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MANAGEMENT PERSPECTIVE 
Calculations of wind-driven storm surges and lake circulations require 

a good est-imate of the surface drag coefficient. This coefficient is not constant 
but is also a function of the waves.

‘ 

Combined with an adequate wave prediction method, this paper 
.provides a reliable means to estimate the drag coefficient, providing for the first 
time a real advance in the computation of wind set up, lake circulation and 
surface Currents.

' 

T; Milne. Dick 
_ V 

Chief, Hydraulics Division 
February 5, 1982



peasmacnva ma cesnou 
' Le calcul des soulévements de tempétes par le velnt et des courants 

de lac nécessite une bonne estimation du coefficient de trainee superficielle qui 
varie. en fonction des vagues. 

Jumelée ‘_a_ une méthode appropriée de prévision des vagues, cette 
communication s'avére u_n moyen fiable d'estimer le coefficient de tra‘1‘née, et 
constitue un progrés réel dans le calcul des données sur le vent, des courants de 
lac et des courants de surface.
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- THE DEPENDENCE OF THE AERODYNAMIC DRAG 
COEFFICIENT ON WAVE PARAMETERS 

Mark A. Donelan_ 
' National Water Research Institute 

Canada Centre for Inland Waters 
Burlington, Ontario, Canada ‘ 

1. INTRODUCTION 
In a neutral turbulent boundary layer over’ a 

.flat surface, there is ample evidence that the velocity 
profile follows the logarithmic "law of the wall" 
(Rotta, 1962). 

. 
u* 

u(z) =7 tr-(f;-) ,2. <,z<z, (1) 

Where’ u, is the friction velocity, u<=O.4 is von 
Karman's constant and Z. is the roughness length or 
virtual origin of the logarithmic profile. 2. and Z; are 
heights such that the turbulent stress 1’=—p JV" = pu,’ 
is constant in magnitude and direction. In geophysical 
boundaries Z. and Z2 define, respectively, the depth of 
the boundary layer affectedby molecular viscosity and 
the depth relatively un_influe_n_ced by the earth's rota- 
tion. App_roxi_mate values for Z. and Z: are given by 
Monin and Yaglom (1971,) and Monin and Obukhov 
(1954) respectively: 

2, = 30V/U1. 

Z, ‘= 0.01 u,/f . 

(2) 

where f is the Coriolis parameter and v is the 
kinematic viscosity. 

in this ‘region of the surface boundary 
layer-, which over the ocean typically extends from 
heights of millimetres to tens of metres, the tangen- 
tial stress 1' may be estimated from the mean wind 
speed U(Z) and the roughness length Z, , or equivalent- 
ly the aerodynamic drag coefficient CD(Z). 

p 

p u.’ _-‘— p CD(z) U ‘(z) (3) 

cD(z) ={ at/En _(z/z°)}2 (4) 

T = -DlI1'W' = 

V 
The aerodynamic quality of the surface ‘is 

classified according to the manner in which the 
tangential stress is com,mL_in_icated to the surface. The 
surface is said to bezaerodynamically "smooth" if the 
stress is transmitted to the surface entirely through 
the agency of molecular viscosity and "rough" if the 
transfer is dominated by form drag on the roughness 
elements themselves. The transition between the two 
occurs as the viscous sublayer thins allowing the 
roughness elements to enter the turbulent. boundary 
layer. A convenient classification, in terms of the 
roughness Reynolds‘, number, R*:u*-Z, /v, has_ been 
established by experiment. Smooth flow corresponds 
to. constant roughness Reynolds number (,R,zO.l). whle the flow is termed rough if R5-> 2, Roughness Reynolds numbers between these limits are indicative 
of transitional flow.

~ 

In boundary layers over solid (immobile) 
surfaces, ' the roughness length Z. is related to the 
height, shape and spacing of roughness elements when 
the flow is aerodynamically rough. Generally, the more 
likely the roughness elements are to cause flow separa- 
tion, the larger their ‘influence on the roughness length. 
Typical values of the ratio of roughness length Z. to 
height of. roughness elements h, vary from 1/30 for 
uniform sand grain roughnesses to 1/5 for typical 
agricultural crops (Monin and Yaglom, 1971). For 
example, Businger et al. (l97l) find z.z h./7.5 for 18 cm high wheat stubble.

_ 

The description of the roughness length char- 
acteristic of a. liquid surface is further complicated by 
the mobility of the roughness elements i.e. the waves. 
Typical values of the ratio of’ roughness length to the 
root mean square height of the waves are two orders of 
magnitude smaller than the values characteristic of a 
solid boundary. Various attempts to explain this have led 
to the conclusion that the roughness of the sea surface is 
due almost entirely to the short waves. Munk (1955) 
argued that the form drag of the surface is dominated by 
the short waves because of their relatively slow phase 
speeds and large contribution to the mean square slope of 
the surface. Charnock (1955) pointed out that, on 
dimensional grounds Z, should be proportional to u,’ /g. 
Phillips (1966) has ‘related the root-mean-square height 
of the short waves to u,’/g and, si_nce for rough flow Z, 
is proportional to the height of the roughness elements, 
recovered Chamock's formula. Most of the experimental 
evidence available at the time suggested a nearly 
constant drag coefficient or one weakly dependent on 
wind speed in keeping with Charnock's model. 

Kitaigorodskii and Volkov (1965) argued that 
the contribution of various wave components to the 
roughness length is affected by their phase speeds. In 
effect, the roughness length is proportional to” the square 
root of the integral of. the amplitude spectrum weighted 
by exp (-2n<c/u,,) where c is the componentphase speed. 
For “simplicity of application the self-similarity of_ the 
wind-generated spectrum is invoked (Kitaigorodskii, 
1973) torelate the roughness length to‘ the mean wave 
height, "the phase speed of the spectral peak and the 
friction velocity. 

"

. 

New information on the role of wave breaking 
in inducing air flow separation (Banner and Melville, 
1976; Gent and Taylor, 1976) ca’usedMelville (1,977) to 
relate the roughness length to the maximum amplitude of 
the waves with phase speed in the neighbourhood of the 
friction velocity. 

,G,a'rrett7s (1977) com rehensive review of the
I 

and th drag coefficient e rece t open ocean measure- 
ments. of Smith (1980) and Large and Pond (1981) all 
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come down strongly favour of a weak linear depen- 
dence of the drag coefficient on wind speed. 

‘From a practical viewpoint it would be very ‘convenient if the neutral drag coefficient could be determined solely from the surface wind ‘speed. While 
such a relationship may do under the usual conditions of 
measurement of the surface stress (stea_d)’o long fetch), 
it is extremely unlikely to hold in general. In non- 
steady or inhomogeneous conditions, the roughness 
elements cannot be prescribed by the local wind only, but must be related to the diaracteristics of the wave 
field which may have been, to some extent, determined 
previously elsewhere. '

- 

Apart from the pioneering work of 
Kitaigorodskii and Volkov (1965) attempts to assess the 
effect of ‘wave parameters on the stress have not been 
conclusive. Denman and Miyake (1973) and Large and Pond (1981) noticed increases__in the drag coefficient in 
strengthening winds and_ following rapid changes in 
direction. Volkov (1970) and Davidson (1974) found 
appreciable wave effects on the stress. In particular, when the parameter c /u, (the subscript "p" denotes the spectral peak) exceeded 25 the drag coefficient was 
reduced ‘and, conversely, low values of c /u, were 
associated with higher stresses. c,/u*=2'5 "roughly corresponds to a fully developed sea, and here (Volkov, 
1970) the effect on the drag coefficient of- Cr/u, was smallest. 

Against the backdrop of controversy among" 
air-sea interaction researchers must be placed the 
experience of storm surge modelers. The driving force 
for storm surge models is the wind stress; the desired output is the change in water level. The experience of modelers has been that high drag coefficients are required to bring the model output into reasonable 
agreement- with observations. Figure 1 compares the 
choice of drag coefficient of some modelers with the 
results of air-sea interaction experiments. Platzman . 

(1963) used a value of 0.003 to apply to wind measure-- ments around Lake Erie. The line (P) shown in Figure l spans the range of peak" wind speeds covered by the nine storms studied. Heaps (1969) (H) and Timmerman (1977) 
(T) use two very different formulas for the drag 
coefficient although both were developed for North Sea storm surges. However the difference is not large above 14 mls where the water level responses are 
appreciable. Garratt (1977) summarized the drag coefficient measurements over water and (found that 
linear regression on wind speed yielded a neutral drag 
coefficient referred to 10 m height CON (10) of: 
cDN(1o) x 10’ = 0.75 + o.os7 U (10); 

«- 

_, (5) fort; < U(10) < 21 mls 

However, Garratt lumped profile and eddy correlation data together and the few measurements above 16 mls are taken from the Sable Island experi- ment of Smith and Banke (1975). At these higher wind speeds the waves approaching the island were shoaling and were certainly ‘not representative of deep water waves, Since there are some questions aboutthe use of the profile technique over water, we have recornputed the regression line for the eddy correlation data only between 4 mls and 16 m/s. ‘The result is: 

C.DN(1o) x 10' = 0.96 + 0.041 U(l0); 
for 14 < U(l0) < 16 mls (6) 

and is shown as G’ on Figure 1. There are 370 observations included and the correlation coefficient is 
0.65. Since Garratt's review, the open ocean observa- tions of Smith (1980) and Large and Pond (1981) have appeared. These are indicated in Figure l by (5) and (L&P). Smith's result is based on 63 observations under neutral long fetch conditions. Large and Pond based 
their result on 1591 hourly estimates of the stress using the dissipation method, which they had checked against eddy correlation data. 

.

‘

O U... 6 8 25 u (m/s) 

Figure 1. The neutral drag coefficient CD - versus wind 
\ 
speed U from other sources. The sglid lines are reg-ggsion lines from eddy correlation estimates of u'w'; the dashed lines are the formulae adopted 
by three storm surge modelers; the solid circles are derived from the water level fluctuations over

V several months (Schwab, 1981); the open circles are derived from the peak storm surge for two storms (Simons, 1974 and 1975). 

it would appear that the experimental results are in general agreement with each other but not with the storm surge model requirements. It may be argued that the inaccuracies involved in using overland ‘winds (Platzman) or surface pressure maps (Heaps and Timmerman) may be at the root of the difference. However, in recent years hydrodynamic models have been applied to Lake Ontario (Simons, 1974 and 1975) and to Lake Erie (Schwab, 1981) using wind observations from several meteorological buoys distri- buted over the lake. Schwab used an inverse method to deduce the wind stress from the water level fluctua- tions. He applied his method to continuous observations from May to October 1979 and determined the neutral drag coefficient (at the wind measuring height of is m) in four wind speed classes. His results, adjusted to 10 
rn, are also indicated inFigure l. Simons modeled two storms with peak 4 m wind speeds of 12.9 and 14.4 mls. In both cases he used CD (l+)=_0.0025. The water levels" were well modeled for -tfie 12.9 mls storm but under- estimated for the other. The values of his drag coefficient adjusted to lo m and, in the 14.0 m/s storm,_ adjusted to improve the match to the o__served water levels are indicated in Figure l. ' 

_ 

-Schwab's seven-month average drag coefficients are weighted towards steady conditions, whereas Simons‘ pertain to the peaks of storms. The fact‘ that Schwab's coefficients fall in line with the eddy correlation results is reassuring evidence that the eddy correlation method correctly estimates the total wind stress. The fact that Simons’ coefficients are much 
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larger. and more closely allied with the choices of 
other ‘storm surge modelers suggests that rapidly 
dmanging winds induce higher tangential stresses than 
steady winds. The most- likely agency to bring about 
such a change in the apparent roughness is the wave 
field. ' 

Evidently the believable measurements of 
surface stress are heavily biased towards long fetch 
and steady conditions leading to full or nearly full 
wave development. in order to extract useful informa- . 

tion on wave effects among the experimental noise and 
sam ling variability characteristic of the measurement 
of 'uw'-,- an observational program was designed to 
acquire stress estimates while the waves were in 
various stages of development. This paper describes 
the results’ of those measurements and suggests a 
model for the drag coefficient which includes the 
effects of mobility of the roughness elements. The 
model bears a family resemblance to that of 
Kitaigorodskii and Volkov (1965), but differs from it in 
that the wave spectrum is separated into two parts: 
t_he equi_l_ibrium "range which is assumed to have an 
average direction parallel with the wind; and the peak 
which ‘need not be in the wind direction. 

2. OBSERVATIONS 
The measurements were made from a 

tower fixed to the bottom in 12 m of water at the 
western end of Lake Ontario. From this point the 
tower commands fetches of 1.1 km to 300 km_. At 
approximately 11 m above the surface the turbulent 
momentum flux was measured by a Gill anemometer- 
bivane. ‘The parameters measured by this instrument 
are thewind vector magnitude, azimuth and elevation 
from which the velocity components may be computed. 
Wave measurements were made with a capacit_ance 
wave gauge (l+.:8 mm diameter) with a resolution of 1.5 
mm. The direction of wave approach was estimated 
using the method given by Donelan (1980) based on 
directional spectra obtained at this site. Air and 
water surface temperatures were obtained with ther- 
mistors and a thin film capacitor‘ ("Humicap") provided 
relative humidity informa_tion_. _ 

All these data were sampled at 5 Hz and 
transmitted digitally by cable to a mini-computer on

V 

the shore. The averaging time for wave and stress 
estimates was set at 20 minutes, since this is near the 
centre of the spectral valley between rneso- and 
microscale wind turbulence regions. A linear trend 
was computed and removed from all the data before 
computation of fluxg or variances. Consecutive 20 
r_n_i_nute averages of u'w' contain sampling variability in 
excess of 30 percent. To reduce this variability the 
drag coefficients reported here are computed from the 
average of three. consecutive 20 minute estimates of 
5'57 divided by the square of the wind speed averaged 
in the same way. 

3. STABILITY EFFECTS. 

These data cover a range of stability of 
-0.05 5 R‘ .5 0.02; where R is the bulk Richardson 
number. Donelan et al. (15714) found an empirical 
connection between R", and Z/L (the Monin-Obukhov 
stability index) using the results of Businger et al. 
(1971). When the corrections to the stability functions 
of Businger et al. suggested by Wieringa (1980) have 
been applied, the result of _Donelan et al. (19715) 
becomes: 

(. 

2/L27.6Rb, Rb<0 
()7 

Z/L = 6.0Rb , Rb > 0 

and the stability range of fiiese data is 
-0.3852/Lg 0.12. The bulk Richardson number was 
computed from the data and (7) used to estimate Z/L. 
The method described by Large and Pond (1981) was 
then applied to yield C (10), and U(lO). u, and Z. 
follow from (3) and (4). Bl: equivalent 10 m wind speed 
for neutralstability U (10) follows from (1). Anticipat- 
ing a later result, we “find that the ratio of CD (10) to 
the modeled value E (10) is uncorrelated xelth R. 
(co_rrelation coefef-icienP¥=0.03). This implies that the 
stability correction was valid. There were 153 indepen- 
dent hourly estimates of CDN(l0) in the wind speed 
range 4 < U(lO) <. 17 m/s-. 

lo. ROUGHNE-SS 
in the light of the discussion in section 1, we 

examine the data in terms of roughness Reynolds 
number (Figure 2). Using the criteria established for 
solid boundaries 7896 of the data are in fully rough flow 
and 9496 are either rough or transitional. Two 
differences from solid boundaries are immediately 
apparent: five points are at appreciably lower values of 
R, than the condition for smooth flow (Rgas 0.1); the 
roughness length 2. is not linearly proportional to the 
height of the surface irregularities for fully rough flow 
(R,> 2). A plausible explanation for the ultra-smoo'th- 
ness (R*< 0.1) of the surface is that some components 
of the wave field are travelling faster than the wind and 
transferring momentum to the boundary layer. At the 
other end of the roughness scale, the ratio of roughness 
length to the mean* height of the waves approaches 
the value characteristic of sand grain roughnessesz. 
1/30. Evidently at large values of the roughness 
Reynolds number (R*> 50), the surface approaches the 
roughness of a solid surface with similar size rou hness 
elements. Since the measure of roughness H is 
strongly dominated by the long waves near the spectral 
pieak this implies that a large fraction of the total 
stress is caused by flow separation from the crests of 
these waves. Kitaigorodskii (1973) has argued that this 
should be the case in the initial stage of wave 
-development when all the wave components are travel- 
ling slowly compared to the local wind. 

Melville (1977) has argued that the transi- 
tion from smooth to rough flow should occur when the 
friction velocity exceeds the phase speed of the slowest 
waves (23 cmls). The points on Figure_ 2 associated with 
values of u, less than 23 cm/s are indicated (A). While 
all the ultra-smooth values fall into this category, there 
seems to be no particular stratif_ication of the data 
above and below u,=23 cm/s. In particular, the 
independence of Z. on the surface features - 
ch_aracteristic of smooth flow - is not evident. Rather, 
all the data seem to fall in with a general trend of 
increasing 2. /H with roughness Reynolds number. 

*Here we use‘ 1.orT_1guTet-Higgins)‘ (1952) result for a 
narrow spectrum H=J2na whereo is the root-mean- 
square surface deviation. 
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Figure 2, The variation of the ratio of roughness 
length to mean wave height with roughness 
Reynolds number, R.. The regions of R, 
corresponding to various types of flow over a 
solid surface are indicated. The ordinate values 
corresponding to sand grains and wheat stubble 
are indicated. 

Kitaigorodskii (1973) has examined the 
effect of mean wave steepness on this ratio and found, 
no significant correlation both before and after he had 
accounted for the mobility of the waves. This may be 
because the steepness of the slowly moving waves 
approaches an e_quilibrium value limited by breaking. 
At short fetch the waves at the peak of the spectrum 
fall into this category and as the spectrum approaches 
full development the waves near‘ the. spectral peak 
become less steep, but at the same time their 
contribution to the stress is greatly diminished by their 
increased speed. Thus, whereas in all cases the stress 
is caused by waves approaching lim_iting steepness, the 
mean steepness is largely a function of the steepness 
of the waves near the spectral peak. 

The circumstance that the roughness length 
characteristic of steady long fetch measurements is. 
anomalously small is the prirnary piece of evidence in 
support of the widely held view that the form‘ drag is 
due to the short ‘waves. The Chamock formula is, in 
effect, a corollary of this and, among the generous 
scatter of drag coefficient estimates, has nestled 
rather more com_forta_bly than deserved. Figure 3 is a 
scatter diagram of Z. versus u,‘/g on logarithmic 
scales. For dimensional correctness the data should 
indicate a slope of 1:1. The straight line is one such 
expression of Charnock's ‘formula - using G_arra_tt's 
a=0.0l#.#. Kitawigorodskii (1973) has pointed out that 
the Charnock "constant" should be dependent on 
roughness Reynolds« number and state of wave develop- 
ment. The data have been classified by state of wave 
development represented by the ratio of wind speed 
U(10) to phase speed of the spectral peak c,. At high 
values of We, the data approadi a 151 slope, but with 
a much higher Charnock parameter (o.z0.04). At 
lower values of WC, characteristic of the open ocean 
measurements, the dimensionality arguments, which 
led to the Chamock formula, are clearly insufficient 
to describe the process. While it may be possible to 
model the surface roughness adequately by determin- 
ing an explic-it- dependence of the Chamock parameter 
on other mean properties of the interface, there would 
seem to be little to be gained thereby in our 

understanding of the. drag on a water surface. Rather, 
we choose to make use of the observable characteris- 
tics of the surface to construct a model which 
approaches the limits of (a) flow over a comparable 
rough solid surface for very young waves, and (b) no 
net form drag on the large waves as they approach full 
development. 
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Figure 3. The‘ variation of roughness length Z. (m) 
with u,’/g. The line shown, of unit slope, 
corresponds to the Chamock relation with 
Garrett's (1977) estimate of o=0.0l44. The 
symbols denote different stages of development 
of the wave spectrum as shown. 

5. THE MODEL 
For comparison with die model results (to 

follow) the data are graphed in Figure it according to 
the prevailing fashion - ‘drag coefficient C N(lO) 
versus wind speed uuo). While the corraation 
coefficient of the linear regression line is quite 
respectable (r=O.72), it is clear that a linear depen- 
dence on wind speed describes the data inadequately. 
Further, the regression line of Figure 4 ‘ 

CDN(1o) x 10 ' = 0.37 + 0.137 uuo); 
, 

(8) 
for 4 < U(l0) ‘ 17 m/s 
is markedly different from the other empirical results 
(Figure 1). It _can be seen from the stratification of 
the points of Figure 4 that the difference is due to the 
short fetch or high U/C, cases. It is tempting to 
associate these high values of U/cp with the transient 
conditions to which storm surge models are tuned, and 
the ‘low values of U/C", with the diaracteristic‘ 
conditions of long fetch air-sea flux measurements. 

_ 
Banner and Melville (1976) and Gent and 

Taylor (1976)-demonstrated that flow separation of a 
mean air streamline from the surface requires a 
stagnation point on the surface in a frame of reference 
travelling at the phase speed. The fact that this 
occurs during ‘wave breaking establishes a link between 
form drag and wave breaking. In a laboratory 
experiment Banner and Melville found that the drag on 
a wavy water surface increased dramatically when the 
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wave was caused to break. Consequently, a realistic 
model for the drag on an aerodynamicallyrough water 
surface must take cognizance of the breaking process.

X 
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Figure 4. Neutral drag coefficient estimates C 
plotted against wind speed U-. Each estimatgig 
derived from an average of _three consecutive 20 
minute measurements of u'w'. 
have the same meaning as in Figure 3. The 
linear regression line for these data is indicated. 

Melville (1977) proposed a model for the 
roughness length based on the premise that the 
roughness elements are the small scal_e breaking waves 
for which czug. It is a matter of common observation 
that breaking occurs at the crests of the large waves 
in a wind-generated sea. These, generally spilling - 
sometimes plunging, breakers entrain air and produce 
foam - "whitecaps". However, breaking on a less 
dramatic scale must’ go- on over much of the equilib- 
rium range of the wave spectrurn. Apparently the 
variation of the equilibrium’ range (Phillips) parameter 
with non_-dimensional fetch (Hasselmann et al., 1973) 
must reflect a balance between dissipation through 
breaking and wind input enhanced by breaking. It is to 
these small waves that Melville's arguments apply. 
The excellent set of sea state photographs from ocean 
weather station "P" (Allen, 1968) illustrate both scales 
of‘ breaking. At Beaufort Force 6 (U(l0)zl2 m/s) and 
above, the importance of flow separation from the 
large waves cannot be in doubt. Additional evidence 
for the increased form drag during breaking comes 

. from the observations of spectral peak enhancement at 
short fetches (Hasselmam et al., l973, Donelan et al., 
1982). For such spectra, calculations indicate that 
nonlinear wave-wave int'erac'tion (Hasselmann et al., 

' 1973) adds‘ energy to the low frequencies and high 
frequencies at the expense of the peak and the 
frequencies just -above. Whitecaps at the crests of the 

, 
large waves imply energy dissipation near the peak of 
the spectrum. In spite of these the spectral peak is 
enhanced, which suggests that the energy (and momen- 
tum)_ transfer from the wind to the waves at the peak 
of ghhe spectrum must be particularly large.at these et es. 

Let us now examine that which we know or 
can reasonably deduce from the available evidence 
with the aim of using it to construct the simplest 

These symbols - 

zs=B [Ia 

model which will allow us to estimate the drag on a 
water surface from the averages of first order 
quantities. We know that flow separation and wave 
breaking are closely linked and that wave breaking oc- 
curs at the crests of the waves near the spectral peak 
and also less dramatically over most_ of the equilibrium 
range. We know that the roughness length is generally 
a very small fraction of the wave height, but 
approaches the value corresponding to certain solid 
boundaries when the roughness Reynolds number is 
large. Furthermore, the surface sometimes appears to 
be ultra-smooth’. These last two effects are, we 
believe, due to the mobility’ of the roughness elements 
(waves). we know that the waves near’ the spectral 
peak can, in fetch-limited (Donelan, 1.980) or non- 
stationary (Hasselmann, 198.0) conditions, be travelling 
at off-wind angles. On the other hand, the shorter 
waves in the equilibrium range are generally quite. 
closely aligned with the wind. 

Thus as a collection of travelling roughness 
elements the spectrum of surface waves is convenient- 
ly separated into two parts: (1) the peak - chara_cter- 
ized by enhancement, whitecaps, and off-wind travel; 
(2) the equilibrium range - characterized by quasi- 
sat‘u'r'ation,, micro-breaking‘ and down-wind travel. 
The criterion for separation of these two types of 
roughness elements is somewhat arbitrary, but we note 
that the s trum (Hasselmann et al., 1973; Donelan et 
al.-, 1982, above the enhanced peak, undershoots 
before approaching the equilibrium range level near 
u)=2u)P, where w is the frequency of the spectral 
peak. Therefore, we select the frequency 2ui,’as the 
dividing line between lon and short waves. Each 
component (long or short is assumed to have an 
equivalent immobile surface roughness length Z3 
proportional to the root-mean—square height of the 
waves in the appropriate part of the spectrum. That 
is: 

2 K 
2, =. s E(m)do3]

O 
,, (9) 

where E (in) is the frequency spectrum, the subscripts 
9. and 5 refer to long and short waves and ‘B is -a 

constant of proportionality of order‘ 10" to 10- to be 
determined empirically. If the surface were frozen at 
some instant in time the contribution to the total 
surface stress for each component would be. given by 
substituting (9) in (4). However, both components 
travel at some appreciable fraction‘ of the wind speed 
and "thus the apparent drag coe_fficien_t estimated by a 
fixed observer is altered as” follows:

A 

2‘-9;. 

[CD],f [°D],_' '°°‘°'°v"-‘N’ £5; " (UN' £'s%6')/UN: 
(l0) 

[¢D]s = ' (UN ' cs): I U1: 

where " signifies the equivalent immobile surface drag 
coefficient‘; 6 is the an le between the wind and the waves at the spectra peak; the factor 

| 
cose

| 

_ 

accounts roughly for the reduction in drag as the 

fM_icro-breaking is used here tomean breaking which 
is too gentle to produce a discernible colour diange 
(insignificant air entra.i_n_rne.n.t), but in which, 
nonetheless, the fluid just ahead of the crest advances 
relative to the crest. 
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waves move away from the wind direction. c2 and c,
‘ 

are characteristic speeds of the wave components. 
Observational evidence (Bretschneider, 1973) indicates 
that the spectrum becomes fully developed when 
U/ =0.83. 'At full development the waves near the 

of the spectrum are less steep and break 
infrequently. Thus we assume that under these 
conditions the long waves contribute nothing to the 
total drag‘ and therefore choose* c 950.85 c,, Or using 
the linear theory dispersion relation cg =O.83g/J, . For 
consistency cg =O.83g/Zwp. The wind speed U is the 
equivalent neutral wind speed at l0 m from (1). 

The model contains one parameter, 8, 
which must be determined by comparison with the data 
but which, by analogy with flow over solid surfaces, is 
of order 10" to 10“. The estimates of hourly 
a_verage neutral drag coefficients C- N(l0) were com- 
pared with the model coefficients CDMUO) for various 
values of B. 

where cDM(io)= [CD], f [CD] 5 (11) 

The_best agreement between model and observations 
was obtained with B=l/80. For this value of B the 
correlation coefficient r=O.79. 

in building’ this model based on the idea of 
flow separation from breaking "waves-, we have related 
the equivalent immobile surface roughness lengths Z 
and Z‘ to the heights of the waves in various parts o 
the spectrum, However, the degree of whitecap 
coverage increases with the wind speed (Monahan, 
1969) and also with the wave heigh_t_. Thus, we would 
expect the form drag on the waves to increase with 
whitecap coverage in addition to the behaviour 
modeled in (9) and (10). To test this the ratio C N(lO)/CD (10) was regressed against the logarithm 
o a sea-stag e Reynolds number R =U o/v; where a is 
the total root-mean-square surface dgiiiation and v is 
the kinematic vi‘scosit“y of the air.” These parameters 
are weakly correlated (r=0.32) possibly because of the 
noise inherent in the hourly C estimates. Nonethe- 
less, the regression equation be used to make a 
further small adjustment to the model drag coefficient 
values: ' 

SW = CDM x (o.o7 ». 0.2 log Rs) (12) 

The hourly average neutral drag coefficient 
estimatg, C are graphed‘ against the final modeled 
values C- » in Figure 5. The application of (12) 
improved we correlationcoefficieht. to r=0.82_. 

, 4 V 
The scatter of the points about the 45° line 

is still rather large. Some of. it is undoubtedly due to the sampling variability of the hourly average esti- 
mates of C» . In an_ effort to determine this component ofbrgise, we examined the variability of the 
hourly estimates about longer (10 to 17 hours) averages of C N under steady conditions, and found that the standgrd deviation of the hourly averages about these 
longer term a'v‘er'ages was 15% on average. Since the 
distribution of the hourly estimates about their mean was nearly normal, we can colace confidence limits on the model prediction (#5 line). The 9096 and 95% confidence limits are shown ‘on Figure 5. The 
*We have assumed that 9:0 for the full development data from which Bretschneider's condition (U/c, =o.83) was obtained. This assumption is consistent with the requirment of unlimited fetch and steady conditions implicit in the idea of full development.

~ 
9096 limits enclose 8096 of the data and the 9596 limits 
enclose 8896 of the data. Apparently the discrepancy 
between model and observations could be due_al_most 
entirely to the observational variability of C N. There is no doubt that the model is an imperpect 
facsimile of the natural process, and the mean 
measurements required to construct the model have 
themselves some error. However, it would appear that 
the variability of the measurements of CDN account for most of the difference between "model and 
measurement.
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Figure. 5. Neutral drag coefficient esti%tes C N compared with the modeled values . e 
line of perfect agreement is shown (solid) as are 
the 9096 and 95 96 confidence limits (dashed) 
based on the sampling variability of CDN-. 

6. FINAL REMARKS 
We have demonstrated that a model, "which 

includes the mobility of the waves, accounts for most 
of the variability of the drag coefficient save that 
which is apparently due to sampling variability. We 

- have argued that the difference in values provided or 
used by various researchers can be ascribed to the 
state of wave development. We may exercise the 
model (9), (10), (11) and (1-2) for various states of wave 
development (U/c, values) and plot the results against 
U(lO) to compare with the empirical results of others 
(Figure 6). The open ocean data of Smith (S) and Large and Pond (L &P) fall between U/c,=l.O and U/c,=l.5. 
That is, their data approach full development. These 
values of U/c, correspond to dimensionless fetches in 
the range 7xl0' to 153110“ (Donelan et al., l982) and 
are characteristic of long fetch data. Interestingly 
Smith and Banke's Sable Island data (S &B) do not 
follow the slope of the other curves, but increase in a manner consistent with a relative increase of U/c, with wind speed. If the waves in deep water 
approaching Sable Island were nearly fully developed, 
this is just the effect that shoaling would produce - 
affecting the long waves (high wind speed) more than 
the short, both in retardation and breaking. 
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Figure 6. Model drag coefficients 5 plotted versus 
wind speed for various stages wave develop- 
ment. The wave characteristics required for 
input to the model are obtained" through 
hindcasting formulae Donelan (1980). Some 
empirical drag" coefficient regression lines are added for comparison. 
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