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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.



iii

TABLE OF CONTENTS

Page

Title page i
Abstract ii
Contents iii
List of Figures vii
List of Tables Xiv
Acknowledgements XV
1 INTRODUCTION 1
2 MEASUREMENT OF THE WIND STRESS. 4
2.1 Wind stress and the turbulent kinetic energy budget. 4

2.2 The application of the dissipation technique. 9

2.2.a Calculation of U«, Uy and Cpion values. 9

2.2.b The Kolmogoroff constant. 13

2.3 Error analysis. 15

2.3.a Experimental uncertainties. 15

2.3.b Other parameters. 19

2.3.c Atmospheric conditions. 21

3 EVALUATION OF THE INERTIAL DISSIPATION METHOD. 24
3.1 Introduction 24

3.2 Validation of the dissipation technique. 24

3.3 Drawbacks and advantages of the dissipation method. 28

3.4 Discussion 32

4 INSTRUMENTATION AND DATA PROCESSING 34
4.1 Instrumentation on the Discovery Southern Ocean cruises. 34

4.2 The Charles Darwin cruise 43. 36



v

4.3 Processing of the wind spectra during the Discovery cruises.

4.4 Processing of the wind spectra during Darwin cruise 43.

4.5 Processing of the mean meteorological data.

4.6 Processing of the SBWR data.

4.7 Quality control

4.8 Estimating the true wind speed.

4.9 Description of the data.

5 THE WIND STRESS CALCULATION: QUANTIFYING THE IMBALANCE TERM IN
THE TKE BUDGET.

5.1 The friction velocity with the assumption of zero imbalance.

5.2 Estimation of the imbalance between production and dissipation.

5.2.a Analysis method and results from Yelland and Taylor (1996).
5.2.b Re-analysis of the imbalance term.
5.2.c A simple form of the imbalance term.

5.2.d A wind speed dependent imbalance term.
5.3 Comparison of imbalance terms.

5.3.a Estimates of the imbalance under neutral conditions.

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

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

Darwin and the Discovery.

5.5 Summary

6 THE EFFECTS OF AIR FLOW DISTURBANCE ON THE MEASUREMENT OF THE
DRAG COEFFICIENT.

6.1 Introduction

6.2 Previous estimates of the flow distortion around ships.

6.2.a Estimates of the vertical displacement of the flow.
6.2.b Estimates of the acceleration of the flow.
6.2.c In situ comparisons.

6.2.d Wind tunnel studies.

37

38

39

40

40

41

42

48

48

49

49
50
52
53

55

55
56

59

60

76

76

77

77
78
78
79



6.2.e Numerical Modelling 80
6.3 The CFD software “VECTIS”. 81
6.4 Validation of the CFD software. 84
6.4.a Comparison with wind tunnel studies. 84
6.4.b The drag coefficient estimates from RRS Charles Darwin cruise 43. 86
6.4.c Modelling the airflow distortion over the RRS Charles Darwin. 89
6.4.d The Charles Darwin drag coefficients, corrected for flow distortion effects. 91
6.5 Airflow over the RRS Discovery. 94
6.6 Summary. 98

7 THE MEAN WIND STRESS TO WIND SPEED RELATIONSHIP OVER THE OPEN
OCEANS. 110

7.1 Introduction 110
1.2 The drag coefficient to wind speed relationship. 110
7.2.a Data selection. 110
7.2.b  The mean drag coefficient relationship. 111

1.3 Low wind speed drag coefficient relationships. 113
7.4 The drag coefficient under moderate and high wind speeds. 118
1.5 Conclusion. 122
8 THE INFLUENCE OF SEA STATE ON THE WIND STRESS. 128
8.1 Introduction. 128
8.2 Previous wind stress - wave age relationships. 128
8.3 Comparison of open ocean data with the Charnock relationship. 130
8.4 An estimate of the expected wave age effect in the open ocean. 131
8.5 The effect of sea state on the RRS Discovery wind stress data. 133
8.5.a The scatter in the CD1ON estimates from Discovery data. 133
8.5.b Dependence of ACp on wave development. 134
8.5.c Dependence of ACp on wind history. 134
8.5.d The persistence of the Co10N “anomalies”. 136

8.5.e Conclusion. 137



Vi

8.6. Discussion.

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

8.6.b Implications of the Discovery results.

9 SUMMARY AND DISCUSSION

9.1 Data and preliminary results

9.2 The imbalance term in the TKE budget.

9.3 The effects of flow distortion on the drag coefficient.

9.4 The Co1on to Uion relationship and the effects of sea state.

9.5 Areas for further investigation.

9.5.a The wind speed dependent imbalance term.
9.5.b Isotropy

9.5.c Distortion of the air flow over the ship.

REFERENCES 159

137

137
140

153

153

154

155

156

157

157
157
158



vii

LIST OF FIGURES

Figure No.

2.1

3.1

4.1

4.2

43

4.4

4.5

4.6

4.7

4.8

4.9

5.1

The form of the dimensionless profile function, ¢,. for different values of a (z/L < 0)

and G (zL > 0). The solid line indicates a = 20 and G = 5, and the dashed line, a
=30 and G = 8.

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).
The ship track for R.R.S. Charles Darwin cruise 43.
The ship track for R.R.S. Discovery cruises 199, 200 and 201.

The foremast of the R.R.S. Discovery, showing the Solent sonic anemometer

(indicated by the arrow) on the starboard side of the platform.
The asymmetric version of the Solent sonic anemometer.
The symmetrical version of the Solent sonic anemometer.

The foremast of the R.R.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.

The estimated distance constant, L, against relative wind speed for the Young

propeller anemometer. Error bars indicate the standard deviation of the mean.

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.

Em log against GPS ship speeds for the Discovery cruises. Error bars indicate the

standard deviation of the mean.

The air-sea temperature differences for the Discovery Southern Ocean data. Data which
failed to converge during the iterative calculation of the wind stress are indicated by the

Crosses.

Page

23

33

43
44

44

45

45

46

46

47

47

62



5.2

53

54

5.5

5.6.a

5.6.b

5.7

5.8

5.9

5.10

5.11

5.12

5.13

5.14

viil

The z/L values against U;qpy obtained with the assumption of a zero imbalance.

Note change of the vertical axis scale at 12 m/s.

Friction velocity estimates, obtained with the assumption of a zero imbalance,

averaged on U;qp 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.
Comparison of a) Uyqy, b) friction velocity, and c) stability estimates obtained using
the dissipation (DISS) and bulk (BULK) methods. The dashed lines indicate a 1:1

agreement.

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.

Relative wind direction (180° represents wind blowing directly over the bow) against
wind speed for all data within 30° of the bow (solid line), and for data within 10° of the
bow (dashed).

Relative wind direction against stability for all data within 30° of the bow (solid line),
and for data within 10° of the bow (dashed).

As Figure 5.3 but for relative wind directions within 10° of the bow only.

Estimates of the imbalance term, ®p, against stability for different wind speed

classes. The heavy dotted line indicates the fit to all data obtained for wind speeds

over 7 m/s.

Averaged U« gg to Ujqy relationships for a) unstable, and b) stable data, after
application of the imbalance terms given in Eqn 5.3.

(I)D/(Z/ L) against U;qp for all data where z/L <-0.03 . The fit to the averaged

data is shown (solid), as is the relationship of Eqn. (5.7) (dashed).
As Figure 5.10 but after separation of data into the stability classes shown.

The mean relative wind direction for each of the wind speed averages used in Figure

5.10.

The u- to Ujgp values obtained using the imbalance term of Eqn (5.5).

Values of A®p /(z /L) averaged against U;qy. For data which failed to converge, the

D,
individual bulk estimates of z_/DI: are shown as crosses.

62

63

64

65

66

66

67

68

69

70

70

71

71

72



5.15

5.16

5.17

5.18

6.1

6.2

6.3

6.4

X

Friction velocity to U,y relationships after analysis of the data using the imbalance

term of Eqn 5.7.

Estimated imbalance terms from; this study (thick solid lines), YT96 (thin solid),
Dupuis et al. 1996 (dashed), Edson et al. 1991 (dotted) and Fairall and Edson 1994
(chain). The terms from this study and YT96 are shown for four different wind speeds,
as indicated on the figure. The Edson et al. and Fairall and Edson terms have been

adjusted to a Kolmogoroff value of 0.55.

Effect of the imbalance term on the mean drag to wind speed relationship for a) the
Discovery data, and b) the data from the Solent sonic anemometer on the Darwin.
Results obtained with the assumption of a zero imbalance are shown by the thick
dashed line, and those obtained using the imbalance term of Eqn. (5.7) are shown by
the thick solid line. For comparison, the relationships suggested by Smith (1980)
and YT96 are indicated by the thin dashed and thin solid lines respectively.

Magnitude of the imbalance term for the unstable Discovery data.

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.

CFD model data on a vertical plane through the centre line ofa) the CSS Dawson,
and b) the CSS Hudson. The position of the bow anemometer 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.

The mean drag coefficient to U,q 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.

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;qpy estimates between

the anemometers.

72

73

74

75

100

101

102

103



6.5

6.6

6.7

6.8

6.9

6.10

7.1

7.2

CFD model results for flow over the RRS Charles Darwin. Only data on a vertical
plane intersecting the Solent sonic anemometer site are shown. The results are
expressed as the ratio between the actual wind speed at any point and the 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.
Percentages differences between a) the friction velocity estimates and b) the U;gp

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.
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.

CFD model results for flow over the RRS Discovery (cf. Figure 6.5 for the 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.
Mean Cpign 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.
Mean Cpygn to Uyqy 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.

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.

Friction velocity values from the Discovery Southern Ocean cruises. Eqns. (7.1) and

(7.2) are indicated by the solid lines.

104

105

106

107

108

109

123

123



7.3

7.4

7.5

7.6

7.7

8.1

8.2

8.3

8.4

8.5.a

X1

Low wind speed Cp1gn to Ujg,, relationships from various studies as indicated in the

key and described in the text.

Variation of atmospheric stability with wind speed for the Discovery data. The solid
line indicates the mean value for a given wind speed and the error bars give the standard
deviation of the mean. Data obtained under stable conditions is excluded from the
average for wind speeds below 6 m/s.

Ratio of dimensionless dissipation functions assuming L overestimated by 20%
(PE(used )) and with the correct value of L (Pg(rye )), for measurement heights of Sm

(solid line) and 20m (dashed line).

Friction velocity estimates from the Discovery data. For wind speeds less than 6 m/s,
stable data are indicated by the open squares, unstable data by open triangles and near-
neutral (|Z / L| < 0.1) data by the black circles. The relationship proposed by Smith
(1988) is indicated by the heavy dashed line: the faint dashed lines show the same
relationship +0.08 m/s. Eqns. (7.1) and (7.2) are shown by the solid line.

Neutral drag coefficient to wind speed relationships proposed for moderate to high wind
speed conditions over the open oceans. The error bars indicate the total of the possible

biases on the relationship from this study.

The HEXOS relationship for a fully developed sea (dotted line) compared to the open-
ocean relationships suggested by this study (thick solid), Large and Pond (1981) (thin
solid) and Smith (1980) (dashed).

The mean Cpqgn results from the Discovery data (thin solid), where the error bars

indicate the standard deviation of the mean. The fit to the data (Eqn. 7.2) is shown by
the thick solid line. The dashed lines represent the Charnock relationships with the

values of the constants as indicated.

Wave development with wind speed. The thick solid line indicates the ratio of the
measured significant wave height to that expected for a fully developed sea (from
Bouws, 1988). The thin lines represent the ratio of significant wave heights for

different wind durations to that for a fully developed sea.

The mean Discovery Cpign to Uign relationship of Eqn. 7.2 (solid line) and the

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 (lower) and a duration of 15 hours (upper).

Variation of the drag coefficient “anomaly” with wave development, given by the ratio

of the measured Hg to that expected for a fully developed sea.

124

125

125

126

127

142

142

143

143

144



8.5.b

8.6.a

8.6.b

8.7.a

8.7.b

8.8.a

8.8.b

8.9

8.10

8.11

8.12

8.13

Xii

The mean Cpign to Ujgn relationships for the data classed by wave development as

indicated in the key. Underdeveloped waves are represented by a ratio of less than 1.

Variation of ACp with the rate of change of the wind speed, AUjgn /At, where a

value of -0.003 represents a decrease of 2.7 m/s in 15 minutes.

The mean Cpgn to Ujgn relationships for periods where the wind was decreasing

(dashed line), steady (solid) or increasing (dotted).

The variation of the magnitude of the change in the true wind direction with the change
in wind speed. A direction change of 0.015 is equivalent to a 13.5° shift in 15

minutes.
The mean Cpqgn to Ujgn relationships after separation of the data according to the
change in the wind direction. A positive change is indicated by the dotted line and a

negative change by the dashed line. Cases where the wind direction was steady (i.e.

changed by less than 5° in 15 minutes) are shown by the solid line.

The variation of the relative wind direction with a change in the true wind direction.
A wind blowing directly over the bows of the ship is represented by a relative direction

of 180°.

The dependence of the mean drag coefficient on relative wind direction. Winds
blowing to port of the ship’s bow are represented by the dashed line, and winds to
starboard by the dotted line. The mean relationship (Eqn. 7.2) is indicated by the thin

solid line.
The variation of relative wind direction with the rate of change of wind speed.

Time series of data smoothed with a running 2 hour filter; (top) 10 m wind speed and

ACp, (middle) stability parameter and wave development, (bottom) true and relative

wind directions.

Friction velocity data from Donelan et al. (1997), separated into sea-state classes of
pure wind sea and mixed wind sea and swell as indicated. Also shown is the
relationship of Smith (1980) (solid line). Simultaneous data were obtained by a) the

eddy correlation method, and b) the dissipation method.

Variation of atmospheric stability with wind speed for the different sea state classes.
Note change of scale at z/L = —-1. Data were obtained from Table 1 of Donelan et al.

(1997).

The variation of relative wind direction with wind speed for the different sea-state
classes. Winds blowing directly over the bows of the ship are represented by a relative

direction of 180°.

144

145

145

146

146

147

147

148

149

150

151

151



xiil

8.14 As Figure 8.11, except the data of Donelan et al. are separated according to relative 152

wind direction rather than by sea state.



X1v

LIST OF TABLES

Table No.

2.1

2.2

5.1

6.1

6.2

7.1

Percentage change in calculated parameters, resulting from a decrease in the measured

parameters, for 3 different wind speeds.

Percentage change in calculated parameters for 3 different wind speeds.

Imbalance terms found from various studies over the oceans.

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, vy,

at the anemometer sites on cruise 43.

Table 6.2. Wind speed errors, AU, vertical displacement of air flow, Az, and the

angle of the flow to the horizontal, y, 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.

Drag coefficient relationships (obtained by one-way regression) obtained from studies

over the open ocean.

Page

20

57

90

96

119



XV

ACKNOWLEDGEMENTS

I would particularly like to thank Peter K. Taylor (JRD) for providing
impetus, and Ben Moat (JRD) for his invaluable work on the CFD simulations. Vic
Cornell of NCS provided much needed support. The work of Robin Pascal and
Charles Clayson (both of COTD) in preparing the meteorological instruments and
software is much appreciated. Neil Wells (Southampton University Department of
Oceanography) was my supervisor. Thanks are of course due to the scientists and
ship’s staff on the various cruises. This research was partly funded by the Ministry

of Agriculture, Fisheries and Food.

This work is dedicated to my grandmother, Edna Yelland.



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)

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



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
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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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temper