). Taking k, = 0.4, Edson et al. (1991)
reviewed several formulations for ¢,(z/L). The best performing formulae could be
summarised by:

dmlz/L)= (1-a(z/L) 2/L<0 (2.15)

dm(z/L)=1+T(z /L) z/L>0 (2.16)

Values of o ranging from 16 to 28 all fitted the data to a similar degree and Edson et al.
(1991) chose a value a = 20 which gave the best overall fit with I’ = 8. However,
Egs (2.15) and (2.16) still require further verification over the open ocean. Values k,

= 0.4 and o = 20 were also used in this study, but I' = 5 was chosen in order that

adm/3(z/L) should be continuous across z/L=0.

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

available evidence suggested that;
¢t =~ Pp (2.17)

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

production;

0 = (¢m —ﬁ) (2.18a)

However, both the results of this study (Section 5.2) and those reported by other

authors (Section 5.3) suggest an imbalance between production and dissipation;

oc =(¢m—f—¢o) (2.18h)

where the imbalance term, ¢p = (¢t + ¢p), Is significantly larger than the uncertainty in

the formula for ¢,, (Section 2.3).
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2.2 The application of the dissipation technique.

The process of estimating the wind stress and the 10 m neutral wind speed,
with an assumed balance between production and dissipation, is described in Section
2.2.a. Section 2.2.b discusses the effective Kolmogoroff constant and the

implications for an imbalance between production and dissipation.

2.2.a Calculation of u., U,y and Cpyon Values.

The neutral 10 m drag coefficient and wind speed values are calculated from a
set of parameters obtained from a particular measurement height. The power spectral
density estimate, S(f), and relative wind speed, U,,, were measured at a height z.
The air temperature, T , and the wet bulb temperature, T, & were measured at a
height zt. Measurements of the air pressure, P, and sea surface temperature, T,
are also required, as is a value for the true wind speed, Uy, , Which is obtained from
the relative wind speed and the ship speed (Section 4.8). The temperatures are in

Kelvin.

The calculations were performed first at the measurement height, and were
then corrected to a height of 10 m and neutral stability. Reversing the order of the
corrections would simplify the iterative procedure, but was found to produce more
cases of non-convergence (Taylor, 1995). The iterative calculation of the 10m neutral
values was performed using a FORTRAN program “bfdissY.F” which was an
adaptation of a similar program “bform.F”. Taylor (1995) gives a complete
description of the calculations, which will be summarised here in the order in which

they are performed.
1) The specific humidity, qt (kg/kg), at the height zt, is calculated from the air
temperatures and pressure. The specific humidity at the sea surface, gs, is

calculated from the sea temperature and the air pressure assuming a relative humidity

of 98% at the sea surface.
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2) The air temperature, T , isconverted to a potential temperature at the
measurement height by;
TA , = T+ 0.00976 z; (2.19)

where 0.00976 (K/m) is the negative of the dry adiabatic lapse rate.

3) The dissipation rate, ¢, is calculated from the power spectral density
estimate and the relative wind speed using Eqn. (2.11). The first estimate of the

friction velocity is made from Eqn. (2.13), assuming neutral stability (z/L=0,
¢m =1) and a balance between production and dissipation, i.e.;
u = kyzye (2.20)

Likewise, the first estimate of the drag coefficient at the measurement height is

obtained from

u?

" Ufe 2.21)

Cp

4) The iterative process begins at this point. Initially, neutral stability is
assumed, so that z/L and the stratification functions, w , are zero, and the

dimensionless profile ¢, =1.

5) The true wind speed is corrected to 10m and neutral conditions using the

profile formula;

UioN = Utrue _:_*[m (%u') - lpm) (2.22)
v

Where the stratification function for momentum, w,, is defined (Paulson 1970);
-1 -2
W, =2In(1+—;)m-) +In(1+—2¢m—) ~2tan”"! ¢r}1+g (z/L<0) (2.23a)

Yo =1-0m (z/L>0) (2.23b)

6) A new estimate of the friction velocity is made;
Kk, ze

Sz (2.24)

y4
¢m‘[ U*S

and the drag coefficient is recalculated using the U,y Value;
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u?

Cpion = B2 (2.25)
10N

The value of the drag coefficient at the measurement height is necessary for the
following calculation of the stability parameter, z/L, and is obtained from (Large

1979);

/
( D10N)1 °

k

Co = Coron| 1+ U(Eu)_mm)}* (2.26)

10

\

7) The Smith (1988) values of the 10 m neutral transfer coefficients for sensible
and latent heat are;
Crion = 1.0 x 10 (2.27)

Cqion = 12x10° (2.28)

Again, these are adjusted to the measurement height;
C
Crion(=—2—)"2

Cr- Cnion (2.29)

Ction ZT
4| Lae (2L,
kVCI13/120N 10

and similarly for Cq, where (Paulson, 1970);

1+¢‘2
Wi =Wq=2n —zm— (z/L<0) (2.30a)
Wy =Wy =1-¢m (z/L>0) (2.30b)

8) The temperature and humidity scales are then evaluated from the bulk
formulae;

T« =C1Upue (TAz = Tg)/ ux (2.31)

g+ =CqUue (At — a5 ) /u~ (2.32)

9) The potential temperature is then corrected to 10 m and neutral stability using
the profile formula;

TA1on = TA -kT—*(ln(f—(;)-wt) (2.33)
v

Yelland, M. J., 1997: Wind stress over the open ocean. PhD thesis, University of Southampton,
U.K.,



12

and similarly for the specific humidity. These values are then used to calculate the

virtual potential temperature at 10 m and neutral stability (Stull, 1988);
TVion = TA1on(1+0.61010N) (2.34)

and similarly, the virtual temperature scale;

Ty+ = T+ + 061TAoNGr (2.35)

10)  Finally, the stability parameter is calculated using the definition of the

Obukhov length (Egn (2.14));

z  z(gKT )
L Y (2.36)
L (TVion?)
since, by definition;
Tye o AV W (2.37)

11)  The iterative process then returns to step 5), and the calculations are repeated

using the z/L value calculated in the last stage. Iteration is repeated until the

parameters have converged: the limits of convergence were set at 0.01 m/s for Ujgn
and 0.005 m/s for u- (Taylor, 1995). The parameters are set to absent if the value
of the neutral 10 m wind speed becomes negative or if the iteration has been

performed 30 times without convergence.

2.2.b The Kolmogoroff constant.

A value of 0.55 for the Kolmogoroff constant has previously been found to
give good agreement between dissipation-derived stress estimates with estimates
obtained using the eddy correlation technique (Large and Pond, 1981; Edson et al.,
1991), as discussed in Section 3.2. A value of 0.55 was therefore used in this study.
However, Frenzen and Vogel (1992) suggested a true value of 0.52, and Edson et al.
(1991) suggested that the true value was 0.51, with the value 0.55 representing an
effective Kolmogoroff constant, K. Deacon (1988) defined K¢ as the value
required to obtain the correct friction velocity from Eqn. (2.13). In effect, the

effective Kolmogoroff value may compensate for any imbalance between production
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and dissipation terms under neutral conditions. Allowing for an additional imbalance,

¢petf » TOr non-neutral conditions, Eqn (2.13) can be written;

z 1
Gm =~ ODeft = 0 M@ (2.38a)

or, equivalently;

1
¢m—f—¢Dtrue =0 O(K?’T (2.38b)
true
Hence;
7 K 3/2 K 3/2
ODtrue = ( Om - _) 1- (Jﬁ_) + ( Jﬁ_) dDeff (2-39)
L K'[rue Ktrue

Under neutral conditions ¢pe IS zero and (q)m —E) =1, which implies that, for

Keit > Kire » the effective Kolmogoroff value compensates for an excess of dissipation
over production. However, it must be noted that the true value is not well known,
with suggested values ranging from 0.50 (Champagne et al., 1977) to 0.59 (Fairall et
al., 1990; Dyer and Hicks, 1982). Estimates of the effective value vary from 0.50
to 0.77 (Deacon, 1988).

The assumption of local isotropy in the Kolmogoroff hypothesis leads to the
one-dimensional Kolmogoroff constant assuming a different value for the transverse
(v) or vertical (w) wind spectra (Busch, 1972);

Ky = Ky =%Ku (2.40)

Equivalently, the spectral levels of the transverse and vertical wind spectra should be
4/3 that of the alongwind spectra. The analysis in this study was designed to
reproduce that of Large and Pond (1981) since they had validated their method against
the eddy correlation data of Smith (1980). Since Large and Pond obtained wind speed
spectra using a propeller-vane anemometer, the total horizontal wind speed from the
sonic anemometer (Section 4.3) was used instead of the longitudinal component only.
If local isotropy holds over the ocean, this implies that the effective Kolmogoroff

constant (if larger than the true value) could be compensating for the inclusion of the
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transverse wind speed component in the wind spectra, rather than for an imbalance in
the TKE budget. That the flow over the oceans is indeed isotropic is lent some
support by Henjes (1996) who re-analysed 28 of the wind stress data runs used in
this study. During the 12 hour period considered the wind speed and direction were
stationary, and good agreement was found with Eqgn. (2.40). The value of the true
Kolmogoroff constant and the implied imbalance under neutral stability, is, however,

still not known.

2.3 Error analysis.

There are various sources of error in the estimates of wind stress obtained via
the dissipation method. These include; a) experimental uncertainties, such as
instrument calibration and disturbance to the air flow by the ship, b) uncertainties in
the values of the Kolmogoroff and von Karman constants, and the forms of Ctygn,
Cqion and the dimensionless profile ¢r,, and c) the application of the method under
different atmospheric conditions. These three areas will be discussed in the
remainder of this section. The validity of applying Taylor’s hypothesis to our data

is examined in Section 4.7.

2.3.a Experimental uncertainties.

In order to obtain estimates of the wind stress and the 10 m neutral wind

speed, various parameters must be measured. These are; the relative wind speed,

U, the true wind speed (which is the measured wind speed adjusted for ship

motion), U, the power spectral density (PSD) estimate in the inertial range of the

of the wind spectra, the wet bulb air temperature (for the calculation of humidity),
T, theair temperature, T , the sea surface temperature, T, and the atmospheric
pressure, P. Temperatures in this section are expressed in °C rather than Kelvin.

From here onwards, “PSD” refers to the estimate of the power spectral density in the

inertial region of the wind spectrum which has been normalised by multiplying Sf)
by f5/3,
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To investigate the sensitivity of the calculated parameters (u., U,yy and
Cpion ), €ach of the measured parameters was reduced by 5% or 0.5°C. The heights of
the instruments were also reduced; zy, the anemometer height, was changed from

18.5mto 17.5m, and zt, the height of the air temperature sensors, was altered from

17.0 to 16.0 m. The resulting change in the calculated parameters was then expressed
as a percentage of the original values, for three different wind speeds. The results are
summarised in Table 2.1, where the standard deviation of the mean change is also

shown. It must be noted that the effect on the drag coefficient to wind speed

relationship will be a combination of the changes to U,y and Cpqoy -

The calculation of u., U,y and Cpyqy IS an iterative process involving all the

measured parameters (Section 2.2.a), and the importance of a given parameter
depends on the conditions of wind speed and atmospheric stability. For example,
changes to the temperature measurements are much more significant at low than at
high wind speeds, since at high wind speeds the mechanical production of turbulence

dominates the buoyant production.

The calculated parameters appear more sensitive to changes in the sea surface
temperature than to the air temperature because slightly unstable atmospheric
conditions predominate over the ocean. A reduction in the sea temperature which
causes a change from unstable to apparently stable conditions would imply a
relatively large difference in the stability corrections (Figure 2.1). A similar reduction
in the air temperature would simply make the conditions appear a little more unstable.
Hence if the temperatures had been increased rather than decreased, the calculated

parameters would appear more sensitive to air than sea temperature.

At low wind speeds, the effect of a systematic temperature error would have
little effect on the mean Cpyon  t0 Uyqyy relationship, since both these calculated
parameters are affected in the same sense and to a similar degree on average.
However, the effect of a temperature error on individual data can be very large if the

apparent stability conditions are changed as a result. Hence small errors in the
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temperature measurements would introduce a large scatter into the drag coefficient

estimates obtained at low wind speeds.

Measured change, at 5 m/s, to; | change, at 10 m/s, change, at 20 m/s,

parameter to; to;

and change. U} | Uon | Coton| U | Yon [Coron | U | Uon | Coron

Urel -5% +3 1 +6 +2 1 +4 | +2 1 +4
+1 +3 +1 +1

Upe 5% | #1 | 5 | +14]| 0 | 5 |+12| 0 | -5 | +11
+1 +3 +1

PSD  -5% -4 0 -8 -3 0 -6 -2 0 -5
+1 | #1 | #3 | #1 | +1 | +2

T -0.5°C | +1 +1 +1 0 0 0 0 0 0
+3 +1 +5 +1

T 0.5°C +5 +4 +2 +1 +1 +1 0 0 0
+10 | +2 | #16 | +2 | +1 | +4

T 0.5°C | -7 -6 -3 -2 -1 -2 0 0 0

P -5% 1 1 1 0 0 0 0 0 0

+1 +1

Zy -10m| -2 +1 -5 -2 +1 -5 -2 +1 -5
+1 +1

Zt -1.0m 0 0 0 0 0 0 0 0 0
+1

Table 2.1. Percentage change in calculated parameters, resulting from a decrease in

the measured parameters, for 3 different wind speeds.

At moderate and high wind speeds, the measured wind parameters are the
most significant sources of error. There are three main causes of error in the wind
measurements; the estimate of the ship’s speed, the anemometer calibration, and the

airflow disturbance caused by the presence of the ship. These are discussed in turn.

To obtain the true wind speed, the measured wind speed should be corrected

for ship’s speed through the water, since U,y is defined as the 10 meter neutral wind

speed relative to the sea surface. However, except in conditions of strong tidal
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currents (Geernaert et al., 1986, and Smith et al., 1992), it is usual for researchers to
calculate the true wind speed with respect to the ground, hence incorporating the
surface wind driven-currents into the parameterisation of the drag coefficient. Section
4.9 includes an evaluation of the likely error in the measured ship speed and the

implication for the wind speed estimate.
An anemometer calibration error of -2.5% would affect the U, and U,

estimates directly (assuming a small ship speed), and would introduce an error of -5%

in the PSD. These errors would cancel out in part, with the combined result of

reducing the calculated U,y by 2.5%, reducing the friction velocity by 1.7%, and

increasing the calculated Cpsoy by about 1.6%. The resulting Cpion 10 Usgy

relationship would, for a given wind speed, suggest an increase in the drag coefficient

of about 3% to 4%.

The flow of air to the anemometer will usually have been disturbed by the

presence of the ship: both a vertical displacement and an acceleration of the mean

flow are possible. An acceleration of the flow would affect the estimate of U,

only, since U, is the actual wind speed at the anemometer, inclusive of ship speed

rel
or flow disturbance. For a reduction in U, 0f 5%, the U,y Value is decreased by
5% while the Cpion Value is increased by 11% or more. The effect on the resulting
Cpion t0 Uygy relationship would be an overestimate of 16% or more in the drag
coefficient for a given wind speed. Reducing zy, the height to which the turbulence
is assigned, decreases the calculated drag coefficient. Hence if the turbulence is
assigned to the anemometer height, with no allowance made for a 1 m upwards
displacement of the flow, the drag coefficient would be overestimated by about 5%.
This assumes that the vertical displacement of the flow takes place rapidly enough for
the turbulent properties of the flow to remain unchanged. This is a reasonable
working assumption given that the majority of the displacement takes place within 1
second of the flow reaching the anemometer site (Section 6.4.c), and that the

correlation, or “memory”, time of the turbulence has been estimated to be of the

order of 5 seconds or more (Henjes, 1996).
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A ship-mounted anemometer will move vertically, but the error caused by

this motion through the vertical wind gradient is insignificant (Ramnstorf, 1988).

2.3.b Other parameters.

The sensitivity of the calculated parameters to the Kolmogoroff constant, the
von Karman constant, the bulk formulae for the heat transfer coefficients and the

dimensionless profile function, ¢,,, was also investigated in the fashion described in

Section 2.3.a. The results are summarised in Table 2.2.

The Kolmogoroff value of 0.55 used in this study is generally agreed as the
best effective value ( Section 3.2). For the purpose of the sensitivity study, the
values of u., U;py and Cpqon Were recalculated assuming an effective Kolmogoroff of
0.50, the lowest suggest value (Deacon, 1988). The same procedure was carried out
for the von Karman constant, again using the lowest suggested value of 0.35
(Businger et al., 1971) rather than the more usual value of 0.4. In both cases, the
effect on the calculated parameters was constant at moderate or high wind speeds,
with little scatter introduced. At lower wind speeds both the mean effect and the
scatter were increased due to the sensitivity of the calculated parameters to the

calculated atmospheric stability.

parameter change, at 5 m/s, to; |change, at 10 m/s, to; |change, at 20 m/s, to;
and change u-} | Uon | Coron | U Uon | Coton | W Uon | Coion
Kolmogoroff from +5 0 +10 +3 0 +7 +3 0 +6
0.55 t0 0.50 +2 +1 +5 +1 +2

von Kéarman -4 -1 -6 -4 0 -8 -4 0 -8
from 0.4 to 0.35 +1 +1 +3 +1

Ct1oN from Smith +6 +3 +8 +1 0 0 0 0 0
'88 to L&P 81 +6 +3 +8 +2 +1 +3
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Cqton from Smith 1 1 1 0 0 0 0 0 0
88 to L&P ’81 +1 +1

¢m, z/L<0 +1 +1 0 +1 +1 +1 +1 0 +1
o from 20 to 30 +1 +1 +2 +1 +1

¢m, z/L>0 -17 -9 -17 -5 -2 -7 -1 0 -2
I'from5to 8 +4 +3 +3 +4 +1 +5 +1 +2

Table 2.2 Percentage change in calculated parameters for 3 different wind speeds.

The original heat transfer coefficients used were those of Smith (1988), Egns.

(2.27) and (2.28). However, Large and Pond (1982) used;

Cqion = 1.15 x 10 (2.41)
Crion =113 x 107 (z/L<0) (2.424)
Crion =066 x 10 (z/L>0) (2.42b)

As would be expected, the small change to the latent heat transfer coefficient, Cgion,

produced no significant difference in the calculated parameters. The large effects at

low wind speeds due to the change in the sensible heat transfer coefficient, Ctyon,

are attributable mainly to the cases where atmospheric conditions were stable.

Finally, the constants in the dimensionless profile function ¢, (Eqn. (2.15)
and (2.16)) were increased to the limits of the suggested range (Fig. 2.1). Again, the
effect on the calculated parameters was small for moderate and high winds, and for

unstable conditions, but was much larger for low wind speeds and stable conditions.

In summary, the low wind speed (5 m/s) data are not only sensitive to the
temperature measurements (Section 2.3.a), but also to the calculation of the stability

parameter. The form of ¢, for stable conditions and low wind speeds is not well

enough known. However, at moderate and high wind speeds, where unstable or

near-neutral conditions predominate (Section 5.1), the calculations of u., U5\ and
Cpion are insensitive to either the temperature measurements, the form of the heat

transfer coefficients or to the form of ¢,.
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2.3.c Atmospheric conditions.

To estimate the wind stress, the measurement height must be within the
surface layer, in which the stress is assumed to be approximately constant with
height. The top of the surface layer is defined as the height at which the stress has
decreased by 10% of the surface value. The height of the surface layer, H, can be

approximated by (Geernaert, 1990);
H=AUjon (2.43)

where A is about 10 s. Hence, for a measurement height of 20 m, a wind speed of 2

m/s is the minimum at which stress estimates could be made.

It has been suggested (e.g. Donelan, 1990; Geernaert, 1990) that the friction

velocity at a height z is related to that at the surface, u.,, by;

2, =i [1_J_Zuf X} (2.44)
0

where f is the Coriolis parameter;

fo = 1454 x10 * sin (latitude) (2.45)

and X is related to the height of the surface layer. However, Geernaert (1990)
suggests 2.5 for the value of X, whereas Donelan (1990) suggests a value of 12. For
this study, where the measurement height was about 18 m and typical latitudes were
60°, the predicted underestimate of the friction velocity for a Uy, of 10 m/s would
therefore be either 1% or 4% depending on the value assumed for X. These
underestimates would decrease with increasing wind speed. Since the size of the
correction is uncertain, and is not usually applied, no height corrections will be made

to the measured friction velocities in this study.

The Monin-Obukhov similarity argument (Section 2.1) breaks down under

large values of |z/L|. The mechanical production and buoyant production of

turbulent kinetic energy are of equal magnitude for (Stull, 1988);

AAl-05 (2.46)

Yelland, M. J., 1997: Wind stress over the open ocean. PhD thesis, University of Southampton,
U.K.,
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As z/L becomes increasingly negative, the conditions of free convection are
approached and u- ceases to be a meaningful scaling parameter. As conditions
become more stable, the height of the surface layer decreases and may become lower
than the measurements height. The theory described in this Section should apply
over the approximate range (Garratt, 1992);

z
—2<E<1 (2.50)
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Figure 2.1. The form of the dimensionless profile function, ¢,,. for different values of a (z/L <
0)and T (z/L > 0). The solid line indicates o =20 and T =5, and the dashed
line, o =30and T = 8.

Yelland, M. J., 1997: Wind stress over the open ocean. PhD thesis, University of Southampton,
U.K.,
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3 EVALUATION OF THE INERTIAL DISSIPATION METHOD.

3.1 Introduction

There are a number of methods that have been used in the past to estimate the
wind stress. Those used in early studies are reviewed by Roll (1965). More
recently, the eddy correlation, the inertial dissipation and the wind profile methods
have been preferred. Previous attempts to validate the dissipation method are
discussed in Section 3.2, and the advantages and disadvantages of the method are

discussed in Section 3.3.

3.2 Validation of the dissipation technique.

Since the inertial dissipation method was first suggested by Hicks and Dyer
(1972) there have been various attempts to validate the technique, usually by
comparison with the eddy correlation method (Dunckel et al., 1974; Schmitt et al.,
1978; Large and Pond, 1981; Geernaert et al., 1988; Edson et al., 1991). These

comparisons are discussed in turn.

Dunckel et al. (1974) obtained wind stress measurements over the tropical
Atlantic for wind speeds of 4.5 to 11 m/s and near-neutral conditions
(-0.027 <z/L<-0.001). Wave heights varied from 1 to 3 m. Data were obtained via
the profile method using seven lightweight cup anemometers, arranged at heights of
between 1 and 8 m, on a surface following buoy. Eddy correlation and inertial
dissipation measurements were also obtained from hot-wire anemometers mounted at
a height of 2.4 m on a tilt-stabilised mast on a second surface following buoy. Drifts
in the hot-wire anemometers were corrected for by adjusting the horizontal wind
speed to those from the cup anemometers. The mast was kept to within 1° of the
vertical and accelerometers were used to obtain the buoy-motion. The eddy

correlation estimates of the wind stress were increased by about 65% after corrections
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for buoy motion were applied. Residual mean tilts were corrected for by rotating the
axes to obtain a zero mean vertical wind speed. Twenty six estimates of the 10 m
drag coefficient were obtained from the eddy-correlation method for wind speeds of
between 5.5 and 8 m/s. These showed no wind-speed dependency and produced a
constant value of 1.39 x 10-3. A rather larger data set was obtained from the profile
method, for wind speeds between 4.5 and 11 m/s, which also resulted in a constant
drag coefficient. In this case, however, the mean value of 1.90 x 10-3 was 35 %
larger than that obtained from the correlation method. The 26 estimates from the
dissipation method resulted in a mean drag coefficient of 1.26 x 10-3, about 10% less
than that from the eddy correlation method. However, the results from the profile
method were very sensitive to distortion of the wind profile near the water surface:
when measurements from the anemometers below 2.3 m were ignored the stress
estimates became much more scattered but the agreement with the eddy correlation
results was much improved. Although there was reasonable agreement between the
eddy correlation and dissipation methods, it was found that the spectral levels of the
vertical wind speed component were, on average, equal to those of the along wind
component, i.e. that the assumption of local isotropy, implicit in the dissipation
method, did not hold (Section 2.2.b). However, it should be noted that of the three
methods, the results from the dissipation method agreed best with the results from
other (later) open-ocean studies (Figure 3.1). Dunckel et al. used a Kolmogoroff
constant of 0.48 for their dissipation analysis: if this is replaced by an effective value
of 0.55 (see Section 3.3) the dissipation data agree very well with later open ocean

results.

Schmitt et al. (1978) performed a comparison of stress measurements obtained
via the eddy correlation and the inertial dissipation methods. A sonic anemometer
was mounted 8 m above sea level on a tower in 20 m of water, and levelled to within
0.1 degree. Six runs were obtained for a wind speed of around 6 m/s. Bulk formulae
were used to estimate stability. The dissipation-derived drag coefficient estimate was

30% higher on average than that found by the eddy correlation method, with values
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0f 0.99 + 0.37 x 10-3 and 0.77 + 0.10 x 10-3 respectively. Again, if an effective
Kolmogoroff constant of 0.55 is assumed, rather than the 0.50 used by Schmitt et al.,
the dissipation results would be reduced by 10%. The ratio of the vertical to the
alongwind velocity spectra in the inertial region was found to be 1.06 + 0.16 on
average. A similar value was found for the crosswind to alongwind spectral ratio
which suggested that the departure from isotropy was not due to buoyancy forces.
Schmitt et al. reviewed other attempts to measure the ratio of the spectral levels over
water, and notes that the 4/3 ratio was generally observed where the measurement
height was 12 m or more. It was suggested that the degree of anisotropy increases as
the ratio of the measurement height to the wave height decreases, with the effects of

anisotropy becoming significant for ratios of less than 5 to 10.

Large and Pond (1981) obtained 192 estimates of the wind stress using both
the eddy correlation and the dissipation methods over a wind speed range of 4 to 20
m/s. A modified Gill propeller-vane anemometer was used, mounted at a height of
12.5 m on the Bedford Institute tower (Smith, 1980). The results from the two
methods agreed to within 4% except for the most stable cases. For the six estimates
obtained where z/L > 0.1, the drag coefficient values from the dissipation method
were 5 to 10 % higher than those from the eddy correlation method. On average, the
results from this study agreed well with the independent eddy correlation
measurements of Smith (1980), who found that the drag coefficient increased with

wind speed;

1000 CDygn = 0.61 +0.063UqgpN 6<Uipn <22 m/s (31)

Both these studies are discussed in more detail in Section 7.4.

During the 3 day TOWARD experiment 2 km off the Californian coast,
Geernaert et al. (1988) compared 30 minute averages of wind stress from the
dissipation technique (using a hot film instrument) and the eddy correlation technique
(using a sonic anemometer) for wind speeds of less than 9 m/s. Both instruments

were mounted on a tower at a height of 22 m above sea level. The results of this
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comparison showed that the two techniques agreed well under near neutral conditions,
but for stable conditions (and especially during non-stationary conditions) the
dissipation method underestimated the stress by up to 40% compared to the eddy
correlation method. However, the stable data were obtained during wind speeds of
less than 6 m/s. For low wind speeds and stable conditions, the anemometers may
well have been above the surface layer (Section 2.3.c) and the results from either

method may not be reliable.

The most recent, and most exhaustive, comparison of the dissipation and
eddy correlation techniques was performed during the HEXOS experiment in the
autumn of 1986. Edson et al. (1991) presented the results from the stress
comparisons obtained, under near neutral or slightly unstable conditions, during the
HEXOS main experiment (HEXMAX). Various anemometers were mounted on the
Meetpost Noordwijk platform in the North Sea. Two sets of anemometers were
deployed, each containing sonic anemometers and hot wire or film anemometers. One
set was located on a boom extending out from the platform at a height of 5-8 m above
sea level, and the other was on a mast above the platform, at a height of 26 m. The
mast site was deliberately located in a region which suffered from distortion of the air
flow in order to study the effect of such distortion on the wind stress measurements.
The mean vertical and crosswind components of the wind speed were forced to zero
in order to allow for instrument tilt. The results showed that the wind stress from
the dissipation and eddy correlation methods agreed to within 5%. It was concluded
that the dissipation method was superior to the eddy correlation method in regions
where the flow distortion was severe, and also in regions of weak distortion if the
effects on the eddy correlation data could not be adequately corrected. Assuming a
balance between the production and dissipation of TKE, the Kolmogoroff constant
was found to be 0.55+0.01, which is in agreement with that used by Large and Pond

(1981).
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3.3 Drawbacks and advantages of the dissipation method.

The dissipation method is often criticised since it is an indirect way of
estimating the wind stress, unlike the eddy correlation method, and depends on a

number of assumptions.

As described in Section 2.1, the Kolmogoroft hypothesis is fundamental to
the inertial dissipation method. The hypothesis is in turn based on the assumption of
local isotropy in the inertial subrange of the wind speed spectrum. The presence of
local isotropy predicts a 4/3 ratio between vertical or cross-wind spectral levels and
the spectral level of the alongwind component. Wucknitz (1979) and Neugum (1996)
have shown that the presence of an f-5/3 slope in the wind spectrum is not sufficient
to guarantee the presence of isotropy, and that the ratio of the spectral levels of the
different wind components should also be checked. Some authors (above) have
shown that near to the surface, the ratio is nearer 1:1, with an “excess” of energy in
the along wind spectra and an energy “deficiency” in the vertical spectra (Wucknitz).
However, Wucknitz also suggests that it is possible to correct for anisotropy if the

vertical wind speed spectral levels are known.

Neither Large and Pond (1981) nor Edson et al. (1991) investigated the degree
of isotropy in their data. However, the review of Schmitt et al. (1978) suggested
that the degree of anisotropy found over the oceans may decrease with increasing
measurement height, with isotropy being present at heights of about 12 m or more.
This is supported by Henjes (1996) who found a 4/3 ratio from the RRS Discovery
data (obtained at a height of about 18m) used in this study. In addition, Dupuis et
al. (1997) also found a 4/3 ratio of the spectral levels for a measurement height of 15
m. Dunckel et al. (1974), who report measurements from a height of 2.4 m, and
Schmitt et al., using a measurement height of 8 m, both found ratios closer to 1:1.
This would suggest that the HEXOS dissipation data, obtained at a height of 5 to 8

m, may have been affected by anisotropy, whereas the measurements of Large and
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Pond, at a height of 12.5 m on the BIO tower, were probably unaffected by

anisotropy.

This begs the question of the value found in those two studies for the effective
Kolmogoroff constant. In both studies, a value of 0.55 was found to give best
agreement (under near-neutral conditions) with simultaneous eddy correlation
measurements. However, in the HEXOS experiment, the alongwind spectral
component was used for the estimate of the dissipation rate, whereas Large and Pond
(1981) measured the total horizontal wind speed spectrum. It is therefore thought
that, although both experiments obtained the same value for the Kolmogoroff
constant, in the HEXOS experiment this value may have compensated for an
increased spectral level due to anisotropy, whereas in the study of Large and Pond,
the value may have compensated for an increased spectral level due to the
measurement of the total horizontal wind speed, rather than just the alongwind

component.

Another criticism of the dissipation method is that of the assumptions made in
using the TKE budget. This subject is dealt with in detail in Section 5, and will only
be summarised here. It is sometimes assumed that the production and dissipation of
TKE balance, and that the vertical divergence terms are either negligible or cancel out.
It has been found, however, that this assumption does not always hold, and various
empirical forms of the “imbalance” term have been proposed (Section 5.3). Many of
these terms have been found by comparison of dissipation-derived wind stress data
with simultaneous eddy-correlation data. Again, an effective Kolmogoroff constant
is used in some studies to compensate for an imbalance of TKE observed under
neutral conditions, and a stability dependent formulation of the imbalance term is
found for non-neutral conditions. These studies are discussed in Section 5.3. It must
be noted that the relationship between the imbalance term in the TKE budget and the

effects of anisotropy is not known.
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It can be seen that the major uncertainty in the use of the dissipation method
lies in determining the appropriate value of the Kolmogorov constant. In this study,
a value of 0.55 was used since this was the value found by Large and Pond (1981),
who obtained good agreement between their open ocean dissipation and eddy
correlation wind stress estimates. The experimental conditions of their study were
similar in many crucial respects to those of this study, i.e. the measurement heights
were above the region where the effects of anisotropy may be significant, and both
studies use the total horizontal wind speed spectrum to determine the dissipation
rate. For these reasons it is thought that the Kolmogoroff value used in this study is
appropriate. However, even if the appropriate value were really 0.50 (rather lower
than found by most researchers (Section 5.3)), this would imply an increase of the
mean drag coefficient of about 7% for a wind speed of 10 m/s (Section 2.3.b).
Although a significant effect, this is small in comparison to the biases introduced by
the effects of flow distortion. For example, in Section 2.3.a it was shown that a
fairly small error of 5% in the estimate of the true wind speed introduces a 17 % bias
of the drag coefficient for a wind speed of 10 m/s. Hence the uncertainties inherent in
the use of the dissipation method are much less critical than the correct determination
of the mean wind speed. The effects of flow distortion on the results of this study

are determined, and corrected for, in Section 6.

Most open ocean wind stress data has been obtained using the dissipation
method (Section 7.4) since it is the most practical method for use on moving
platforms such as ships. The eddy correlation method depends on accurate
measurements of the vertical as well as the horizontal fluctuations of wind speed,
integrated over all length scales, and is therefore much more sensitive to the effects of
flow distortion on the turbulent structure of the flow than is the dissipation method.
The ship motion is large compared to the fluctuations of the vertical wind speed
which means that very sophisticated motion packages are required for the eddy
correlation method to be employed successfully. In addition, the distortion of the

flow of air around a ship has a much greater impact on either the eddy correlation or



31

the wind profile method than on the dissipation technique (Edson et al., 1991).
Small errors in the vertical alignment of the anemometer can have a large effect on the
eddy-correlation derived wind stress. For example, Oost et al. (1994) describes the
50% average disagreement in the concurrent wind stress estimates from 3 sonic
anemometers which was ascribed to misalignments of 1° (Kaimal and Haugen, 1969).
Even when these misalignments are corrected for, the effects of flow distortion are
still significant. Oost et al. developed a method to correct for the effects of flow
distortion around the anemometer support structures (booms etc.) used during the
HEXOS experiment. In addition to the mean tilt correction, an average correction of
11% was required to correct the wind stress results for an anemometer misaligned
with the flow by less than 2.5°. The errors described above were all found from
instruments deployed on stable platforms. On a moving platform, the degree of
instrument misalignment and the effects of flow distortion will vary rapidly in time:
correcting for these effects presents a severe experimental challenge if the eddy

correlation is to be used successfully.

All methods of determining the wind stress require stationary conditions.
However, whereas the eddy correlation method requires sampling times typically of
the order of 30 minutes or more, the dissipation method only requires sampling
periods long enough to determine the spectral level at frequencies of a few Hertz.
Typical sample periods used are of the order of 10 or 20 minutes, and Marsden et al.
(1993) successfully used the dissipation method with a sampling period of about 1

minute.

3.4 Discussion

For open ocean studies, where instruments are usually mounted on a moving
platform, the inertial dissipation method is the most practical. The wind stress
results from this method have been shown to agree to within a few percent with
measurements made using the more direct eddy correlation method. The dissipation

method is much less sensitive to low frequency platform motions than the eddy
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correlation method, and is also much less sensitive to distortions of the air flow since
it uses only the high frequency part of the spectrum. The insensitivity of the
dissipation method to flow distortion suggests that, for eddy sizes within the inertial

sub-range (order 1m or less), the spectral level is not significantly affected.

The major uncertainty in the use of the dissipation method is the choice of the
effective Kolmogoroff constant. However, a 10% error in the value of the constant
has a relatively small effect on the drag coefficient to wind speed relationship. It is
suggested that, whichever method is employed to estimate the wind stress, the
effects of flow distortion and the accurate determination of the true wind speed are

the largest sources of error. This subject is investigated in detail in Section 6.
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Figure 3.1. Open ocean drag coefficient data from the profile method (heavy dotted lines,

marked P), the eddy correlation method (heavy dashed line, EC) and the dissipation method
(thick solid lines, D) from the intercomparison of Dunckel et al. (1974). The line marked (P)
represents data from the profile method using anemometers above 2.3 m only. The line marked
(D) represents the dissipation results with an assumed Kolmogoroff constant of 0.55. The thin
lines show the open ocean relationships suggested by Large and Pond (1981) (dashed) and Smith
(1980) (solid).
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4 INSTRUMENTATION AND DATA PROCESSING

This Section describes the instrumentation, logging systems and initial data
processing employed during the R.R.S. Discovery Southern Oceans cruises D199, 200
and 201 and the R.R.S Charles Darwin cruise 43. The Darwin cruise took place in
the Faeroes region of the North Atlantic (Figure 4.1) during the Autumn of 1989.

The later cruises on the Discovery took place in the Southern Oceans (Figure 4.2)
from the end of December 1992 to the start of May 1993. The system used on the
Discovery will be described in greater detail, since the majority of the data used in the
later sections were obtained during this cruise. The Darwin system differed only in
the addition of extra fast sampling anemometers, and in the degree of automation of

the initial data processing.

All manipulation and analysis of data was carried out on a Sun UNIX
workstation or an Apple Macintosh machine networked to the UNIX system. Most
of the analysis was performed using “PEXEC”, a suite of in-house FORTRAN

programs.

4.1 Instrumentation on the Discovery Southern Ocean cruises.

A Solent Sonic Research Anemometer (manufactured by Gill Instruments
Ltd.) was mounted on the foremast of the RRS Discovery, 18.5 m above sea level, as
shown in Figure 4.3. The asymmetric head version of the anemometer was used with
the 240° open sector facing the bow of the ship (Figure 4.4). The anemometer had a
sampling rate of 168 Hz, and output digital 3-component wind estimates at 21 Hz.
These data were logged to a NEC APC 1V portable microcomputer for periods of 12

minutes, each beginning on the quarter-hour.

In addition to the Solent sonic anemometer, an R.M. Young propeller
anemometer was also mounted on the foremast platform. Two Vector Instrument

aspirated psychrometers were mounted near the sonic anemometer at a height of 17 m
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above the water line. An aneroid barometer was located in the main laboratory of the
ship and a hull-mounted platinum resistance thermometer was used to obtain the sea
surface temperature. The ship’s GPS system and the hull-mounted two-component
electromagnetic log (em log) system produced values for the speed of the ship over
the ground and through the water respectively. All these instruments were sampled

by the RVS “metlogger” system at 1 Hz, and 1 minute average values were recorded.

The temperature sensors were accurate to a few tenths of a degree or better,
and the air pressure sensor has a specified accuracy of 0.3 mb. These are sufficient
for the calculation of the atmospheric stability corrections, as discussed in Section
2.3. The accuracy of the em log varies, depending on how recently and well the
calibration was performed, but should be better then 0.5 m/s, whereas the GPS ship
speed is accurate to 0.1 m/s (Kent et al., 1992). Ship speed data are discussed
further in Section 4.8. The Solent sonic anemometer has a specified accuracy of 1.5
% over a 10 second sample for wind speeds between 0 and 30 m/s. However, the
calibration certificates for this instrument suggest that, for the 20 m/s wind speed

used during the calibration, the errors do not exceed 0.5%.

Apart from the Solent sonic and mean meteorological systems, the Discovery
was also equipped with a Ship Borne Wave Recorder (SBWR). The SBWR had a

sampling period of 10 minutes and produced 102 spectral estimates ( E(f)) between 0

and 1 Hz. These data were logged to an NEC PC.

4.2 The Charles Darwin cruise 43.

The Charles Darwin was equipped with similar mean meteorological
instruments as the Discovery. The psychrometers, R.M. Young propeller
anemometer, sea temperature and air pressure sensors were sampled at 1 Hz using
the MultiMet data logger (Birch and Pascal, 1987) and one minute means were
produced. One minute means of the speed of the ship over the ground and through

the water were recorded from the ship’s GPS and em log systems respectively. A
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SBWR was also installed on the Darwin, and was operated as described in Section

4.1.

The Solent sonic installed on the foremast platform of the Darwin was a
prototype model that differed slightly from the production model used on the
Discovery cruises. The 21 Hz output from the prototype was based on a 42 Hz
sampling rate (rather than 168 Hz), and the internal calibration was a generic one
based on tests carried out in a 2’ by 3’ wind tunnel, whereas the production models
were individually calibrated ina 7> by 5* wind tunnel. Additionally, the three
support struts around the sensor volume of the prototype were arranged
symmetrically (Figure 4.5). A full evaluation of the prototype Solent sonic is given
by Yelland et al. (1991), who demonstrated that uncontaminated spectra could not be
obtained within 20% of a support strut. This result led to the development of the
asymmetric version of the anemometer, used later on the Discovery. However, the
prototype instrument was mounted on the Darwin with the “North” strut facing aft,
and collection of wind spectra was restricted to periods when the wind was blowing
within 30 of the ship’s bow, i.e. was more than 30 from a support strut. The
three component wind speed data from the Solent sonic were logged over 20 minute

periods.

In addition to the Solent sonic anemometer, there were four other fast
response anemometers mounted on the foremast platform (Figure 4.6). The Solent
sonic was mounted 15.1 m above the waterline. The R.M. Young propeller vane
anemometer was mounted on the port side of the foremast platform at a height of 15.6
m. The Kaijo-Denki sonic and the R.M. Young Bivane anemometers were mounted
on the starboard side of the platform at heights of 14.35 and 15.7 m respectively.

The R.M Young tri-axis anemometer did not function successfully and produced no
useful data. The latter three instruments, all mounted on the starboard side of the
platform, were operated by researchers from the University of Manchester Institute
of Science and Technology, who kindly provided the wind speed spectra and mean

relative wind speed data from the Kaijo-Denki and Bivane anemometers.
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4.3 Processing of the wind spectra during the Discovery cruises.

For the Discovery cruises, the logging program for the Solent sonic
anemometer performed some initial processing of the data which is described fully in
Clayson (1994), and is summarised here. The three components of wind speed were
transformed into North, East and Vertical speeds, where North corresponded to a
wind blowing over the bows of the ship. To obtain the wind speed spectra from a 12
minute sample, the North and East components were used to calculate the
instantaneous horizontal speeds which were then treated in 28 sections of 512 values.
For each section, the mean was subtracted, a partial cosine window was applied and
the power spectral densities calculated using a Fast Fourier Transform. The spectra
were corrected for windowing loss and normalised by multiplying by 3. The 28
spectra were then averaged together. The mean value of the normalised power
spectral density (PSD) was calculated by averaging the 49 spectral estimates between
2 and 4 Hz: alinear fit was also calculated over the same frequency range. The
lower frequency limit was chosen to be above that of the ship motion. The upper

limit was selected to be well below half the Nyquist frequency (10.5 Hz).

For each 12 minute run, the mean PSD, the slope and intercept of the fit, the
mean horizontal wind speed and the vector averages of the North, East and Vertical
components of the wind speed were recorded in summary files. The averaged spectra

were recorded separately.
4.4 Processing of the wind spectra during Darwin cruise 43.

For the Darwin cruise, the data from the Solent sonic anemometer were
manually processed in a similar fashion as described in Section 4.3. At low wind
speeds (less than about 5 m/s), the spectral levels increased above the §75/8
relationship. This may have been due to aliasing of high frequency noise, since the
production models of the anemometer, which used a higher sampling rate, did not

produce spectra with this increased spectral level at the higher frequencies. As
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discussed in Yelland et al. (1994) the choice of a 2 to 4 Hz range for estimating the
PSD seemed effective, since the values from the Solent sonic agreed well with those

from the other anemometers used during the cruise.

For the Propeller and Bivane anemometers, PSD values were calculated across
a fixed frequency range of 1.6 to 2.2 Hz, whereas the Kaijo-Denki PSD values were
obtained from a fixed wavenumber range from 1 to 3 (equivalent to a frequency range
of 0.8 to 2.4 Hz at a relative wind speed of 5 m/s, and 2.4 to 7.2 Hz at 15 m/s). Data
from the two propeller-vane anemometers and the Kaijo-Denki sonic anemometer
were recorded for periods of 5 minutes, rather than the 20 minute period used for

Solent sonic anemometer on this cruise.

Both the Bivane and the Propeller-vane anemometers used lightweight
polystyrene propellers. In order to be able to directly compare the results from these
two instruments, their spectra were processed in the same way. The spectral values

from the Propeller-vane were corrected for the time response of the propeller using

the formula of Brook (1977);
H(f)=1/(1+ @ nfL Urel-1)2) 4.2)

where H(f) is the transfer function for frequency, f, and Ure] the mean apparent

wind as measured at the anemometer. The value for the response length, L , was
determined as 1 m by the manufacturers using wind tunnel measurements. However,
a separate estimate of the response length was obtained from the cruise data by
determining the correction needed to give an -5/3 slope in the dissipation region of the
spectrum. This apparent response length increased from near zero at low wind
speeds to asymptotically approach a value of one for wind speeds greater than 8 m/s
(Figure 4.7). If these values represent the correct response length for the propeller
(rather than the effect of high frequency noise in the spectra) then the use of a
constant value for L of 1m at all wind speeds will have overcorrected the data,
particularly at wind speeds below 8 m/s where the estimates of spectral level will be

of doubtful accuracy.
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4.5 Processing of the mean meteorological data.

One minute averaged values of air pressure, wet and dry bulb air
temperatures, sea surface temperature, wind speed and direction (from the Propeller-
vane anemometer), em log data, GPS and compass data were averaged a second time
to obtain 12 minute values which corresponded to the sampling periods used by the
Solent sonic anemometer. In addition to the mean 12 minute values, the standard
deviations were also calculated. The mean and standard deviations of all the variables
were merged on to the summary data files obtained from the Solent sonic anemometer

(Section 4.2).

For the Darwin cruise, averages of the mean meteorological and navigation
data were formed to correspond to the Solent sonic 20 minute sampling period. The
other anemometers used during this cruise sampled for periods of 5 minutes and these

data were also averaged.

4.6 Processing of the SBWR data.

Data from the SBWR were used to estimate the significant wave height, Hs,

from the zeroth moment of the spectra (Pitt, 1981);

Hg = 4[[E(f)df]1/2 (4.1a)
0.4 12

Hg = 4[ Y E(f)Af (4.1b)
0.04

where Af=5/512 Hz is the width of the frequency bins. The frequency response of
thie SBWR is rather poor, with no useful spectral information above about 0.4 Hz
(10 m wavelength). In addition, no directional information is available from the data.
It is therefore not possible to differentiate wind waves and swell waves using this

data.
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4.7 Quality control

Quality control criteria were applied to the data and a run was rejected if; the
wind was not blowing within 30 of the bows; the standard deviation of the relative
wind direction or of the ship’s head was greater than 20; or if the standard deviation
in the ships speed was greater than 0.5 m/s. The latter criteria were designed to reject
runs during periods when the ship was manoeuvring. For the ship-borne wave

recorder, data were rejected if the ship speed through the water was greater than 1

m/s.

Data were also rejected if the intercept of the fit to the wind speed spectrum
was not within 30 % of the mean PSD value, i.e. the normalised wind spectrum was
not flat. Figure 4.8 shows five accepted spectra from the Discovery cruise, obtained
at various wind speeds. The motion of the ship is visible at about 0.1 Hz, well
below the frequency range of interest. As described above (Section 4.3), spectra
from 28 sections of data were averaged for each run, hence the standard deviation of
the spectral estimates is 19% (Pitt, 1981). The standard deviation of the mean PSD
is around 3%, since there were 49 spectral estimates in the 2 to 4 Hz frequency range

used.

The calculation of the PSD (Section 2.1) requires the assumption that Taylor’s

hypothesis is valid, i.e. that the turbulence is “frozen”. Willis and Deardorftf (1976)

suggest that the hypothesis is valid when o, <0.5 U, where o, is the standard
deviation of the relative wind speed, U,e;. This test was met by all the Discovery
data which passed the other quality control criteria: for all data, with the exception
of one very low wind speed run, the standard deviation of the relative wind speed

was less than 10 % of the mean value.

4.8 Estimating the true wind speed.

The true wind speed should be calculated with respect to the water surface

rather than over the ground (Section 2.2). This implies that the em log data of ship
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speed through the water should be used, rather than that from the GPS. However,
the em log needs careful calibration to provide accurate data, and can also be affected
by use of the ship’s bow thruster. The bow thruster is used to position the ship
when “on station”, and works by emitting a strong jet of water from beneath the hull.
In the case of the Darwin, this jet can be emitted in any direction, and could pass
close to the em log sensors under the hull, causing the instrument to record erroneous
ship velocities. Figure 4.9 shows the mean em log ship speed against that from the
GPS for the Discovery data, after the quality-control criteria have been applied.
Since the data were selected for winds blowing over the bow, it would be expected
that the wind drift current would generally act so that the ship’s speed through the
water from the em log would be larger than the ship’s speed over the ground.
However, it can be seen that at low ship speeds, the em log under-estimates by
about 0.1 m/s. As the GPS ship speed is the derivative of the ship’s position, no
systematic error can be attributed to the ship speed over the ground, and it is
therefore concluded that the em log had a poor calibration during the Discovery

Southern Ocean cruises.

For both the Darwin and the Discovery cruises, the true wind speed was
calculated by vector addition of the GPS ship speed with the relative wind speed from
the Solent sonic anemometer. Hence the true wind speed may be overestimated due
to the neglect of any wind drift currents. These are estimated to be of the order of
0.5 us (Wu, 1975), i.e. about 2% of the wind speed, which is not insignificant.
However, calculation of the true wind speed with respect to the ground is common
practice (Section 2.3.a), and effectively incorporates the surface wind driven-currents
into the parameterisation of the drag coefficient. Since a) we have no measurement of
the drift currents, and b) in order to compare our results with those of other

researchers, no corrections will be made to the estimates of the true wind speed.
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4.9 Description of the data.

After selection according to the criteria in Section 4.6, the three Discovery
Southern Ocean cruises resulted in 2633 wind stress estimates. These data covered a
wide range of meteorological conditions; wind speeds ranged from near calm to 26 m/s
(with a mean of 11 m/s), and the air-sea temperature difference varied from -8 to
+400C. 1570 of these data had concurrent SBWR data during which the ship was
moving at less than 1 m/s. The mean significant wave height was a little less than 4

m, with a maximum of 14 m.

Charles Darwin cruise 43 produced 146 data cycles with concurrent PSD
values from three of the fast sampling anemometers: 99 values were obtained from
the Bivane. These were 20 minute averages, rather than the 12 minute averages
produced from the Discovery cruises. The air-sea temperature difference ranged from
-6 to +0.50C, and winds speeds varied from 6 to 18 m/s, with a mean of 12 m/s.
Only 64 concurrent SBWR spectra were available, with Hs values between 2 and 8

m.

Figure 4.1 The ship track for R.R.S. Charles Darwin cruise 43.



43

m/s. The mean significant wave height was a litile less than 4 m, with a

maximum of 14 m.

Charles Darwin cruise 43 preduced 146 data cycles with concurrent
PSD values from three of the fast sampling anemometers: 99 values were
obtained from the Bivane. These were 20 minute averages, rather than the
12 minute averages produced from the Discovery cruises. The air-sea
temperature difference ranged from -6 to -+O.5°C. and winds speeds varied
from 8 to 18 m/s, with a mean of 12 m/s. Only 84 concurrent SBWR

spectra were available, with Hs values between 2 and 8 m.

Figure 4.1 The ship track for RR.S. Charles Darwin cruise 43.
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Figure 42 The ship track for RR.S. Discovery cruises 199, 200 and 207,

Figure 4.3 The foremast of the RRS. Discovery, showing the Solent sonic

anemometer (indicated by the Arrow) on the starboard side of the
platform.
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Figure 4.6 The foremast of the RR.S. Charles Darwin, looking forward from the
bridge. The fast sampling anemometers are indicated by the numbers:
(1) Solent sonic, (2) Young propeller-vane, (3) Kaijo-Denki sonic, and

{4) Young Bivane.
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Figure 47 The esumated distance constant, L, against relative wind speed for the
Young propeller anemometer. Error bars indicate the standard

deviation of the mean.
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Figure 4.8 Wind speed spectra from the Solent sonic anemometer used during the Discovery

Southern Ocean cruises. The average wind speed is indicated for each. The

vertical lines indicate the frequency range across which the PSD is estimated.
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5 THE WIND STRESS CALCULATION: QUANTIFYING THE IMBALANCE
TERM IN THE TKE BUDGET.

This Section describes the analysis of the data obtained from the Discovery
cruises (Section 5.1) and investigates the assumption of a balance between the
production and dissipation terms in the TKE budget. An empirical relationship
between the imbalance term, stability and wind speed is determined in Section 5.2.
The resulting form of the imbalance term is compared to the findings of previous

studies in Section 5.3, and its effect on the drag coefficient are investigated in Section

5.4.

5.1 The friction velocity with the assumption of zero imbalance.

The theory behind the calculation of the wind stress was given in Section 2.
Initially, the assumption was made that the terms for the vertical divergence of the
turbulent transport and of the pressure transport in the TKE budget cancelled out,
implying a balance between the production terms and the dissipation (Eqn. (2.18a)).
This assumption is commonly made (for example, Large and Pond, 1981 and 1982,

and Anderson, 1993).

The data obtained from the Discovery Southern Ocean cruises were analysed
as described in Section 2.2.a, using the FORTRAN program “bfdissY.F”. Out of the
2633 data cycles which passed the quality control criteria (Section 4.6), 182 failed to
converge during the iterative calculation of the stress (Section 2.2.a). These were all
obtained during wind speeds of less than 10 m/s, and represent 16% of the data
obtained below that speed. Data obtained at wind speeds greater than 10 m/s all
converged. Figure 5.1 shows the air-sea temperature differences and true wind
speeds for all the data. It can be seen that, apart from a few data where conditions
were very stable, the data which failed to converge occurred during unstable

conditions.
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Figure 5.2 shows the variation of z/L with Uyyy. The U,y values range from

almost calm to 26 m/s, and the stability parameter z/L varies from -2 to +4. To
examine the effectiveness of the stability functions, the data were separated according

to ranges of z/L and averaged into U,y bins of 1 m/s width. The results are shown

separately for the stable and unstable conditions in Figure 5.3. The stable data above
about 6 m/s are in good agreement with the very near-neutral (|z/L|<0.01) data,

except for 10 points between 15 and 20 m/s. At low wind speeds, data where

z/L > 0.1 have smaller friction velocity values than the corresponding very near-
neutral data. For unstable data and winds above 6 m/s, it can be seen that, compared
to the very near-neutral data, the friction velocity is increasingly underestimated with

increasingly unstable conditions. Below 6 m/s the pattern is less clear.

5.2 Estimation of the imbalance between production and dissipation.

5.2.a Analysis method and results from Yelland and Taylor (1996).

The dependence of the non-neutral friction velocity values on both the
stability and wind speed conditions was investigated, by comparison with the neutral

data, by Yelland and Taylor (1996) (YT96). The method and results are summarised

here. The neutral (|z/L|<0.01) friction velocity data were fit by a third order
polynomial which was then used as a bulk formula to calculate u.g, x values as a

function of the measured U,,y for the entire data set. Figure 5.4 compares the

calculated parameters obtained using the bulk relationship with those from the original
dissipation calculation. It can be seen that, compared to the large amount of scatter
in the friction velocity and stability parameter estimates, the calculation of U,qy 1s
virtually unchanged, except for a few values below 5 m/s during which conditions

were very stable. The differences between the “bulk” friction velocity values,

ugyLk » and those from the original dissipation method calculation, u.ygg, Were

ascribed to an imbalance term, ®p, since the effect of the acceptable variation in @y



NOTE: this chapter is superceded by Tayldf) P.K. and Yelland, M.J. 2000: On the apparent

'imbalance' term in the turbulent kinetic energy budget, J. of Atm. and Ocean. Tech., 17(1), 82-89
for unstable conditions is very limited (Section 2.3.b). The bulk method assumed

zero imbalance;

@ BuLk = PmBULK - ZlLgyLk (5.1a)

If the possible effects of sea state and sources of error or noise in the data are ignored,

then an imbalance term should make u.p,gg equal to u.g k ;

K,z K,z

S @y —z/L-Dp (5.1b)
u u
*DISS *BULK

Since many of the data failed to converge using the original dissipation calculation, the

imbalance term was estimated using z/L from the bulk calculation as a first

approximation;
k, ze
®p = PympuLk -Z/lBuk — 3 (5.1¢)
UguLk

YT96 found @p to be a function of wind speed as well as z/L. An imbalance

term of the form;

op =E(2—%§ﬂ) z/L<0 (5.22)
2
o0 =f((—uﬂﬁl51—2)) z/L>0 (5.2b)

was found to remove the systematic differences between the non-neutral and neutral
data. A slightly better convergence rate was also achieved, with 169 low wind speed

cases failing to converge.

5.2.b Re-analysis of the imbalance term.

Subsequent analysis suggested that at least part of the discrepancy between
the neutral and non-neutral data may have been due to the effects of air-flow
disturbance caused by the presence of the ship, rather than wholly to the imbalance
in the TKE budget. This problem, examined in Section 6, is illustrated in Figure
5.5.a, where the original friction velocity and U,y values are shown after separation
into three relative wind direction classes: "port" and "starboard" for relative wind

directions of more than 10 (and less than 30) degrees to port or starboard of the bow,
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and "bow" for relative wind directions within 10 degrees of the bow. Figure 5.5.b

shows the equivalent drag coefficient to wind speed data. For a given Uy, it can be
seen that over most of the wind speed range the drag coefficients obtained with the
wind on the starboard bow are slightly overestimated compared to the bow-on values,
and those from the port bow are significantly underestimated. The mean relative
wind direction is shown for each 1 m/s U,y interval in Figure 5.6.a, and for each

0.1z /L interval in Figure 5.6.b. It can be seen that for data obtained during both the
higher wind speeds and the more unstable conditions, the relative wind direction

tended to be to port of the bow.

In order to remove possible spurious correlations of the imbalance term with
either Uy or z/L , the 1074 data obtained with the wind within 10° of the bow were
selected for re-analysis. In this range, the mean relative wind directions values show
little or no trend with wind speed or stability (Figure 5.6 a and b).

Figure 5.7 shows the u- to U;yy relationships, calculated with the assumption
of zero imbalance, for these “bow” data after separating according to stability. The
friction velocities are increasingly underestimated with increasingly unstable
conditions, as in Figure 5.3 for the entire data set, but the stable data show no
deviation from the neutral relationship except at the lowest wind speeds where the

anemometer may well have been above the surface layer (Section 2.3.c). As before, a

“bulk” u- to U,y relationship was found, for the “bow” data only, by fitting a third
order polynomial to data where |z/L|<0.03. The bulk relationship was then used to
obtain Uy, gy and z/L values for all the “bow” data, and the imbalance term,

®p, was recalculated using Eqn. (5.1.c) as described above.

5.2.c A simple form of the imbalance term.

Figure 5.8 shows the ®p estimates averaged against z/L, after separating into

different wind speed ranges. For unstable conditions it appears that, for a given z/L

value, ®p may increase with wind speed. There is no such wind speed dependence
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apparent in the stable data: low wind speed data is suspect under these conditions

and the data range 0 to 7 m/s should be ignored. As a first approximation, the ®p

estimates for all data obtained at wind speeds above 7 m/s were fit by a linear

regression on z/L which gave;

. =-o.5f 2/L<0 (5.3a)
. =-1.6E 2/L>0 (5.3b)

This form of the imbalance term was then used in the re-calculation of the
Upiss » Yoy and Obukhov length values. The averaged u.pgg to Uy relationships
are shown after separation by z/L in Figure 5.9. The stable data at moderate and
high wind speeds show no significant dependence on z/L. The discrepancies
between the neutral and unstable u.p,gg to Uy relationships have been slightly
reduced (c.f. Figure 5.7), but are still significant. It was therefore thought that the
simple imbalance term of Eqn. (5.3.a) was not adequate, and that a wind speed

dependent term should be investigated.

5.2.d A wind speed dependent imbalance term.

It was assumed that the imbalance term could be expressed simply by;

Op = Ef{UmN} z/L<0 (5.4)

The form of the U,y function was found by dividing the ®p estimates by the

corresponding z/L values and averaging the results against U;yy. This is shown in

Figure 5.10 for all data where z/L <-0.03, and again in Figure 5.11 where the data are
first separated according to stability. Figure 5.11 shows that the wind speed

dependence observed in Figure 5.10 is not due to an unaccounted stability dependence
of ®p, since all the stability classes, although noisy, show similar behaviour. The

dependence of ®p on U,y could be described by the linear relationship;

_Z(gg_ YN
@D_L(o.s 6_5) 2/L<0 (5.5)
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Figure 5.12 shows the mean relative wind direction for each of the wind speed

averages used in Figure 5.10. The very slight trend towards the starboard side of the
bow with increasing wind speed would be unlikely to cause a significant change in the
magnitude of the airflow disturbance, and would act, if at all, to offset rather than

increase the imbalance term.
Figure 5.13 shows the friction velocity to U,y values obtained using the

imbalance term of Eqn (5.5). For wind speeds above 10 m/s, the agreement between
the neutral and unstable data is now good. However, there is still a significant

discrepancy at the lower wind speeds.

The residual imbalance, A®p, was found from;

k,ze k,ze
ADp == E EE (5.6)
Uspiss YUk

These estimates of A®p, obtained from the data which converged successfully, were
divided by their corresponding z/L values and averaged against U,y in Figure 5.14.
It can be seen that for all except the strongest winds above 5 m/s, the introduction of

the imbalance term of Eqn (5.5) has removed the wind speed dependence. However,

at the lower wind speeds the residual imbalance term, A®p, has increased in

magnitude compared to the original ®p (c.f. Figure 5.10). This is due to the non-

convergence of 55 data which required a positive rather than a negative imbalance term

for these wind speeds. The individual ZE;% estimates from the bulk formula

calculation for these cases are also shown on Figure 5.14. Since data above about 9
m/s also suggest an additional positive imbalance term of the order of -0.3z /L, the

dissipation calculation was repeated using an adjusted imbalance term of the form;

_Z(g5 _ YN
@D_L(o.5 6_5) 2/L<0 (5.7)

which is also a reasonable fit to the imbalance estimates shown in Figure 5.10.

With the inclusion of this form of the imbalance term all except 22 data

converged, and the resulting u- to Uy relationships for the different stability classes

are all now in agreement with that for the neutral case (Figure 5.15).
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In summary, the imbalance term for stable conditions (Eqn 5.3b) was a

function of stability only, and would be zero if the constant in the dimensionless
profile function @y, , originally 5, was replaced by a value of 6.6. For unstable
conditions, the wind speed dependent imbalance term given in Eqn (5.7) removes the
discrepancy observed between data obtained during non-neutral and neutral

conditions, and also greatly reduces the number of data which fail to converge.

5.3 Comparison of imbalance terms.

5.3.a Estimates of the imbalance under neutral conditions.

There have been various estimates of the imbalance term in the TKE budget,
the most well known being that of Wyngaard and Cote (1971) who made land based
measurements of all the terms in the TKE budget except for the pressure transport
term. These authors grouped the pressure transport term and the possible effects of
inhomogeneity and non-stationarity (both judged to be small in comparison with the
transport term) together as an “imbalance” term, 1. The sum of I and the measured
turbulent transport gave an imbalance term, ®p, of about -0.3 for unstable conditions,
i.e. dissipation exceeded production by about 30%. A similar imbalance was found
for stable conditions. Lenschow et al. (1980) made aircraft measurements over the
ocean and also found dissipation exceeding production by up to 40% at the surface:

however, this estimate is an extrapolation of data obtained between 100 and 1000 m.

More recently, the work of Wyngaard and Coté has been re-interpreted by
many others using a von Kérman constant of 0.40 rather than the original value of
0.35. Edson et al. (1991) suggested that reinterpretation of the Wyngaard and Coté
results was consistent with their HEXMAX result of an excess of dissipation over
production of about 12%. On the other hand, Fairall and Edson (1994) analysed the
HEXMAX data along with data from RV FLIP and RV Iselin and found that local
dissipation was less than production by about 10%. Frenzen and Vogel (1992) used

a von Karman constant of 0.387, and found that their land-based dissipation
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measurements suggested that production exceeded dissipation, by about 20%. They

too reinterpreted the data of Wyngaard and Coté and found that dissipation was about

16% less than production.

The determination of the imbalance is further complicated by the choice of
Kolmogoroff constant. As discussed in Section 2.2.b, the true value of this constant
is not well known, and an “effective” value (Deacon, 1988) is sometimes found by
comparison of eddy correlation and dissipation data (e.g., Edson et al., 1991). Itis
thought that the use of this effective value compensates for any imbalance under
neutral conditions, but since there is much debate as to both the true and effective
values, the implied magnitude and even sign of the imbalance is still not known. For
example, a balance between dissipation and production was found, or assumed, by

Large (1979), Large and Pond (1981 and 1982) and Anderson (1993) who all used
K=0.55 and k,=0.4. Edson et al (1991) also found a balance using K¢ =0.55 and

ky=0.4, although their Ky, of 0.51 led to the result of an excess of dissipation by

12% mentioned above. A balance was also found by Schacher et al. (1981) using

K=.52 and k,=.35, and Khalsa and Businger (1977) using K=0.50 and k, =0.4

5.3.b Estimates of the imbalance under non-neutral conditions.

Table 5.1 summarises the imbalance terms found by various researchers from
recent experiments over the ocean: only terms obtained under unstable conditions are
presented, since these conditions predominate over the ocean and few estimates of
the term have been made for stable conditions. It can be seen that the range of wind

speed and stability conditions of each study vary widely.

These results are illustrated in Figure 5.16. Where an original Kolmogoroff
value of other than 0.55 has been used in obtaining the imbalance, the results have

been adjusted using Eqn (2.39) so that a direct comparison can be made.
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Study Imbalance term z/L Uion value of

(n°- of data) range range constants

this study ®p - E(°-5 ‘%ﬂsi) 2100 |0t026 | K=0.55

(716 x 10 min.) ky=0.40

2(, Uiy

Yelland and Taylor, 1996 bo = E(2 73 ) 2100 |0t026 | K=0.55
(1660 x 10 min.) ky=0.40
Dupuis et al, 1996 @p=-0.657 8100 |3to12| K=0.55
(950 x 13 min.) ky=0.40

Edson et al., 1991 ®p=0 03t00 | <20 | Keff=0.55
(HEXMAX 328 x 50 min.) | (K¢ry=0.51, ®p =-0.12) ky=0.40
Fairall and Edson, 1994 00 =017+ 1z L | -10t00 | not | K=0.52
(HEXMAX, FLIP + Iselin) known | ¢, =0.40

Table 5.1 Imbalance terms found from various studies over the oceans.

It can be seen that the imbalance term given by Eqn. (5.7) shows a reduced
wind speed dependence in comparison with that from the analysis of Yelland and
Taylor (1996). As described in Section 5.2.b, the larger wind speed dependence
found by YTO6 is likely to have been caused by the varying effects of air flow
disturbance with relative wind direction. The re-analysis resulted in an imbalance
term which is positive, i.e. production exceeds dissipation, for all wind speeds above
3.25 m/s: estimates of the wind stress are not thought reliable for wind speeds much

below this (Section 2.2.c).

The results from this study are in agreement with those of Dupuis et al.
(1996) for their typical wind speed of around 7 m/s. Although the result of Dupuis
et al. confirms that from this study, it should perhaps be viewed with caution. The

data used by Dupuis et al. was obtained from two separate cruises of the research
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ship “Le Suroit”: the two cruises produced systematically different wind stress to

wind speed relationships (their Figure 9). Friction velocity estimates from the
SOFIA cruise were about 5% lower, for a given wind speed, than those from the
SEMAPHORE experiment. The two cruise data were treated as one data set for
estimating the imbalance term, with no explanation of, or correction for, the
disparity between the two. It is possible that the resulting imbalance term was, in
part at least, a correction for this disparity rather than an estimate of the imbalance

between production and dissipation of TKE.

The imbalance terms from this study, YT96 and Dupuis et al. all resulted
from a comparison of non-neutral to (near) neutral data, obtained using the inertial
dissipation technique, with an assumed balance between production and dissipation
under neutral conditions. In all cases, an effective Kolmogoroff constant of 0.55 was
used since this had been found by Large (1979) and Edson et al. (1991) to compensate

for any imbalance under neutral conditions.

In contrast, the results from Edson et al. (1991) and Fairall and Edson (1994)
were arrived at by comparing data obtained from the inertial dissipation method to
eddy-correlation derived data. Despite the fact that both used data from the same
experiment, HEXMAX, the results from these two studies differ substantially.
However, the latter authors combine this coastal data, obtained from the MPN
platform in the southern North Sea, with data obtained from the ships R/V Iselin in
the Atlantic and R/V FLIP (effectively a large spar buoy) off the West coast of
California. The difference between the imbalance terms from the two studies could
either be real, caused by different wind speed or sea state conditions prevailing in the
different regions, or spurious, due to the various platforms causing different patterns
of air-flow disturbance at the measurement sites, a problem to which the eddy

correlation method is particularly sensitive.

The wide range of published estimates of the imbalance term may be partially

explained if it does indeed depend on wind speed (or some other wind speed
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dependent factor, see Section 5.5) as shown in this study, but the published results

do not contain enough information to test this. On the other hand, the lack of
consensus between different studies may simply be an illustration of the difficulty of
making such estimates. A comprehensive study of the TKE budget over the ocean,
similar to that of the land-based study of Frenzen and Vogel (1992), would be needed
to ascertain the absolute magnitude and form of the imbalance term. Such a study
would be extremely difficult to perform since data covering a large range of stabilities
and wind speeds would have to be obtained from a platform where flow disturbance
was minimised, i.e. preferably from a mast-like spar buoy. Similar conditions would
have to be met even for the less direct method of comparing eddy correlation and

dissipation data to estimate the imbalance.

5.4 Effect of the imbalance term on the Drag Coefficient data from the

Darwin and the Discovery.

Figure 5.17a shows the mean Cpigy to Ujpy relationships obtained from the

Discovery data after analysis both with and without the imbalance term of Eqn. (5.7).
The results from the Solent sonic anemometer used on Charles Darwin cruise 43 are
shown likewise in Figure 5.17b. In both cases, only data obtained with the wind
within 10° of the bow was used in the analysis. The relationships suggested by

Smith (1980) and YT96 are also shown for comparison.

It can be seen that the application of the imbalance term increased the mean
drag coefficient for a given wind speed by about 5 % for the Discovery data. With
zero imbalance, the mean relationship was similar to that of Smith (1980), but with a
slightly greater wind speed dependence. Application of the imbalance term resulted
in a mean relationship which gave drag coefficients which were similar to those of
Smith (1980) at moderate wind speeds, but were closer to those of YT96 for wind
speeds above 15 m/s. The original drag coefficients from the Darwin were increased
by up to 30 % after the imbalance term was included in the re-analysis, since the low

wind speed data were all obtained under very unstable conditions. Use of the
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imbalance term lessens the agreement between the original Discovery results and those

of Smith (1980).

The values of the imbalance term for the unstable Discovery data are shown
against Uygy in Figure 5.18. For all except the lowest wind speeds, the term is
positive, implying an excess of production over dissipation. For wind speeds above
12 m/s, production exceeds dissipation by between 5 and 10 % on average, with
individual values up to 20%. Between 4 and 12 m/s, there is a wide range of values
observed for the imbalance, from zero to 85%. Use of the imbalance term reduced
the scatter in the Discovery friction velocity estimates by about 10 % on average.

For wind speeds of around 10 m/s, where the range of the imbalance term was largest,

the scatter was reduced by 50%.

5.5 Summary

This section described a re-analysis of the Discovery Southern Ocean data
used by Yelland and Taylor (1996) in order to estimate the imbalance between local
production and dissipation in the turbulent kinetic energy budget, with the
assumption of a balance under neutral conditions. A subset of the original data was
used in order to minimise the effects of airflow distortion, which vary with relative
wind direction (Section 6). Since both wind speed and stability also showed a weak
correlation with wind direction it was thought that the stronger wind speed
dependence of the imbalance term found by YT96 may have been due in part to the

varying effects of the airflow disturbance.

The re-analysis showed no evidence for any wind speed dependence of the
dimensionless profiles for stable data, unlike the results of YT96. For slightly stable

data, use of a dimensionless profile function of the form;

CI>M=1+6.GE 0<z/L<02

resulted in a balance between production and dissipation.

For unstable conditions, an imbalance term of the form (Eqn. 5.7);
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z U
dn = —(05 - —1ON
D L(05 6.5) z/L<0

removed the discrepancy observed between data obtained during non-neutral and
neutral conditions, and greatly improved the proportion of low wind speed data
which converged successfully. If a balance between production and dissipation is
assumed under neutral conditions, then, for unstable conditions, production was

found to exceed dissipation by about 10 % on average.

A less empirical formulation of the imbalance term may be obtained if, as
described in Section 5.3.b, a more comprehensive study of the TKE budget over the
ocean is carried out in the future. At this point, there is no consensus on either the
sign or the magnitude of the imbalance between production and dissipation in the
TKE budget over the oceans. However, the results from this study are the first to
show that the imbalance term may be related to a wind-speed dependent factor. The
form of the imbalance term for unstable conditions is not dimensionally correct: it is
likely that the imbalance should be expressed as a function of some other non-
dimensional wind speed dependent term. Edson (pers. comm. 1997) has recently
reported initial results from a experiment on the RV FLIP which seem to show that
the imbalance term is a function of sea-state, which is also wind-speed dependent. It
was not possible to test this hypothesis due to the very limited wave data available

from this study.
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Figure 5.3  Friction velocity estimates, obtained with the assumption of a zero imbalance, averaged
on U;qn and separated into the stability ranges shown, for a) unstable conditions, and

b) stable conditions. The numbers in the brackets give the amount of data in each

stability class.
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5.4 Comparison of a) Ujgp, b) friction velocity, and c) stability estimates obtained using the

dissipation (DISS) and bulk (BULK) methods. The dashed lines indicate a 1:1 agreement.
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Figure 5.5 a) Friction velocity and b) drag coefficient data, calculated with the assumption of zero
imbalance, separated into relative wind direction classes. Data obtained for wind
directions between 10° and 30° to port of the bow are shown by the dashed line, the
solid line indicates wind directions within 10° of the bow and the dotted line indicates

data obtained with the wind 10° to 30° on the starboard bow.
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6 THE EFFECTS OF AIR FLOW DISTURBANCE ON THE MEASUREMENT
OF THE DRAG COEFFICIENT.

6.1 Introduction

Section 5 described the empirical determination of the imbalance between
production and dissipation of turbulent kinetic energy. The imbalance term was used
in the derivation of drag coefficient estimates from data obtained from the Solent sonic
anemometers used during cruises of the Discovery and the Charles Darwin. These
results were shown in Figure 5.17: it can be seen that the results from the two ships
are significantly different. It was thought that the effects of airflow distortion could
be a cause of this difference. This Section investigates the flow distortion around the

two ships.

The flow of air to the anemometer can be distorted by a) the sensor itself, b)
the local supporting structure such as the mast that the anemometer is mounted on,
and c¢) the larger scale obstruction caused, in this case, by the presence of the ship.
In this study, the first of these is corrected for by the instrument calibration which
results from wind tunnel tests of the instrument (Section 4.2). This Section discusses

the effect of the other causes of flow distortion.

Two possible sources of error in the determination of the drag coefficient lie in
the measurement of the true wind speed, Uy, and in the estimation of the
measurement height, z (Section 2.3.a). Both these sources of error can be caused by
the ship’s hull, superstructure and foremast presenting an obstruction to the air flow.
The flow of air at the anemometer site can have been displaced and/or accelerated
(decelerated) compared to its free stream values. As shown in Section 2.3.a, a

vertical displacement of the flow affects the calculation of the friction velocity,

whereas an error in the Uy, estimate will mainly affect the calculated U,y .

Relatively modest errors in Uy, or z can have a significant affect on the calculated
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Cpion: a 5% underestimate of Uy, would result in a 12% overestimate of Cpqon ,
and a 5% overestimate of z would cause the calculated Cpigy to also be overestimated

by 5% (Table 2.1). The two sources of error are unlikely to occur in isolation, and

the effects of the two on Cpign can either tend to cancel, or can act in the same sense.

In the past (Section 6.2), there have been few attempts to quantify the
acceleration of the flow over ships, and almost no estimates of the vertical
displacement. Section 6.3 describes the Computational Fluid Dynamics (CFD)
package used in this study to model the flow around ships in three dimensions and
hence quantify both errors. Validation of the package is described in Section 6.4, and
the results from the modelling of air flow over the RRS Discovery are discussed in

Section 6.5.

6.2 Previous estimates of the flow distortion around ships.

6.2.a Estimates of the vertical displacement of the flow.

Tillman et al (1994) used wind tunnel studies and potential flow theory to
estimate the vertical displacement of the flow at an anemometer located on a Martian
Lander, and used the estimates to correct the friction velocities obtained from wind
speed spectra. Large and Pond (1982) speculated on the problem of vertical
displacement of the flow over the ships they used, but concluded that the streamlines
were displaced horizontally rather than vertically when the flow was over the bows of
the ship. It is believed that, to date, there have been no quantitative estimates of the
vertical displacement of the air flow reaching the measurement site in any previous

study of wind stress over the oceans.

6.2.b Estimates of the acceleration of the flow.

There have been various attempts to estimate the acceleration of the airflow
over ships. These have been summarised by Dobson (1981) and Taylor et. al (1995),

with particular emphasis on the likely errors implied for wind speed measurements
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made from Voluntary Observing Ships (VOS). Dobson described “our abysmal lack
of understanding” of the problem, and cited the work of Augstein et. al. (1974) and
Kidwell and Seguin (1978). These studies showed that flow distortion effects could
cause errors in the wind speed estimate of up to 20% in data obtained from
meteorological research vessels; ships which could be supposed to have relatively

reliable and well sited instrumentation.

There have, in the past, been three methods used to estimate the error in the
wind speed measurement caused by flow distortion: in situ comparisons between
data from ships and buoys, or between anemometers located at different sites on the
same ship; wind tunnel studies of air flow around model ships; simple potential flow
theory or 2-dimensional numerical models of the flow. These will be discussed in

turn.

6.2.c In situ comparisons.

In situ comparisons, whether between ships and buoys or between
anemometers located at different sites on the same ship, rely on the assumption of a
reliable datum. Various researchers have compared data from an anemometer located
on the ship’s main mast to that from an instrument boomed out from the ship’s bow
(Ching, 1976; Kidwell and Seguin, 1978; Large and Pond, 1982). However, even
when the ship is head to wind the data from the bow boom site are unlikely to be free
from the effects of flow distortion, since these can still be significant upstream of the
ship and will also vary with relative wind direction (Sections 6.2.d and 6.4.b). Data
from buoy mounted anemometers should be less affected by flow distortion, but
obtaining reliable wind speeds from buoys has proved difficult. For example; during
the GATE experiment (Godshall et al., 1976), the results varied from one
intercomparison of ship and buoy data to another; Weller et al. (1990) examined wind
speed data from an array of meteorological buoys and concluded that it was less

reliable than that from the research ship Meteor; and Queffeulou (1991) suggested
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that wind speed data from ship mounted instruments was needed to calibrate wind

speed data from an array of buoys.

Although in situ comparisons can provide useful information about the relative
wind speed errors at different anemometer sites, no estimate can be made of the
absolute magnitude of the wind speed errors, nor of the vertical displacement of the

flow.
6.2.d Wind tunnel studies.

Wind tunnel studies of the air flow around ships have been described by, for
example, Romanov et al. (1983), Blanc (1986, 1987), Surrey et al. (1989) and
Thiebaux (1990). The latter two were studies of two Canadian research ships, and
will be used below as part of the evaluation of the CFD software used in this study.
Romanov et al. also studied a research ship, and found, for wind over the bows of the
ship, wind speed errors of +1% at a mainmast site, -3% at the foremast and -5% at
the anemometer location at the end of a boom in the ship’s bows. For wind on the
beam of the ship, the errors were +5%, +10% and +2% respectively. Blanc studied
the flow around two warships: in both cases, the wind speed was overestimated by
about 10% at a main mast site for flow over the bows. No estimate of the vertical

displacement of the flow was made in these studies.

Wind tunnel studies rely on the assumption that self-similarity holds at large
Reynolds numbers, i.e. that the ratio of the velocities at two points, the anemometer
site and some free stream site say, will be the same for the ship as for the ship model.

Romanov et al. suggest the critical Reynolds number, Re, for ships should be in the

region of 5x105, where;

SCL (6.1)

L represents the model or ship length, U is the wind speed and v is the kinematic
viscosity of air. Self-similarity may not hold for the smaller-scale features of a model,

such as the ship’s masts (Thiebaux, 1990), since there are practical limits to the
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maximum wind speed that can be obtained in a wind tunnel, or withstood by a model.
The results from wind tunnel studies can also be affected by the ship blocking the
flow through the tunnel, causing the flow in the vicinity of the ship to be accelerated,

and by other experimental errors such as anemometer inaccuracies.

Although such wind tunnel studies can give estimates of the wind speed error
for many different relative wind directions, the tests are very time consuming and can
be prohibitively expensive. Access to a suitably large wind tunnel, capable of
simulating a surface layer flow, is also not always easily available. Because of these

difficulties, very few research ships have been studied in wind tunnels.

6.2.e Numerical Modelling

The flow around ships has been examined by, for example, Kahma and
Lepparanta (1981) who used potential flow models, and by Dupuis, 1994) who used
a CFD model. Both studies were of research ships: the former found an overestimate
of the wind speed of 15% for a main mast site, and the latter 20%. Very simple 2-
dimensional models were used in both cases, and only flow directly over the bows of
the ship was studied. A 2-dimensional model effectively simulates flow over an
infinitely wide ship, hence the effects of flow distortion may have been overestimated

due to the displacement of the streamlines being constrained solely to the vertical.

Potential flow models, which assume the fluid to be inviscid and irrotational,
have been used in the past to estimate the flow distortion around simple shapes such
as a cylindrical mast (Wucknitz, 1980). The results of such studies have often been
applied to land based wind stress measurements where the instruments are supported
on a structure which can be represented by such an idealised shape (e.g. Wieringa,
1980). More sophisticated models have been used by Wyngaard (1981) and Oost
(1991) in order to estimate the distortion around more complex geometries. However,
Oost et al (1994) concludes that none of the potential flow methods he examined
(including that of Wyngaard (1981)) was suitable for simulating the distortion caused

by large objects such as ships which are of a comparable scale to the measurement
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height, i.e. where the scale of the turbulence is not large compared to the scale of the

object.

CFD models should produce a more realistic simulation of fluid flow compared
to potential flow theory, since turbulence is included by parameterisation and the
flow is allowed to be both viscous and compressible. However, the use of CFD
models has been limited in the past because they are computationally very expensive

compared to simpler numerical methods.

6.3 The CFD software “VECTIS”.

A CFD software package, “VECTIS”, was used in this study to model the
distortion of the air flow over research ships. It is believed to be the first such use of
a fully 3-dimensional modelling package. VECTIS is a commercially available finite
volume model, produced by Ricardo Consulting Engineers Ltd. (Shorecham-by-Sea,
U.K.), and was designed to model flow inside automobile engines. Following our
suggestions, Ricardo adapted the software to improve the simulation of surface layer
flows. These changes allowed the user to specify 1) the roughness length of a surface

and 2) the shape of the vertical wind profile at the inlet.

The behaviour of the fluid flow is calculated in VECTIS by solving the Navier-
Stokes equations for the fluid motion and the equations for the conservation of mass
and energy. Turbulence closure is obtained by a standard two-equation k-¢ model
(see Garratt, 1992 and Stull,1988). In this, covariance terms are represented by eddy
diffusivities, which are themselves parameterised in terms of the TKE (k). Two
separate transport equations are solved for the TKE and for the dissipation rate ().
These equations involve the use of five empirically determined “constants”: the
values used in the VECTIS software are those recommended by Launder and Spalding
(1974). Some of the constants have been determined by measurement, but others are
not know and are sometimes selected by comparing model results with laboratory data

(Detering and Etling, 1985). The accuracy of the CFD results will be affected, to
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some degree, by the validity of the parameterisations used. However, the largest
source of error is likely to be in the complexity of the ship geometry. In this study,
validation of the software was performed by comparison with results from a wind

tunnel study and results from in situ data.

The use of the software is described by Moat et al. (1996), and is
summarised here. A finite element surface geometry of the ship was created from
digitised 1:100 scale general arrangement ship plans using the finite element pre-
processor “FEMGEN” (produced by Femsys, Leicester, U.K.). This geometry was
enclosed in the centre of a “wind tunnel” 600 m long, 300 m wide and 150 m high
(compared to maximum ship dimensions of 100 m length, 15 m breadth and 20 m
height), and imported into the VECTIS CFD software. The models discussed below

all simulate an air flow directly over the bows of the ships.

The software allows a variable density of cells within the computational
volume. The density of cells in each region of the wind tunnel is specified by the
user, and the mesh is then generated automatically. This allowed regions of interest
to be well resolved without creating an unfeasibly large number of computational cells.
A typical model in this study would contain in the region of 2x107 cells, the smallest
of which were located in the region of the foremast platform and were about 20 cm on
aside. In comparison, the largest were a few metres long and were located well aft of

the ship.

The type of each surface was also specified. The walls and ceiling of the wind
tunnel were “zero gradient” boundaries (i.e. symmetry planes), and the floor of the
tunnel was a “wall boundary” with a roughness length of 10-4 m. The speed of the
air flow at all heights at the inlet of the tunnel was specified: a logarithmic surface

profile of the sort given by Eqn. 2.22 was generally used.

Preparation of the models took upwards of two weeks. The computational
phase took two to three weeks to run on a dedicated Silicon Graphics Indigo2 R8000

machine with 288 Mb of memory before converging on a steady solution. During the
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computational period, data were extracted from about eight locations in the tunnel:
near the inlet and outlet and at different points around the ship structure. When
velocity data from all of these monitoring points had become constant to within 0.05
m/s for a few tens of iterations, the model was halted and the last iteration was used
to extract the results. After each model run, the flow at the edges of the tunnel was
examined to ensure that free stream conditions existed, i.e. that the tunnel was large

enough for the ship not to cause a significant blockage to the flow.

The vertical displacement of the flow, Az, from its free stream height, z;,
was found by tracing the streamline which intersected the anemometer site back to the
tunnel inlet. The percentage wind speed error at the anemometer site was obtained

from;
U

AU = (Ufz”)m (6.2)

where U, is the wind speed at the anemometer site and Us is the free stream wind

speed at height z¢. Since the shape of the vertical wind profile changed slightly along
the length of the tunnel for some of the model runs (causing a difference between the
10 m wind speed at the inlet and at the outlet of less than 1%), the free stream wind
speed was always obtained using data from the edge of the tunnel, directly abeam of
the anemometer site.

In the calculation of the friction velocity from the cruise data, z¢ was

substituted for the measurement height, z (Eqn. 2.13). To obtain the true wind

speed (Eqn. 2.21), Uy, the wind speed measured by the anemometer, U, was

corrected for the wind speed error before allowing for the speed of the ship.

6.4 Validation of the CFD software.

6.4.a Comparison with wind tunnel studies.

VECTIS was initially evaluated by modelling the flow over two Canadian

research ships, the CSS Hudson and the CSS Dawson, and comparing the results to
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those from wind tunnel studies of the same ships carried out by Surrey et al. (1989)
and described by Thiebaux (1990). The wind tunnel study did not include any
estimates of the vertical displacement of the flow, hence only the wind speed errors

could be directly compared.

Both ships were modelled using the CFD software for a bow-on flow
(Hutchings et al, 1995). The model wind velocity at a height of 10 m was 13 m/s,
compared to the wind tunnel scale velocity equivalent to a U,y of 27.2 m/s for the
Hudson and 15.7 m/s for the Dawson. For both ships, Surrey et al. measured the
wind speed error at the main mast anemometer site and at a site in the ship’s bows for
all relative wind directions at intervals of 10 degrees. These results, reproduced from
the tables given in Thiebaux, are shown in Figure 6.1 along with the CFD results: a
negative wind speed error implies that the flow has been decelerated compared to the
free stream value. The agreement between the wind tunnel and CFD errors is
excellent for the main mast Hudson site and for the Dawson bow site. For the
Dawson main mast site, the wind tunnel study suggest that the flow has been
accelerated by 7% whereas the CFD results suggest an acceleration of 5.5%. Given
estimated errors in the wind tunnel results of 1% due to tunnel blockage and a possible
1.5% anemometer inaccuracy, the discrepancy between the wind tunnel and CFD
results is not significant. The difference between wind tunnel and CFD results is
rather larger for the Hudson bow anemometer site; the two methods give wind speed
errors of -1% and -3.3% respectively. However, it seems that in this case the wind
tunnel result may be suspect since there is no obvious cause for the relatively large
change in wind speed error with relative wind direction (up to 3% for a 10° change).

If this is so, then the wind tunnel results from both ships imply that one bow-on
wind speed correction could be used for winds blowing within about 20 degrees of the
bow. For other wind directions, significantly different and more rapidly varying

correction factors would be needed.

As mentioned above, the wind tunnel studies gave no estimate of the vertical

displacement of the flow. However, the estimates of the displacement obtained from
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the CFD modelling are partially supported by wind stress data obtained from the two
ships. Compared to the Dawson, the superstructure of the Hudson is situated much
closer to the bows of the ship and presents a more abrupt blockage to the flow of air
(Figure 6.2). This causes a larger vertical displacement of the flow at the bow
anemometer site: for the Dawson, the flow is displaced by 0.4 m, whereas the flow
over the Hudson has been displaced by 1.1 m. Dobson et al. (1994; 1995) presented
drag coefficient results from the Hudson which were about 10 to 30% greater than
those obtained on the Dawson by Anderson (1993): both data were obtained using
the bow anemometer sites. The difference in wind speed errors for the two ships
would suggest that the Hudson drag coefficients should be 5 to 15% larger than those
from the Dawson, but the 0.7 m difference in the vertical displacements (nearly 5% of
the measurement height) would explain an additional 5% of the observed difference.
An exact analysis can not be made using the observational results since they were
obtained over a large range of relative wind directions: Dobson et al. accepted data

within 60° degrees of the bow and Anderson accepted data within 45°.

This initial evaluation of the CFD software was encouraging. Further
confirmation of the software was provided by modelling the airflow over the RRS

Charles Darwin.

6.4.b The drag coefficient estimates from RRS Charles Darwin cruise 43.

The measurement program and data processing for Darwin cruise 43 have been
described in Sections 4. Wind stress estimates were obtained from each of four fast-
response anemometers, all located on the foremast platform. Yelland et al. (1994)
described in detail the intercomparison of the data from these instruments. However,
their analysis assumed a balance between dissipation and production of turbulent
kinetic energy. In this study, the data have been reprocessed using the empirical
imbalance term determined in Section 5 (Eqn. 5.7), with a resulting increase of the
calculated drag coefficients of around 10% on average. Yelland et al. (1994) accepted

data where the wind was blowing within 30 degrees of the bows, whereas the wind
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tunnel studies of the Hudson and Dawson discussed above suggest that a limit of 20°
or less would be more suitable. This is confirmed by the Discovery results discussed
in Section 5.2.b, where significantly different mean Cpign to Uyyy relationships are
found for relative wind directions 10° to 30° to port of the bow, +10° of the bow and
10° to 30° to starboard of the bow. In this analysis, a limit of £10° has been chosen
since the orientation of the anemometers along the centre line of the ship can not be
performed to better than about 5°. This criteria reduced the number of concurrent 20

minute stress estimates to 73 from each anemometer.
Figure 6.3 shows the mean drag coefficient to U,y relationships for each of

the anemometers after the data were re-processed. It can be seen that, at the lowest
wind speeds (about 6 m/s), the drag coefficients from the two sonic anemometers
(Solent and Kaijo-Denki) differ by about 5%. This differences increases to 30% at
high wind speeds. There is a similar pattern to the comparison of the propeller
anemometers (the Bivane and the Young propeller-vane): at low wind speeds the two
give similar Cpqgp values which are both about 20% greater than those from the sonic
anemometers. Except for the lower wind speeds, the Young propeller-vane
measurements produced Cpion Values about 15% larger for a given wind speed than
those from the Bivane anemometer. As a reference level, the relationship suggested
by the open ocean data of Smith (1980) is also shown: in comparison, the drag

coefficients from the Darwin anemometers are between 15% and 60% high.

The differences between the friction velocity data from the four Darwin
anemometers is shown in Figure 6.4.a, expressed as a percentage difference from the
values from the Solent sonic anemometer. It can be seen that the data from the Kaijo-
Denki results in u. values which are 5% larger than those from the Solent over most of
the wind speed range. In contrast, the values from the two propeller anemometers
agree reasonably well with those from the Solent for the higher wind speeds. At
lower wind speeds, the propeller anemometer results are also greater than those from
the Solent sonic. However, Yelland et al. (1994) indicated that the elevated friction

velocities from the two propeller instruments at low wind speeds was probably due



87

to an over-correction of the propeller response (Section 4.4). If this is so, then the

friction velocity estimates from the Kaijo-Denki would seem to be anomalous.
The difference in U,y estimates from the four anemometers was rather more

marked than the differences in friction velocities (Figure 6.4.b). Compared to those
from the Solent sonic, the results from the Young were between 5 and 10 % low,
those from the Bivane were in agreement to within 3% , and those of the Kaijo-Denki
sonic were low by about 3% at low winds and up to 7% at the higher wind speeds.
Since the Bivane and the Solent sonic were the two best exposed instruments, being
situated furthest away from the foremast extension (Section 4, Figure 4.6), Yelland et
al. (1994) concluded that the data from these two anemometers were the more reliable

and that the other instruments were more affected by air flow distortion.

It is likely that the difference in the results from the four instruments is due,
in the main, to the effects of flow distortion, since anemometer calibration errors
would affect the u. and U,,y estimates in the same sense. For example, if the Uy
estimates from the Kaijo-Denki were low by around 5% on average because of a large
calibration error, then the friction velocity should also be low, by around 3.5%,

whereas the comparison in Figure 6.4.a shows the u. values from the Kaijo-Denki to

be high by around 5%. In addition, such a calibration error would result in an
overestimate of Cpygn, from the Cpigy to Uygy relationship, of between 6 to 7%
rather than the 5 to 30% over-estimate observed in Figure 6.3. A similar argument
can be used for the Young propeller-vane results. The disparities in the data from the
four instruments allow a test of the ability of the CFD software to provide corrections

for the effects of airflow distortion.
6.4.c Modelling the airflow distortion over the RRS Charles Darwin.

A model of the Charles Darwin was created as described above (Section 6.3),
and the CFD software was used to simulate a flow of air directly over the bows of the
ship, with a wind speed of 13.7 m/s at a height of 10 m. A full description of the

model run is given in Moat and Yelland (1996a). The flow at the edge of the tunnel
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abeam of the centre of the ship had been accelerated by less than 0.2% at a height of
15 m: abeam of the foremast platform, the acceleration was about 0.05% at the same
height. These results confirmed that the presence of the ship in the wind tunnel
caused insignificant blockage to the flow of air at the edges of the tunnel, i.e. that free

stream conditions existed abeam of the ship.

Figure 6.5 shows model data on a vertical plane which intersects the site of the
Solent sonic anemometer. The length and shading of the arrows represent the ratio
between the wind speed at that point and the free stream value, i.e. the wind speed at
that point undistorted by the presence of the ship. The direction of the arrow
indicates the direction of the flow over the ship. Ratios greater than one represent an
acceleration of the flow. The values from each computational cell are represented by

a separate arrow: the greater mesh density around the foremast is clearly visible.

The superstructure of the ship forms an abrupt blockage relatively close to the
foremast. The region of severely decelerated air in front of the superstructure extends
forwards to the foremast platform and causes large wind speed errors at the
anemometer sites. Also visible is a region of decelerated flow in front of and above
the bows of the ship, caused by both the ship’s hull and by the extended area of
blocked flow in front of the superstructure. This region would encompass an

anemometer mounted on a boom extending forwards from the bows.

To estimate the vertical displacement of the flow reaching the anemometers,
streamlines were traced from the inlet of the tunnel to the anemometer sites. The
flow was displaced from its free stream height of 14.0 m by almost 1.2 m by the time
it had reached the site of the Solent sonic. The displacement began 40 m (or 2.9
seconds) upstream of the site, but half of the displacement took place within 8 m (0.6
seconds) of the anemometer (Section 2.3.a). Similar streamlines were obtained for the
other anemometer sites: for the two propeller anemometers the displacement was also
found to be about 1.2 m, and at the lower Kaijo-Denki site the flow had been

displaced by about 1.0 m.



89

Anemometer Height (m) AU (%) Az (m) v (©)
Solent sonic 15.1 35 +1 1.2 6
Propeller-vane 15.6 8 +5 1.2 9
Bivane 15.7 -6 +1.5 1.2 8
Kaijo-Denki 14.3 -12 +3 1.0 7

Table 6.1. CFD model results for the Charles Darwin. Wind speed errors, AU,

vertical displacement of air flow, Az, and the angle of the flow to the horizontal, y, at

the anemometer sites on cruise 43.

The acceleration of the flow at all four sites was found as described in Section
6.3. The angle of the flow to the horizontal at each anemometer site was also
calculated. The results are summarised in Table 6.1. The accuracy of the wind speed
error was determined by assuming a positional error of 0.5 m. Although the
anemometer sites are known to within about 10 or 20 cm, the 0.5 m estimate was
used to allow for additional errors due, for example, to possible inaccuracies in the
modelling of the foremast platform. The Young propeller vane and the Kaijo-Denki
sonic anemometers were both sited in regions where the wind speed errors were
relatively large and varied quite rapidly with position. The gradient of the error at the
Kaijo-Denki anemometer site was greatest in the vertical direction, whereas at the site
of the Young anemometer the gradient was largest in the horizontal. As expected, the
errors at the Solent sonic and Bivane sites were smaller and had smaller gradients.
The vertical displacement can generally be obtained to within less than 5 cm and is
relatively insensitive to errors in the anemometer position, as illustrated by the

similarity in the displacements found at the four anemometer sites.

6.4.d The Charles Darwin drag coefficients, corrected for flow distortion effects.

The results from the CFD modelling were applied to the Darwin data selected

for relative wind directions within 10 degrees of the bow. The precise vertical
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alignment of the anemometers is difficult to determine but the wind speed components
obtained from the Solent sonic suggested a tilt to the vertical of 7 degrees, which is in
good agreement with the 6 degree angle obtained from the model. Although the Kaijo-
Denki sonic also measured all three components of wind speed, these were not
available and no comparison of the tilt estimates could be made. The Bivane
anemometer oriented itself into the mean wind and would be unaffected by a non-zero
vertical component of the mean wind, but the propeller vane instrument only
measured the horizontal component. A cosine response was assumed for this latter
anemometer and the data were corrected by an additional 1% to allow for the possible

9 degree angle of the mean flow with the vertical.

The data from the four anemometers were corrected for flow distortion using

the information in Table 6.1, and new u., Uy and Cpioy €Stimates were obtained.

Figures 6.6.a and b illustrate the direct comparison of the estimates of the friction
velocity and U,y between the four Darwin anemometers (c.f. Figure 6.4). As
expected, the ratios of the friction velocity estimates are virtually unchanged since the
vertical displacements were similar at all four anemometer sites. The friction velocity

values from each instrument were reduced by about 2%.
The U,y comparisons show that the large discrepancy in wind speeds

between the Young and the Solent sonic anemometers has been removed by the
application of the flow distortion corrections. The corrected Uypy data from the
Bivane is now a few percent high in comparison to the Solent sonic, and that from the
Kaijo-Denki is now also high, by around 5%. At first sight, the corrections to the
Bivane data appear to have slightly worsened the agreement with the data from the
Solent, and the Kaijo-Denki wind speed data appear to have been vastly over-

corrected. However, the results are now compatible with possible differences in

anemometer calibration. When the ratios of corrected U,y values are compared to
the u. ratios, it can be seen that the differences between the results from each
anemometer could now be caused by errors in instrument calibration, i.e. both the u.

and U,y values from the Bivane are high by a few percent, and both the u. and U,y
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estimates from the Kaijo-Denki are high by about 5%. Given that the anemometers
specifications claim an accuracy of 2% or better, this could account for most of the

differences in wind speed estimates. However, as shown in Section 2.3.a, a

calibration error should affect the U,y estimate slightly more than the u. estimate:

for example, a calibration offset of -2.5% should results in a U,y error of -2.5%, but

would cause a friction velocity error of around -1.7%. Hence either the friction
velocity estimates from the Bivane and Kaijo-Denki have been slightly over-corrected
for flow distortion in comparison with those from the Young and the Solent, or the
wind speeds have been slightly under-corrected. Since the vertical displacement of
the flow was very similar for all four instruments, and was relatively insensitive to
the exact position of the instruments, it seems probable that the estimate of the wind
speed errors is at fault. An additional deceleration of the flow of 3% (see Table 6.1)
at the Kaijo-Denki site would make the results from that instrument consistent with

those from the other anemometers.
The differences in the u. and U,y estimates from the Kaijo-Denki and those

from the other anemometers could, for the sake of argument, be ascribed solely to
errors in the results from the CFD modelling, with the assumption that none of the
instruments had any calibration error. This would imply that the wind speed error
due to flow distortion at the Kaijo-Denki site should have been 6% rather than 12 %
and that the vertical displacement of the flow at the site should have been about 2 m
rather than 1 m. Given that the model and the wind tunnel results agreed to within 2
% or better, this size of inaccuracy in the model results seems unlikely. However,
since the Kaijo-Denki was sited in a region of relatively severe flow distortion, the
discrepancy between the results from that anemometer and the others could well be
due to a mixture of model inaccuracy and instrument calibration error as described

above.
The mean Cpign to Uygy relationships for each of the four anemometers are

shown, after correction for flow distortion, in Figure 6.7 (c.f. Figure 6.3). For a

given wind speed, the Cpqgy values were reduced by a maximum of 40 % of their
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original value for the Kaijo-Denki data, 30% for the Propeller vane, 20 % for the
Bivane and 15 % for the Solent sonic. The two sonic anemometers are now in close
agreement as are the two propeller anemometers. As before, the Cpigy estimates
from propeller anemometers are relatively high at lower wind speeds, probably due to
the over-correction of the propeller response, but they are now in fair agreement with
the data from the sonic anemometers for the higher wind speeds. In addition to the

vastly improved agreement between all four instruments, the lower Cpioy to Usgy

relationships are now very similar to that expected for open ocean conditions.

In conclusion, although validation of the CFD software is not yet complete
(Section 9), the results to date are very encouraging. The model-derived wind speed
errors are in good agreement with those found from wind tunnel studies, and the
estimates of vertical displacement account qualitatively for the difference in the drag
coefficients results obtained from the CSS Hudson and CSS Dawson. Most
importantly, the results from the CFD software reconcile the very disparate drag
coefficient relationships from the four anemometers on the RRS Charles Darwin
foremast. The results also support the suggestion (Yelland et al., 1994) that the
measurement of wind stress is much less affected by distortion of the airflow than is

the measurement of the true wind speed.

6.5 Airflow over the RRS Discovery.

Following initial validation of the software, the air flow around the R.R.S.
Discovery was simulated. As for the Darwin and the Canadian ships, the Discovery
ship model was enclosed in the centre of a wind tunnel as described in Section 6.3,
and a logarithmic profile with a 10 metre wind speed of 13.7 m/s was used (Moat et
al., 1996). The flow at the edge of the tunnel abeam of the centre of the ship had
been accelerated by less than 0.3%: abeam of the foremast platform, the acceleration
was less than 0.1%. This confirmed that the presence of the ship in the wind tunnel
caused insignificant blockage to the flow of air at the edges of the tunnel, i.e. that free

stream conditions existed abeam of the ship.
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Since the data from the Discovery covered a much larger range of wind speeds
than that obtained on the Darwin, the CFD software was used to model flow over the
Discovery for two other speeds (Moat and Yelland, 1996b). The model was run
with a 10 m wind speed of 20.5 m/s, above which the number of drag coefficient data
obtained during the cruises decreases sharply, and again for a wind speed of 6 m/s.
This lower wind speed was chosen since it represents the point at which the observed
Cpion to Uy relationship is at a minimum. In addition, it is likely that at some
wind speed less than 6 m/s the pattern of flow around the ship may change, as
described in Kidwell and Seguin (1978). The presence of the ship did not cause a
significant blockage to the flow at the edge of the tunnel in any of the three model

runs.

Figure 6.8 shows model data, for the 13.7 m/s run, on a vertical plane through
the port side end of the foremast platform.  Although the Solent sonic was situated
on the starboard edge, the flow in the region of the platform was symmetrical about
the centre line of the ship. This Section is shown for direct comparison with the
equivalent Darwin simulation (Figure 6.5). It can be seen that superstructure on the
Discovery is rather more streamlined than that of the Darwin, and presents less of a
blockage to the airflow. This results in significantly smaller errors in the wind speed

estimates made from the Solent sonic anemometer site on the foremast.

The results from all three Discovery simulations are summarised in Table 6.2.
The wind speed errors at the Solent sonic anemometer site are less than 1%, and the
vertical displacement of the flow is of the order of Im, for all three runs. The
foremast site is much less affected by flow distortion than the equivalent sites on the
Darwin and this is reflected both by the smaller wind speed errors and the smaller
gradients associated with them. The vertical displacement of the flow, caused largely

by the presence of the ship’s bows, is similar for both ships.
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model Ujg (ms” AU (%) Az (m) Yy (©
D
6 -03+0.3 1.2 2
13.7 -05+0.2 1.0 2
20.5 -08+0.2 0.7 2

Table 6.2. Wind speed errors, AU, vertical displacement of air flow, Az,
and the angle of the flow to the horizontal, vy, at the site of the Solent Sonic
anemometer (height 18.5m) on RRS Discovery for three CFD model runs

with different values of the 10m wind speed.

The results from the three different Discovery simulations were each applied
to all data for wind speeds over 6 m/s obtained for relative wind directions within 10
degrees of the bow. The three resulting mean Cpygy to Uygn relationships are shown
together in Figure 6.9. The corrections from the 6 m/s run result in fractionally lower
drag coefficients than those from the 13.7 m/s run over the entire range of wind speed.
The results from the 20 m/s run result in Cpyon Vvalues which are insignificantly
different except at the higher wind speeds where they are less than 1.5% greater than

those from the 13.7 m/s run. Since these differences between the results from the

different model runs have little significant effect on the mean Cpyon to Uign
relationship, and because only 15% of the data considered were obtained when Ujgy
was greater than 17 m/s, the results from the 13.7 m/s model run will be used to

correct all data where the wind speeds exceeded 6 m/s.

Figure 6.10 shows the mean Cpigy to Usgy relationship for the data from the
Discovery, both before and after the corrections for airflow disturbance are applied.
For a given wind speed, the drag coefficient value has been reduced by between 5 and
6% by the application of the corrections. Also shown are the equivalent

relationships from the two sonic anemometers on the Charles Darwin. The corrected

Darwin Cpyon estimates are in closer agreement with the uncorrected Discovery data,
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and are therefore also about 5 or 6% greater than the corrected Discovery data. It is
assumed that this discrepancy between the corrected data from the two ships is
caused by inadequacies in the airflow modelling and the resultant flow distortion
corrections, i.e. is not due to a real difference in the wind stress relationship over the
open ocean in the North Atlantic compared to the South Atlantic and Southern
Oceans. If this is so, then an additional wind speed error of 1.5% or an additional
displacement of about 1 m, applied to one of the two ships only, would account for
the discrepancy. The wind speed errors for the Darwin anemometers are the most
likely cause, since an additional error of 1.5% is both small compared to the estimated
errors for that ship and is also within the expected accuracy of those estimates (Table
6.1). It is unlikely that the estimate of vertical displacement is the cause: the
displacement is similar for both ships and any error in the estimate of the

displacement would therefore be expected to apply in a similar fashion to both.

It must be noted that this residual difference in the corrected Cpign
relationships from the two ships is small compared to the original differences of
between 15 and 20% in the case of the Solent sonic, and between 40 to 50% in the

case of the Kaijo-Denki anemometer.

6.6 Summary.

This Section has described the use of a fully 3-dimensional CFD model to
simulate the flow distortion around research ships. For anemometers sited in the
bows of these ships, the flow of air was raised by about Im from its free stream
height. The effect on the speed of the flow varied more widely between the ships,
and depended largely on the shape of the ship’s superstructure and its proximity to
the mast on which the instruments were located. Comparisons of the model results
with wind tunnel studies of the same ships showed agreement to within 2% or better
for the wind speed error. The model-derived estimate of the vertical displacement of
the flow could not be validated directly. However, the results from the simulation of

the flow over the RRS Charles Darwin successfully reconciled the drag coefficient data
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from four anemometers. For example, the Cpion to Uy relationships from the two

sonic anemometers, which originally differed by up to 30%, became
indistinguishable. Validation of the CFD software is continuing: future work in this

area is discussed in Section 9.

Although the instruments on the Charles Darwin were thought to be well sited
at the time of the cruise, the effects of the airflow distortion caused the original drag
coefficient results to be overestimated by up to 60% when the wind was directly over
the bows of the ship. This demonstrates that the effects of airflow distortion can not
be ignored when making wind stress measurements from ships or other large platforms
(Section 7). In addition, the wind tunnel results for the Canadian ships (Thiebaux,
1990) show that these effects are also likely to vary rapidly with relative wind
direction: this has usually been ignored in previous studies on the effects of wave age

on the wind stress (Section 8).

The site of the Solent sonic anemometer on the foremast platform of the RRS
Discovery was affected relatively little by flow distortion in comparison to the
anemometer sites on the RRS Charles Darwin. The wind speed error at the
anemometer site on the Discovery was very small (0.5% compared to between 3.5%
and 12% for the Darwin anemometers), as was the gradient of the error (0.2%
compared to between 1% and 5%). However, the 1m vertical displacement of the
flow had a significant effect on the Cpygy estimates. Correcting the Discovery data
for flow distortion effects resulted in a Cpygn to Uy relationship which would
suggest a reduction in the mean Cpqqy estimates of around 5% compared to their
original values. The mean drag coefficient to wind speed relationship obtained from

the corrected Discovery data is discussed in Section 7.
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Figure 6.1 The variation of wind speed errors with relative wind direction from wind tunnel

studies of a) the CSS Dawson and b) the CSS Hudson. A relative wind direction of 180°
represents a flow directly over the bows of the ship. Both ships had anemometer sites on the
main mast (solid line) and in the bows (dashed line). The equivalent results from the CFD

modelling of the two ships are also shown.
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Figure 6.2 CFD model data on a vertical plane through the centre line of a) the C.8.5.
Dawson, and b) the C.5.S. Hudson. The position of the bow anemomelter is
indicated by a cross. The arrows indicate wind velocity, and the dashed

lines show the contours for percentage wind speed error, with a region of
deceleration shown by a negative percentage error.
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Figure 6.3 The mean drag coefficient to U, relationships for each of the four anemometers

on the foremast platform of the Darwin. The data were selected for relative wind directions within
10° of the bow, and were processed using the imbalance term given in Eqn. 5.7. The

relationship suggested by Smith 1980 is also shown.
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Figure 6.4 a) The differences between the friction velocity data from the Bivane, Kaijo-

Denki and Young anemometers expressed as a percentage difference from the values from the Solent

sonic anemometer. b) The percentage difference in U,y estimates between the anemometers.
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Figure 6.5 CFD model resuits 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 a point and the free stream 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.
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Figure 6.6 Percentages differences between a) the friction velocity estimates and b) the

U,gn estimates from the four Darwin anemometers, after the data are corrected for airflow

distortion effects. See Figure 6.4 for the equivalent data prior to the application of the corrections.
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Figure 6.7 The mean CpygN to Ujgpy relationships for each of the four anemometers on the

foremast of the Darwin, after the data are corrected for the effects of airflow distortion (c.f. Figure

6.3). The relationship suggested by Smith 1980 is also shown as a reference.
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Figure 6.8 CFD modelresults for flow over the RRS Discovery (cf. Figure 6.5 for the
RRS Charles Darwin model). The length and shading of the arrows
indicate the ratio between the distorted and undistorted wind speeds, and
the direction of the arrows is that of the distorted flow.




105

3.0 ——————————————————————————

(*1000)

CD10ON

05 .

0.0-.... I T TR T [N ST TR TR T [N Y TR TR T [N ST ST ST S M1
0 5 10 15 20 25

UTION  (m/s)

Figure 6.9 Mean Cpygn to Uyqy relationships from the Discovery data after application of

three different sets of airflow distortion corrections, obtained from simluations of the flow at 6.0
m/s (dotted line), 13.8 m/s (solid line) and 20.5 m/s (dashed line). The error bars indicate the

standard error of the mean.
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Figure 6.10 Mean CpygN to Uy relationships from the Discovery data before correcting for

flow distortion (thick dashed line) and after (thick solid). The mean relationships from the two
Darwin sonic anemometers are also shown both before (thin dashed) and after (thin solid) the

application of flow distortion corrections. Error bars indicate the standard error of the mean.



110

7 THE MEAN WIND STRESS TO WIND SPEED RELATIONSHIP OVER THE
OPEN OCEANS.

7.1 Introduction

In this section, the mean drag coefficient to wind speed relationship will be
determined from the Discovery Southern Ocean data (Section 7.2). The relationship
is compared to the results from previous open ocean wind stress studies for low wind
speed conditions (Section 7.3) and moderate to high wind speed conditions (Section

7.4) separately.

7.2 The drag coefficient to wind speed relationship.

7.2.a Data selection.

In the last section, the air flow around the research ships Charles Darwin and
Discovery was studied using a CFD model. The effects of flow distortion were
quantified for flow over the bows of the ships, and were used to obtain the corrected
Cpion and Uyyy estimates. Data selection was restricted to periods when the relative
wind direction was within 10 of the ship’s bow, since it was shown that the effects
of flow distortion may change significantly (Section 5.2.b and Section 6.4.a) outside
this range. In the case of the Darwin this limited the number of acceptable wind
stress estimates to 73, obtained for wind speeds between 6 and 17 m/s. For the
Discovery, 1052 acceptable estimates of wind stress were obtained during wind
speeds which ranged from near-calm to 26 m/s. In addition, it was shown in Section
6 that the effects of air flow distortion at the anemometer site on the Discovery were
very small in comparison to the distortion effects estimated for the Charles Darwin

anemometer sites. For these reasons, the mean Cpygy to Uy relationship in this

study will be derived from the Discovery data only.
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The flow distortion corrections, derived from the CFD model run with a wind
speed of 14 m/s, have been shown to apply to all data obtained above 6 m/s, but it is
possible that at some lower wind speed the pattern of flow around the ship may
change. However, since the wind speed at which this change may happen is not

known the air flow distortion corrections have been applied to all data.

7.2.b  The mean drag coefficient relationship.

Figure 7.1 shows the individual Cpqgy values from the Discovery data. At
low wind speeds the Cpign estimates diverge according to the stability conditions:
for a given wind speed, drag coefficients obtained during stable conditions are much
lower than those obtained during near-neutral (|z/L|<0.1) or unstable conditions. As
discussed in Section 2.3.c, data obtained at wind speeds below about 2 m/s may not
be valid since the anemometer may be above the surface layer. This minimum wind
speed is appropriate for neutral conditions: under stable conditions the limit will
occur at some higher wind speed. For this reason, data obtained under stable
conditions will not be used to derive the mean Cpioy to Uypy relationship for wind

speeds below 6 m/s.

The drag coefficient values reach a minimum at around 6 m/s. The 45 Cpqgn

estimates, obtained during periods where z/L < 0.1, could be represented by;
7.7 1

1000 Cpign =-0.4 + +—
Uion

25U10N<6 m/s 7.1
10N

where the correlation coefficient, r, was 0.59. These low wind speed results will be

discussed in Section 7.3.

The 963 data obtained during wind speeds of 6 m/s or more were fit by a one-

way regression;

1000 Cpyon = 0.53 +0.064U g 6<Uign=26 m/s (72

The correlation coefficient was 0.78, and the standard errors of the intercept and

slope of the fit were 0.007 and 0.0016 respectively.
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The mean Cpqon to Uygy relationship could be subject to systematic errors

caused by anemometer calibration errors or inaccuracies in the corrections applied to
the data to compensate for the effects of flow distortion. An anemometer calibration
offset of -2.5%, for example, would cause the drag coefficient to be overestimated by
3 to 4% for a given wind speed (Section 2.3.a). However, the accuracy of the Solent
sonic is specified as 1.5%, which would suggest a limit to the bias of the drag
coefficient of about 2%. The CFD model of the Discovery suggests that airflow
distortion has very little effect on the measured wind speed, but that the flow is
displaced vertically by a significant amount. Inaccuracies in the model results (Table
6.2) of 0.3% for the wind speed error and 0.3 m for the vertical displacement would
lead to biases in the drag coefficient relationship of about 1% and 2% respectively.

Hence, if all sources of bias act in the same sense, the mean Cpygy values could be

biased by up to 5% for a given wind speed.

One further source of error in the mean relationship is the neglect of wind
driven surface currents (Section 2.3.a). This causes the wind speed (relative to the
water surface) to be overestimated on average by around 2% (Section 4.8), and, fora
given Ujpy, the Cpion estimate will be underestimated by about 7%. However, as
previously discussed, it is common practise to refer the wind speed measurement to
the ground rather than to the water surface, effectively parameterising the surface
drift into the drag coefficient (Smith et al., 1992). This practise has been followed in
this study, allowing the direct comparison of the results from the Discovery data

with those of previous studies (Section 7.4).

The individual friction velocity and 10 m neutral wind speed values are shown
in Figure 7.2, along with the relationships of Eqns. (7.1) and (7.2). It can be seen
that the scatter of the friction velocity values is fairly constant over the entire wind
speed range. For wind speeds over 6 m/s, the friction velocity values are all within

about 0.08 m/s of the mean.
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7.3 Low wind speed drag coefficient relationships.

Figure 7.3 shows the low wind speed Cpion to Uy relationship of Eqn. (7.2),

along with those suggested by other authors which are discussed below. Many
theories have been proposed to explain the different low wind speed Cpion to Uy
relationships found from the various data sets (for example, Wu, 1994). The more
simple of the theories assume that, at the lowest speeds, the flow is smooth and that
the sea surface can be represented by an aerodynamically smooth solid surface (for
example, Smith, 1988). This results in predicted Cpioy values which reach a
minimum at wind speeds of about 3 m/s, and which increase slowly with decreasing
wind speeds below that point. Others, such as Wu (1969) offer a theoretical
description of the apparently “rough” flow observed in the experimental studies.
However, obtaining reliable wind speed and stress measurements is often complicated
by the presence of free convection, since unstable conditions predominate over the
oceans at low wind speeds. As conditions become increasingly unstable, the
turbulence ceases to be primarily dynamically forced and buoyant forcing becomes
dominant. Under these conditions the heat transfer coefficients used in the bulk
formulae may be underestimated (Dupuis et al, 1997; Bradley et al., 1991). In the
limit of z/L — -, the friction velocity ceases to be a scaling parameter and Monin-

Obukhov scaling is no longer applicable. These points are illustrated below.

The relationship suggested by Dupuis et al. (1997);

11.7
1000 Cpign = 0.668 + > Uion =5.5 m/s (7.3)

10N

was based on data from a ship-borne sonic anemometer, mounted at a height of about
16m. This relationship also agreed well with data obtained by Greenhut and Khalsa
(1995) from dissipation measurement made from an aircraft flying at altitudes of 25 to
46 m over the western Pacific. It can be seen that this relationship is very similar to
those based on the Discovery Southern Ocean data, i.e. Eqn. (7.1) and the

relationship of Yelland and Taylor (1996). These relationships are also a reasonable

fit to the near-neutral (Jz/L|< 0.05 ) data obtained by Geernaert et al. (1988) who used
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a dissipation system mounted at a height of 22 m on a tower located 2 km off the

coast of California.

Trenberth et al. (1989) suggested a relationship for low wind speeds by

extending the relationship of Large and Pond (1981);
1000 Cpyon = 114 4<Upn=10 m/s (74)

down to wind speeds of 3 m/s, and, for wind speeds below this, applied a fit to the

data obtained by Schacher et al. (1981) and Dittmer (1977);
156

10N

1000 Cpign =0.62 + Uon =3 m/s (7.5)

The data of Large and Pond were obtained using propeller anemometers mounted on
the Bedford Institute spar buoy and on the foremast of the CCGS Quadra at heights
of 12 and 22 m respectively. The data of Schacher et al. were obtained using hot film
and hot wire anemometers, mounted on various research vessels at heights of between
4 and 24 m, and those of Dittmer were obtained at heights of less than 6 m. Eqn.
(7.5) is also a good fit to the data obtained by Bradley et al. (1991) using a sonic
anemometer mounted on a ship’s bow boom at a height of 6.5 m. Preliminary results
from a sonic anemometer mounted on a buoy at a height of 3 m are also shown
(Taylor et al. 1994): these drag coefficient values are not corrected to neutral
stability, and, since unstable conditions predominated, the neutral drag coefficients

would be somewhat lower than those shown.

The relationships from the experimental studies seem to fall into two distinct

groups. The first includes those relationships derived from measurements made at
heights of 15 m or more. These may all be represented by a Cpygny Which increases

rapidly as U,y decreases below about 6 m/s. The second group includes studies

where measurements were made at heights significantly less than 10 m (assuming that

the low wind speed data from Schacher et al. was obtained from their lower
measurement heights). These also result in Cpyo, values which reach a minimum at

around 6 m/s or less, but the increase of Cpign With decreasing U,,,, is much less

rapid.
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It is possible that the behaviour of the measured Cpqgy at low wind speeds
depends on the measurement height itself. Stability conditions over the ocean tend,
on average, to become more unstable as the wind speed decreases (Figure 7.4). As
shown by Smith (1988), the magnitude of the stability corrections used in the
calculation of the neutral drag coefficient increases rapidly as the wind speed
decreases and as z/L becomes more negative, i.e. as the magnitude of the Obukhov
length becomes smaller. However, the calculation of the Obukhov length depends on
the choice of bulk formulae for the transfer coefficients of heat (Section 2.2.a). These
formulae become less valid as z/L becomes more negative and, as the condition of
free convection is approached, the buoyancy fluxes are increasingly underestimated
(Fairall et al., 1996), which in turn leads to an overestimate of the Obukhov length.

Hence, at some value of z/L <0, the stability corrections will be underestimated,

resulting in an overestimate of Cpig,. For a given Obukhov length, the overestimate
of Cpion Will be larger at greater measurement heights. This is illustrated in Figure
7.5. For the sake of argument, the measured Obukhov length, L, is assumed to be

20% larger than the real value of the Obukhov length. The dimensionless dissipation

function, @, is then calculated for a measurement height of 20m, using both the
measured and real values of L. The ratio of the resulting values for @, are shown for
different values of z/L. This process is repeated for the same Obukhov lengths, but
assuming a measurement height of 5 m. It can be seen that the effect of
overestimating the Obukhov length has little effect on the dissipation function for a 5
m measurement height, whereas for a 20 m measurement height the friction velocity

would be significantly overestimated by comparison.

The magnitude of the possible overestimate of the Obukhov length is not
known, but it would have to be extremely large if it was the sole cause of the
discrepancies between the different Cpigy to Uygy relationships. For example, in
order to explain the differences seen in the drag coefficient relationships from the
Discovery data and those obtained at lower measurement heights, the Obukhov

length would have to be overestimated by 100% or more for z/L~-1, and by even
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larger factors for less unstable conditions. In addition, elevated values of Cpqgy

occur at low wind speeds even under (apparently) near-neutral conditions, as shown

by the Discovery data (Figure 7.1) and the data of Geernaert et al. (Figure 7.3).

Hence, if the elevated Cpiony estimates obtained from measurements at greater
heights are thought to be erroneous, a further explanation may be needed. This may
be provided simply by considering the scatter of the observations. Following
Wyngaard (1973), Geernaert et al. (1988) suggest that the uncertainty, p, in the

dissipation-derived friction velocity estimate can be given by;

05

p-2[ ) (7.6)

where t is the sampling period in seconds. A 10 minute sample, made at a height of
20 m and for a wind speed of 3 m/s, leads to a 20% uncertainty in the friction
velocity estimate. However, as shown in Figure 7.2, the scatter on the friction
velocity estimates appears to be constant over the whole wind speed range, and is
rather larger than 20% at the lowest wind speeds. The low wind speed friction
velocities are examined in more detail in Figure 7.6. The Cpion to Uyqy relationships
of Eqns. (7.1) and (7.2) are shown, as is that of Smith (1988). It can be seen that
almost all the friction velocity values for wind speeds between 3 and 10 m/s are

within 0.08 m/s of the Smith (1988) relationship. This illustrates that, at the lowest

wind speeds, the form of the Cpign to Uy relationship is very sensitive to small

biases in the u. and U,y estimates. At these wind speeds a u. to U,y relationship

is more meaningful since the magnitude of the wind stress is more clearly shown.

None-zero values of the friction velocity at “zero” wind speeds are reported in
all the studies discussed above. The estimates of this “minimum friction velocity”
value are largest, at about 0.1 m/s, from the studies which employed the greatest
measurement heights (for example, Dupuis et al. and this study). This may
correspond to the increased effects of free convection at greater heights. However,

there is also increased uncertainty in the estimate of the U,y value under such

conditions where Monin-Obukhov scaling may not be applicable.
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The above arguments are based on drag coefficients obtained using the
dissipation technique. However, similar problems occur with the eddy correlation
method at low wind speeds. Mahrt et al. (1996) used this method to analyse data
obtained from a sonic anemometer mounted 10m above sea level on a tower located in
shallow water off the coast of Denmark. In their study, it was found that the neutral
drag coefficient could be affected by; the sampling period, non-stationary conditions,
the method of averaging used to obtain the mean wind speed, the application of
corrections for anemometer “tilt”, and the presence of weak surface currents. They
also found that data obtained under unstable conditions resulted in elevated estimates
of Cpion- The neutral drag coefficient values at the lowest wind speeds were
generally reduced from their original values when allowance was made for these
problems. Even so, Mahrt et al. concluded that the uncertainty in their
measurements precluded any attempt to distinguish between the “smooth” and
“rough” flow regimes suggested by different theories (e.g. Wu, 1994). They also
postulate that, at low wind speeds, existing similarity theory “is inadequate” and
that the calculation of the Obukhov length, and hence the reduction of the drag

coefficient to the neutral value, is subject to “large errors at weak wind speeds”.

7.4 The drag coefficient under moderate and high wind speeds.

There have been innumerable studies of the wind stress to wind speed
relationship over open oceans, coastal waters and lakes. Many of these are
discussed by Geernaert (1990). However, only open ocean studies which obtained
data at high wind speeds (>10 m/s) will be considered in this section. These are
summarised in Table 7.1 and illustrated in Figure 7.7. For clarity, the relationships
from the study by Anderson (1993) are not included in the figure since they are very

similar to those of Smith (1980).

It has been shown that the estimate of the drag coefficient can be significantly
affected both by the imbalance term in the TKE budget (Section 5) and by distortion

of the air flow over the measurement platform (Section 6). The possible impact of
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these two sources of error on the results from the previous studies will be discussed
qualitatively below. Quantified estimates of the errors can not be made, since the
necessary information on the distribution of the data with respect to the relative wind

direction, the wind speed and the stability conditions is not available.

Study 1000 * Cp1on = r Uion n®- Anemometer
(m/s) data and method.

this study 0.53 +0.064 Ujgp 0.78 | 626 963 | Solent sonic
Dissipation

YT96 0.60 +0.070 Uy 0.74 | 626 | 2298 | Solent Sonic
Dissipation

Anderson (1993) 0.49 +0.071 Uy 091 | 4.5-18 84 | Gill propeller
0.59 +0.065 Uy 0.83 | 10-18 61 Dissipation

Large and Pond 0.49 +0.065 Uy 0.74 | 10-26 | 973 | modified Gill

(1981, 1982) 1.14 4-10 | 618 | prop. Dissip™-

Smith (1980) 0.61 +0.063 Uy 070 | 6-22 63 | Thrust. Eddy
correlation

Table 7.1. Drag coefficient relationships (obtained by one-way regression) obtained

from studies over the open ocean.
The mean Cpygn to Uygy relationships from this study and from YT96

(Yelland and Taylor, 1996) were both based on data obtained from the Discovery
Southern Ocean cruises. The relationships differ since YT96 accepted data over a
much wider range of relative wind directions and did not make any allowances for the
effects of airflow distortion. In addition, the imbalance term used by YT96
effectively over-corrected the slightly unstable data which predominated at the higher
wind speeds. For these reasons, the relationship proposed in this study supersedes

that of YT96, which will not be discussed further.
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Smith (1980) employed the eddy correlation method to obtain wind stress
data from an anemometer mounted on the BIO tower. Consideration of the imbalance
term is therefore irrelevant, since it is only applicable to the dissipation method.
Flow distortion at the anemometer site was small since the tower was a very stable
moored spar buoy designed to present minimum blockage of the flow. For these
reasons, it is thought that the results from this study are unlikely to be affected by

any significant systematic error.

In contrast, both the imbalance term and the effects of flow distortion are
likely to have had a significant effect on the studies of Anderson (1993) and Large and
Pond (1981, 1982). In these studies, a balance between dissipation and production

of TKE was assumed and no corrections were made for flow distortion.

Anderson (1993) obtained wind stress data using a propeller anemometer
mounted on a mast in the bows of the CSS Dawson. The CFD model of the air flow
around this ship (Section 6.4.a) showed that, for bow-on winds, the acceleration of
the flow at the anemometer site was insignificant, but that it had been displaced
vertically by 0.4 m (or 3% of the instrument height). This would suggest that the
drag coefficient results would be overestimated by a few percent. However, the
results of Anderson’s study include data obtained for relative wind directions within
45° of the bow. The wind tunnel study of the ship (Thiebaux, 1990) shows that
over most of this range the measured wind speeds would be overestimated by up to
4% (Figure 6.1.a), which would imply an underestimate of the Cpqoy values of up to
12% for a given wind speed. To some extent , this would be compensated for by the
vertical displacement of the flow, the magnitude of which is not known. In addition,
the assumption of a balance between dissipation and production terms in the TKE
budget would have resulted in an underestimate of the Cpgy values on average: this
would, however, be small compared to the effects of flow distortion, since the

majority of the data were obtained when [z/L|<0.1. Inshort, the effects of flow

distortion and the imbalance term may have cancelled out for flow directly over the
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bows of the Dawson, but it is likely that, for other relative wind directions, the data

would be significantly affected by flow distortion.

Large and Pond (1982) described data obtained from an anemometer mounted
on a bow mast on the CSS Parizeau. The effects of flow distortion would be the
same for these data as for those of Anderson (1993), since the Parizeau is the sister
ship to the Dawson. The drag coefficient estimates obtained from the Parizeau
experiment were in reasonable agreement with the relationship proposed by Large and

Pond (1981) and also with that of Smith (1980).

The earlier study by Large and Pond (1981) employed data obtained from the
BIO tower and from the ships F.S. Meteor and the weather ship Quadra. A modified
Gill propeller anemometer was located on the BIO tower alongside the
instrumentation used by Smith (1980). The anemometer consisted of two
propellers, one horizontal and one angled at 60° from the horizontal, in order to
obtain stress estimates using the eddy correlation method. The data were “tilt”
corrected by rotating the axes to obtain zero mean vertical and cross-stream wind
components. Large and Pond estimated that errors in this procedure could amount to
a possible 10% error in the mean drag coefficient results. A 10% mean error was also
estimated for the results obtained from the ship-borne instrumentation, due to the
assumptions implicit in the use of the dissipation method, the estimation of z/L and
the measurement of the ship velocity. In order to minimise the effects of flow
distortion, the data obtained from the ships was restricted to particular relative wind
directions. The range of acceptable wind directions was determined by comparing the
data from the Quadra with that from the BIO tower, and the data from the Meteor
with near-by buoy data. However, the range of relative wind directions used were
large, spanning 135° for the Quadra and 50° for the anemometer on the bow boom of
the Meteor, which would suggest that the effects of flow distortion would cause a
significant amount of scatter in the results. As in the study of Anderson (1993), a

balance between dissipation and production of TKE was also assumed by Large and
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Pond, which would result in a relatively small underestimate of the mean drag

coefficient.

7.5 Conclusion.

The data from the Discovery Southern Ocean cruises resulted in a drag
coefficient to wind speed relationship which could be represented by Eqn. (7.1) for
wind speeds between 2 and 6 m/s. It is thought that the increase of Cpigy With
decreasing wind speeds could be due to the effects of free convection. The behaviour

of the wind stress under these conditions needs further investigation.

At moderate and high wind speeds, the Discovery data were well represented

by alinear Cpyon to Uyqy relationship;

1000 Cpyon = 0.53 +0.064U g 6<Uipn <26 m/s

which was very similar to those proposed by Smith (1980) and Large and Pond
(1981). It is not surprising that the Large and Pond relationship was similar to that
of Smith, since the initial ship data from the Quadra were, in practice, selected by
comparison with the eddy correlation data from the BIO tower. However, the
results from this study can be viewed as independent verification of the open-ocean

Cpion to Uypy relationship first proposed by Smith. Furthermore, the present study

is based on significantly more data and extends the relationship to higher wind speeds

than the Smith (1980) formula.
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Figure 7.1 Drag coefficient results from the Discovery Southern Ocean cruises. Data obtained at

wind speeds of less than 6 m/s are grouped by atmospheric stability: stable data are indicated by
the open squares, unstable data by the open triangles and near-neutral (|Z / L| < 0.1) data by the

black circles. Eqns. (7.1) and (7.2) are indicated by the solid line.
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Figure 7.2  Friction velocity values from the Discovery Southern Ocean cruises. Eqns. (7.1) and

(7.2) are indicated by the solid lines.
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Figure 7.4 Variation of atmospheric stability with wind speed for the Discovery data.
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8 THE INFLUENCE OF SEA STATE ON THE WIND STRESS.

8.1 Introduction.

This Section examines the wind stress anomalies, or deviations from a mean
Cpion to Uy relationship, which have been attributed by previous authors to
changes in the sea state or wave conditions. Previous wave-age dependent
parameterisations for the wind stress are briefly reviewed in Section 8.2. The mean
Cpion to Uy relationship from the Discovery Southern Ocean cruises is compared
to that predicted by the Charnock formula for a fully developed sea in Section 8.3,
and in Section 8.4 an estimate is made of the effect of an under-developed sea on the
drag coefficient. In Section 8.5, the relationship between sea state and the scatter in
the drag coefficient data is examined. Section 8.6 discusses the enhanced stress
estimates which have been reported in other open-ocean studies and attributed to the

sea state.

8.2 Previous wind stress - wave age relationships.

The effect of the sea state on the wind stress has long been a subject for both
experimental and theoretical study. Wind stress is related to wind speed via the drag
coefficient (Eqn. 2.3) or the roughness length (Eqn. 2.5). These are equivalent
parameterisations of the roughness of the sea surface, and are related by Eqn (2.6).

From dimensional arguments, Charnock (1955) suggested that the roughness length,
zg, and the friction velocity, u-, could be related by;

%1=a (8.1)

where g is the acceleration due to gravity and a is the dimensionless “Charnock

constant”, sometimes called the dimensionless roughness length. This formulation

predicted an increase of wind stress with increasing wind speed.
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Smith (1988) suggested that a value of 0.011 for the Charnock constant was as
good a fit to the Smith (1980) open ocean data as a linear drag coefficient to wind
speed relationship. However, other researchers have found different values for the
constant depending on the measurement location. For example, in 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) summarises some of 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 C, /Uyon

where C, is the phase speed of the dominant wave at the peak of the wave spectrum.

In summary, the majority of researchers claim that the roughness length, and hence
the wind stress, increases with decreasing wave ages, i.e. that for a given wind speed
the drag coefficient will be enhanced by the presence of young or under-developed
waves. A comprehensive review of previous work in this area is not attempted in
this study. Attention is given to the results from studies which are applicable to, or

have been widely applied to, open ocean conditions.

Significant effects of the sea state on the measured wind stress were initially
reported from the open ocean studies of Large and Pond (1981) and Denman and
Miyake (1973). In both studies, coherent anomalies 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. However, empirical relationships between the sea state

and wind stress have not been determined from such open-ocean studies.

One of the first empirical relationships was suggested by Donelan (1982) who
obtained eddy correlation measurements of the wind stress from a platform in 12 m of
water in Lake Ontario. Data from the HEXOS experiment, 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) which was similar to that found by Donelan (1990) in

a later Lake Ontario experiment. These relationships predict an increase in the drag
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coefficient of up to 100% for shallow water, young wave environments compared to

long-fetch deep water conditions (Kent et al., 1997).

However, Figure 8.1 shows that, for a fully developed sea, the Smith (1992)
HEXOS relationship;

942’-=048&_1 (8.2)
u2 ' Us )

overestimates the drag coefficient by 20% for wind speeds of around 6 m/s and by 15
% for the highest wind speeds compared to typical open ocean Cpign to Uign
relationships. Despite this, the HEXOS formula has been applied to open ocean
conditions by, for example, Gulev (1995) who used wind and wave data from a
climatology to obtain wind stress estimates which were up to 25% larger than those
computed from an unspecified “traditional” method. Similarly, wave-age dependent
stress formulations are sometimes incorporated into coupled models: the wave-
dependent stress relationship employed in the wind-wave model of Janssen (1996)

results in Cpqgy estimates which are 40% larger on average than those found in this

study.

8.3 Comparison of open ocean data with the Charnock relationship.

Figure 8.2 shows the mean Cpqgy to Uygn relationship from the Discovery
data, along with those resulting from the assumption of the Charnock relationship
(Eqgn. 8.1). It can be seen that, at the highest wind speeds, the Discovery data are fit
by a Charnock relationship with a constant of 0.013, whereas the lower wind speeds
are fit by a constant of 0.007. A mean constant of 0.010 could be approximated by

the linear relationship;

1000 Cpyon = 0.75 +0.050U g (8.3)

which is significantly different from the fit to the data Eqn. (7.2);
1000 Cpyon = 0.53 +0.064U g 6=<Uion=26 m/s
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given that the standard deviations of the intercept and slope of this fit are 0.007 and
0.0016 respectively. However, if Eqn. (8.1) is applicable to a fully developed sea
then the steeper slope of Eqn. (7.2) could suggest that at the higher wind speeds the
waves are underdeveloped and that a wave age dependent formula of the form of Eqn

(8.2) would be more appropriate.

8.4 An estimate of the expected wave age effect in the open ocean.

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 to be duration-limited (Tucker,
1991). Estimating the duration is not straightforward, since weather systems persist
over periods of days. The arrival of a front, for example, is accompanied by waves

which have been influenced by the winds associated with the front for an unknown

length of time. The significant wave height estimates, Hs, from the SBWR data
(Section 4.6) were compared to those predicted for fully developed waves, Hgg.
This was estimated from the wind speed using the relationship suggested by Bouws

(1988);

Heg = 0.0246 U%N (8.4)

which was based on the Pierson-Moscowitz wave spectrum. The variation of the

ratio Hg/Hsg with wind speed is shown in Figure 8.3. Also shown is the ratio
Hsp/Hsg , Where Hgp is the significant wave height predicted for wave development
under duration-limited conditions (Tucker, 1991);

Hsp = 0.0146 D7U®7 (8.5)

and D is the duration in hours.

In the mean, for wind speeds of 12 m/s or less the waves are fully developed:

values of the ratio greater than one indicate the presence of swell. Above 15 m/s, the

mean Hg/Hgsg indicates that the measured wave heights correspond to those expected
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for a wind speed duration of 30 hours. Individual data suggest duration times of 15
hours or less. It must be noted that the SBWR estimated Hg will be increased when
swell is present, and that the true estimate of the duration would be decreased under

these conditions.

The size of the drag coefficient anomaly which would be predicted for these
conditions was then estimated using the HEXOS formula (Eqn. 8.2). The Cpyon
values predicted by the HEXOS formula for fully developed conditions were 15 to
20% larger than those from the Discovery (Section 8.2). This difference was removed

by reducing the constant in Eqn. (8.2), hence;
-1

C
9%, _ p
= _0.26( u*) (8.6)

Estimates of C, /u- were obtained by assuming a wind duration of 30 hours.
This assumption, with Eqn (8.6), resulted in a mean Cpgy to Uyjgy relationship very
similar to that from the Discovery data. Eqn. (8.6) was then used to predict the
relationships which would result from an infinite wind duration, and for a duration of
15 hours. These are shown in Figure 8.4. If the Discovery mean relationship

represents an average duration of 30 hours, it can be seen that duration periods longer

or shorter than this should result in Cpygy anomalies of the order of 10% at the higher

wind speeds. Larger anomalies may occur if, as thought, the duration has been

overestimated due to the presence of swell waves increasing the estimate of Hg. In
addition, the Cpion anomalies caused by the duration limited wave development

should, by definition, persist for periods of at least a few hours.

8.5 The effect of sea state on the RRS Discovery wind stress data.

8.5.a The scatter in the Cpion estimates from Discovery data.

This section examines the scatter in the wind stress to wind speed relationship
obtained during the Discovery cruises. Only data obtained at wind speeds of 6 m/s

or more will be considered, since data obtained at lower wind speeds were very
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scattered and may have been affected by free convection (Section 7.3). The friction
velocity estimates were scattered about a mean u- to Uygy relationship (Section 7.2)
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 r.m.s.
errors of 3% for wind speed and 6% for u- estimated from instrument comparisons on
the RRS Darwin by Yelland et al. (1994). It is therefore thought that the scatter in
the Discovery data can be completely accounted for by random experimental errors.

However, the results from the Discovery cruises were examined for systematic

deviations from the mean Cpqgy to Ujgn relationship which could be attributed to
changes in the sea state. To this end, the percentage Cpigy “anomalies”, ACp, were

calculated from,;

C -C
ACD =100 ( D10N DFIT) (87)
CDFIT

where Cpgt is calculated from the measured Uygn using the mean relationship of Eqn.

(7.2).
8.5.b Dependence of ACp on wave development.

The variation of ACp with the ratio Hg/Hgg is shown in Figure 8.5.a. It can
be seen that, in the mean, there is no significant dependence of ACp on the sea state.
This was confirmed by separation of the data into different classes according to the
value of the ratio Hg /Hgg. The mean Cpygy to Ujgn relationships of these classes did
not show any systematic difference (Figure 8.5.b). The SBWR was the only source
of wave information available, but the sea-state estimates obtained were not
satisfactory since the measurements could be dominated by the presence of swell
waves. It was thought that a more useful indication of the sea state could be obtained
simply from the wind history, by making the assumption that for increasing wind

speeds or changes in the wind direction the seas would generally be under-developed.
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8.5.c Dependence of ACp on wind history.

Figure 8.6.a shows ACp against the rate of change of the wind speed,
AU / At, where AUjgy and At are simply the differences in wind speed and time (in
seconds) between one wind stress determination and the next. In this case, the data
have been selected for time differences of one hour or less as well as for wind speeds
greater than 6 m/s. As before, the individual data show large scatter and the ACp
values show no dependence on the rate of change of the wind speed for steady or
increasing winds. However, for decreasing winds there appears to be a mean
positive ACp, i.e. an increased mean stress. Although the mean signal is small
compared to the scatter in the data, it produces a systematic difference in the mean
Cpion to Uygn relationship of between 5% and 10% over most of the wind speed
range, as shown in Figure 8.6.b. In this Figure, the data were classed as “steady” if
the wind speed did not change on average by more than 0.5 m/s in a 15 minute period.
Examination showed that the data with positive ACp values associated with rapidly
decreasing wind speeds did not occur consecutively and were widely scattered
throughout the data set: they could not be confidently associated with any particular
event, such as the passage of a front. It is likely that the apparent dependence of
ACp on AUy /At is not significant. However, given the weight of opinion behind

the arguments for significant effects of sea state on wind stress, further investigation

of these Cpiony “anomalies” seemed justified.

The change in true wind direction, ADy,e /At, was found in the same fashion
as AUpn /At. Figure 8.7.a shows that rapid changes in wind speed were generally
accompanied by changes in the wind direction. The data were separated according to
whether the wind direction was steady, backing or veering. The changes in wind
direction were small, with a difference of ADye /At =0.01 corresponding to a shift of
less than 10° in 15 minutes and with maximum differences of less than 20°in 15

minutes. However, Figure 8.7.b shows that the mean Cp;oy may be increased by up

to 5% for positive changes in the true wind direction. Since the ship’s navigation
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officers do not respond instantly to a change in true wind direction, it is to be
expected that such changes would result in a change in the relative wind direction, as
shown in Figure 8.8.a. Data selection was restricted to a narrow range of relative
wind directions in order to minimise the effect of changing flow distortion with
relative wind direction. However, Figure 8.8.b demonstrates that even a 10°
difference in relative wind direction has a small, but significant, effect on the mean
Cpion to Uygn relationship: hence any increase in the mean Cpqgy With a positive
change in true wind direction is most probably due to a change in the effects of flow
distortion with relative wind direction. However, no equivalent explanation was
found for the small increase in the mean Cpqqy estimates associated with decreasing
wind speeds (Figure 8.6), since there was no statistical link between decreasing winds

and relative wind direction (Figure 8.9).

8.5.d The persistence of the Cpion “‘anomalies”.

Section 8.5.c investigated the relationships between ACp and changes in the
wind speed or direction between one Cpqgy estimate and the next. However, for the
sake of argument, a change in wind speed could cause a Cpgy “anomaly’ which
persists for some later time during which the wind speed had become steady.
Examination of the data found no such persistent anomalies. However, since the
anomalies were expected to be of the order of 10% (Section 8.4) it was thought that
they may be masked by the relatively large scatter in the results (Section 8.5.a). In
order to investigate this, the data were smoothed using a running 2 hour “top-hat”
filter, which reduced the standard deviation of the ACp estimates from 18% to 7%.
Only a limited amount of continuous data were available since the original data set had
gaps of a day or more between some samples. 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.

By far the largest and most persistent anomaly occurred during a storm where

the wind speed reached a maximum of more than 23 m/s during the night of day 379
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(13th January 1993). The time series of smoothed data obtained during this storm
are shown in Figure 8.10. The logging of the data from the anemometer failed at the
peak of the storm and did not resume functioning until 6 hours later. However, it
can be seen that while the wind speed increased from 18 to over 23 m/s, the ACp
estimates were very small, whereas during the 12 hours during which the wind
decreased to 15 m/s, the ACp estimates averaged between 5 and 10% . While the
wind speed was increasing, the true wind direction was fairly steady at 275°, but had
shifted by about 20° by the time the logging system had resumed working. However,
it can be seen that the enhancement of the Cpqgy estimates correlates much more
closely with the relative wind direction than with the changes in the wind speed or

true wind direction.

8.5.e Conclusion.

A systematic differences from the mean Cpqgy to Ujgy relationship seemed to
occur during periods when the wind speed decreased rapidly (Section 8.5.c). No
statistical link could be found between decreasing wind speeds and relative wind
direction (Figure 8.9), i.e. with changes in the flow distortion effects. In contrast, the
largest and most persistent anomaly seen in the smoothed data was clearly caused by
changes in the relative wind direction of less than 5°. Hence at least some part of the
systematic difference in the Cpqgy estimates is not attributable to the decrease in the
wind speed. It is therefore thought that the systematic difference seen in Figure 8.6

is not significant.

In conclusion, this examination of the data from the Discovery cruises
revealed no anomalies in the Cpqgy estimates that could be attributed to sea state
conditions or changes in the wind speed or direction. It is thought that if the drag
coefficient is dependent on wave age in some fashion then the effects must be very
small and/or short lived in comparison to those predicted by the HEXOS-type
formula of Eqn (8.6).
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8.6. Discussion.

8.6.a Previous examples of wave age effects over the open ocean.

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
described by Large and Pond (1981) and by Denman and Miyake (1973). In the
latter study, a ship-borne anemometer was used to obtain the wind speed and stress
measurements, and data were accepted from a range of relative wind directions
spanning 180°. Estimates of the flow distortion were not available and no corrections
were made to the measurements 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/s, or on atmospheric stability. The
observed dependence of the drag coefficient on the sea state was probably due to
either the assumption of a constant drag coefficient, or to a change in the flow
distortion with relative wind direction, or to the lack of stability corrections, or any
combination of these. In contrast, the results from the Large and Pond experiment
were both more numerous and of higher quality. These authors also reported an
increase in the dissipation-derived drag coefficient estimates after the passage of a
storm. The estimates were obtained from an anemometer mounted on the BIO mast,
so although there was a large coincident shift in the wind direction the effects of flow
distortion are unlikely to be significant. However, the anomaly was observed during
wind speeds of around 5 m/s and for rather stable conditions (z/L=0.2): the
doubtful accuracy of the dissipation method under such conditions has been discussed

in Section 7.3.

More recently, Donelan et al. (1997) obtained wind stress data in deep water
off the coast of Virginia. A K-Gill anemometer-vane was mounted on the foremast of
a small twin-hull ship, and was used to measure the wind stress using both the
dissipation and the eddy correlation methods. Ship motion and directional wave

spectra were measured. These authors suggest that their results show an increase in
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the wind stress when swell is present and is travelling either across, or counter to,

the direction of the wind wave field. In addition, they suggest that the inertial
dissipation method underestimates these anomalies in comparison with the eddy
correlation method. The results from this study were made available in Table 1 of the
paper. The authors also kindly provided us with the relative wind direction
information which was not included in their Table. Figures 8.11 reproduces Figure 7
of Donelan et al.. It can be seen that, as reported, enhanced stress measurements are
seen for counter and cross swell cases. The enhancement is smaller for the
dissipation-derived estimates under low wind speeds. However, it is important to
note that the data were collected during several distinct periods which had different
atmospheric conditions and average relative wind direction, as well as different sea

states.

Figure 8.12 shows the variation of z/L with wind speed for the four different
sea state classes. It can be seen that for the pure wind sea cases, the data were
obtained under relatively near-neutral conditions, whereas the counter- and cross-
swell cases were obtained under more unstable conditions. Donelan et al. argue that,
for low wind speeds (less than 6 m/s) and counter-swell conditions, the dissipation
method is inadequate since it does not produce the same elevation in the u- estimates
as found by the eddy correlation method. This argument seems flawed on two
counts. The first is that Donelan et al. assumed a balance between production and
dissipation in the TKE budget, hence their estimates of the dissipation-derived
friction velocities would be underestimated, especially at the lower wind speeds.
Secondly, both methods are likely to produce high estimates at low wind speeds not
because of the sea state but because the conditions were very unstable, with
-10 <z/L<-4. Under such conditions free convection will affect the results from

either method (Section 7.3).

Figure 8.13 shows the relative wind directions at which the data were
obtained. The pure wind sea cases were all obtained when the wind was blowing

either directly over the bows or to port of the bows, whereas the majority of the
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counter- and cross-swell cases were obtained when the wind was to starboard of the
bows. Figures 8.14.a and b show the eddy correlation- and dissipation-derived u-
estimates, separated into classes by relative wind direction rather than sea state (c.f.
Figure 8.11). It can be seen that the correlation of enhanced stress with relative wind

direction is almost as good as the correlation with sea state.

It is therefore thought that the criticism of the dissipation technique was
unjustified and that the sea-state correlation proposed by Donelan et al. is spurious,
i.e. that the enhanced stress estimates could have been due to a change in the
distortion of the flow reaching the anemometer. It is likely that the effects of flow
distortion were significant, since the friction velocity estimates were significantly
larger than expected from other open ocean studies. It is not possible to judge
whether flow to the anemometer was accelerated or decelerated, but it would almost

certainly have been displaced upwards.

8.6.b Implications of the Discovery results.

This study shows that the wind stress over the open ocean can be well
represented by a simple Cpqgn to Uygn relationship, and that the effects of sea state
on this relationship are insignificant. The scatter in the Discovery drag coefficient
estimates could not be related to the sea state and could be explained entirely by
experimental noise. The open ocean sea-state effects described by previous authors
are thought to have been due to the effects of flow distortion, the neglect of the
imbalance term in the TKE budget or to other experimental 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 wind stress could be
due either to 1) an absence of young waves due to the persistence of weather systems
(Section 8.5a), or 2) the presence of swell waves. The mechanism by which the

presence of swell waves could suppress the characteristics of young wind seas is not
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known. However, apart from the studies discussed in Section 8.6.a, no 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 programme, 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/s. However, the results from this 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 waves 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 support 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. For example, Oost (1997) re-
examined the HEXOS data and found that the reported wave-age dependence of the
wind stress (Smith et al., 1992) was caused by long wave-length waves shoaling into
the shallow water depth, rather than by the presence of under-developed waves. In

addition, the slope of the revised mean Cpign to Ujgn relationship was significantly
less than that originally proposed, although the predicted Cpign values were still

larger than those from open ocean relationships by about 20%.

The use of a wave-age dependent parameterisation of the wind stress is not

recommended for open ocean conditions since this would result in a considerable over-

estimate of the stress. A linear Cpqgn to Uy relationship such as that given in this

study (Section 7.2.b) should be used.
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that for a fully developed sea.
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relationship from the adjusted HEXOS formula of Eqn. (8.6), assuming a wind duration of 30
hours (thick dashed line). The thin dashed lines represent an unlimited or infinite wind duration
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5°in 15 minutes) are shown by the solid line.
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9 SUMMARY AND DISCUSSION

9.1 Data and preliminary results

This study described the collection, analysis and results of a large open-ocean
wind stress data set, most of which was obtained during three cruises of the RRS
Discovery in the Southern Ocean and the remainder during RRS Charles Darwin cruise
43 in the North Atlantic. During the Darwin cruise, about 140 concurrent estimates
of the wind stress were obtained from each of four anemometers (including a
prototype Solent sonic) which were located on the foremast platform in the ship’s
bows. The Discovery cruises produced 2633 wind stress estimates from a Solent
sonic anemometer mounted on the ship’s foremast platform. In both cases, the data
were all obtained when the wind was blowing within 30° of the ships’ bows. The
Discovery data were obtained under a wide range of conditions; the wind speed
ranged from near calm to 26 m/s, and z/L varied from -2 to +4. The large amount of
high quality Discovery data allowed a number of significant effects to be seen for the

first time.

The data from the four anemometers deployed during the Darwin cruise
resulted initially in drag coefficient estimates that varied by up to 30% from one
instrument to another. It was thought that these discrepancies were largely due to
distortion of the flow of air to the anemometers, caused by the presence of the ship’s
hull and superstructure. That the effects of flow distortion could have a significant
impact on the drag coefficient estimates, obtained using a well-exposed anemometer,
was confirmed by the Discovery data. These data showed that small changes (of the
order of 10°) in the mean relative wind direction produced significant differences in the

mean Cpqgy t0 Uypy relationship.  The investigation of the flow distortion around the

ships is discussed further below.
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9.2 The imbalance term in the TKE budget.

The magnitude of the effects of flow distortion prompted a re-analysis of the
dimensionless dissipation function used in the inertial dissipation method of
estimating the wind stress. An earlier analysis (Yelland and Taylor, 1996) had
shown that the assumption of a balance between the production and dissipation terms
in the turbulent kinetic energy budget did not hold, at least under non-neutral
conditions. In the earlier analysis, all the Discovery data obtained for winds within
30° of the ship’s bow were used to estimate the magnitude of the imbalance term.
This imbalance term, ®p, varied with stability, as expected, but was also found to
have a dependence on the mean wind speed. However, further examination
suggested that there may have been some correlation of the wind speed dependency
with relative wind direction, i.e. that the wind speed dependency may have been
erroneous. To avoid, or at least minimise, this possibility a subset of data was
selected in which the correlation between wind speed and relative wind direction was
not significant. In the re-analysis, only data where the relative wind direction was
within 10° of the bow were used. The results of the re-analysis suggested that, for

unstable conditions, the form of the imbalance term could be represented by;

z U
dn = —(05 - —1ON /L<0
D L(05 6.5) z/L<

For stable conditions it was found that the imbalance was zero if the dimensionless

profile function was altered so that;

¢m=1+6.sf 2/L>0

The application of the imbalance term to the Discovery data successfully

removed the previously observed differences between the wind stress data obtained

during unstable and neutral atmospheric stability conditions. The mean Cpqqy to
Uyon relationship was increased by about 5% over most of the wind speed range.
The imbalance term was determined by comparison of non-neutral to neutral data.

With this in mind, the term represents a mean excess of production over dissipation
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of between 5 and 10 % for wind speeds in excess of 12 m/s. For lower wind speeds

the imbalance was larger, with a mean excess of 25% for wind speeds of around 7

m/s.

9.3 The effects of flow distortion on the drag coefficient.

The effects of air-flow distortion on the drag coefficient estimates was
quantified with the aid of a computational fluid dynamics (CFD) model. Since it is
believed to be the first time that a fully 3-dimensional model has been used in this
fashion, the model was first validated by simulating the flow over two Canadian
research ships which had previously been tested in a wind tunnel. Use of the model
results of the flow over the Charles Darwin provided further validation. After

correcting the results from each instrument to allow for deceleration and vertical

displacement of the flow, the discrepancy in the Cpqqy estimates was reduced from

up to 30% to less than 5%. Furthermore, the initial Cpqgy to Ujqy relationships

from the Darwin were up to 60% larger than would be expected for open ocean data,
such as that from the Discovery. After correcting for flow distortion, this difference
was reduced to 5%. For the Darwin, the effect of the flow distortion on the wind
speed estimate was much more severe than on the estimate of the friction velocity.
This suggests that to obtain wind speed estimates from a large platform (such as a
merchant ship), the most accurate result may be obtained by using the dissipation

method to measure the stress and to obtain the wind speed via a Cpygy to Ujgy

relationship.

The CFD model of the Discovery showed that the anemometer site on this
ship was much less affected by flow distortion than the anemometer sites on the
Darwin. The deceleration of the flow was negligible (0.5%), but the 1 m vertical
displacement was significant. These effects resulted in a reduction of the initial drag

coefficient estimates by about 5% for a given wind speed.
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9.4 The Cpqy to Uy relationship and the effects of sea state.

The open ocean wind stress to wind speed relationship was determined from
the Discovery data, obtained for relative wind directions within 10° of the ship’s
bows, after allowance had been made both for the imbalance in the TKE budget and
for the effects of flow distortion. The mean Cp,q €stimates increased with
decreasing wind speed for winds below 6 m/s, possibly due to the effects of free
convection. Above that wind speed, the data were well described by the
relationship;

1000 Cpyon = 0.53 +0.064U g 6=<Uion=26 m/s

This confirms the open-ocean relationships suggested by Smith (1980) and Large and

Pond (1981).
The scatter in the Cpqqy Vvalues was investigated in order to quantify the

effects of sea state, or of wind history on the wind stress. Since the sea state was
not fetch or depth limited, an estimate was made of the expected drag coefficient
anomaly using a modified HEXOS-type formula applied to duration limited sea-
states. This predicted anomalies of the order of 10% or more, persisting over
periods of at least a few hours. No such anomalies were found. It is thought that
the wave age dependent stress formulations, derived from data obtained over shallow
water, do not apply to open ocean conditions. Previous reports of evidence for a
sea-state dependent stress over the open ocean are probably erroneous and could be
attributed to experimental error, the assumption of a balance between dissipation and
production in the TKE budget or to the effects of flow distortion. The effects of
flow distortion are large and vary rapidly with relative wind direction. In the case of
a ship-mounted anemometer, a change in relative wind direction can be caused by the
response of the ship to a change in the sea state, such as the arrival of a cross-wind
swell. This could cause a drag coefficient “anomaly” to be mistakenly associated

with the change in sea state rather than to the change in air-flow distortion.
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The results of this study show that wave-age dependent wind stress

formulations are redundant for open-ocean conditions. A simple Cpqoy t0 Uign

relationship should be used to estimate the wind stress from the wind speed.

9.5 Areas for further investigation.

9.5.a The wind speed dependent imbalance term.

One question posed by the results of this study is that of the imbalance
between local production and dissipation in the turbulent kinetic energy budget. As
described, the form of the imbalance term depends on the wind speed as well as on
atmospheric stability. Although this may explain why the previous estimates of the
imbalance differ, independent verification of the wind speed dependence is required.
This may be provided by the results of a recent experiment on the RV FLIP (Edson,
pers. comm) where the imbalance term was seen to be a function of the sea-state,

itself dependent on the wind speed.

9.5.b Isotropy

Henjes (1996) examined a portion of the Discovery data used in this study and
showed the presence of the 4/3 ratio in the spectral levels predicted by the
assumption of local isotropy (Section 2.2.b). The data examined were all obtained for
wind speeds of around 10 m/s and significant wave heights of about 6 m, conditions
which were fairly typical of the study. Schmitt et al. (1978) suggest that the degree
of anisotropy depends on the ratio of the measurement height to the wave height,
with significant anisotropy occurring for a height ratio of between 5 to 10. As shown
by the results of Henjes, isotropy was found for a height ratio of 3. However, wind
speeds of up to 26 m/s were obtained, with significant wave heights of up to 14 m
suggesting a height ratio of nearer 1. We intend to examine this high wind speed data

to determine at what point, if at all, significant evidence of anisotropy occurs.
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9.5.c Distortion of the air flow over the ship.

Validation of the CFD software is continuing. The Darwin and Discovery
will be modelled for air flow at different relative wind directions, and both ships have
been instrumented with an array of anemometers at various sites around the
superstructure. The modelled wind speed errors will be further validated by
comparison of relative wind speed errors between one anemometer site and another.
Validation of the modelled vertical displacement of the flow will be tested using the
stress estimates obtained from a second Solent sonic anemometer located on top of
the main mast of the ship. At this site, the displacement is expected to be
significantly larger than at the foremast anemometer site. In addition, simulations of
low wind speed flow will also be made to investigate at which speed, if at all, the

pattern of flow around the ship changes.
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