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ABSTRACT

New results from turbulent flux measurements made over Lake Washington include the following:
1) The only direct measure of the vertical transport of the horizontal momentum, heat, and matter in the

surface boundary layer is the so-called eddy correlation method. However, even if the measurement errors are
negligible, the results obtained from point observations may show large scatter due to lack of stationarity and
horizontal homogeneity in the turbulent field and to the sampling variability. Scatter may be greatly reduced by
spatial averaging. In this study, such an effect is achieved by determining the surface roughness length, hence
the neutral drag coefficient, from the measured wave height spectrum, which reflects the atmospheric input
integrated over the fetch. Applicability and usefulness of the approach for general field measurements and remote
sensing is discussed.

2) The evolution of the wave field observed on Lake Washington agrees in peak frequency and the slope of
the equilibrium range parameter a as a function of ‘‘wind forcing’’ with other observations, while the magnitude
of a is significantly smaller (by a factor of 2.1) than the values obtained from larger bodies of water. Based on
the results obtained from a wave model, we attribute this observed difference to the narrower width of the water
body on Lake Washington. These findings indicate that the state-of-the-art spectral parameterization of surface
waves has limitations in describing the observations from a natural but small body of water.

1. Introduction

Surface fluxes of momentum t , sensible heat H, and
latent heat E can be directly determined by the eddy
correlation technique (Busch 1973),

t 5 2ru9w9

H 5 rC w9T9p

E 5 rL w9q9 , (1)e

where u9, w9, T9, and q9 are the turbulent fluctuations
of horizontal and vertical components of wind, air tem-
perature, and specific humidity, respectively, r is the air
density, Cp is the specific heat of air at constant pressure,
and Le is the latent heat of evaporation; the overbars
denote a space average. One often applies the ergodicity
principle, which assumes that stationarity is achieved
over a long enough averaging time such that a time
average is equivalent to a space average.

Direct measurements of surface fluxes of momentum,
heat, and mass are difficult to obtain and in general are
not available. An attractive alternative is to estimate
them from routinely measured mean quantities, namely
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the bulk aerodynamic method. However, despite the
considerable efforts of many investigators, such param-
eterization of surface fluxes is not complete. The present
paper deals with this issue in the case of momentum
flux. Background information is provided in section 2.
The field experiment for this study and methods of data
processing are described in section 3. In section 4, the
experimental findings are presented and discussed. Con-
clusions are summarized in section 5.

2. Atmospheric surface layer

In the atmospheric boundary layer, the turbulent flux-
es of momentum, sensible heat, and latent heat mono-
tonically decrease with height (e.g., Busch 1973). The
variation with height is gradual and the fluxes are still
within about 10% of their surface values up to a height,
say z , 0.1h, where h is the height of the boundary
layer. The uncertainty in measurements of fluxes with
present techniques is also about the same order of mag-
nitude, that is, 10%. Therefore, in this so-called surface
layer, the fluxes are considered constant. [See, however,
discussion by Donelan (1990) on the systematic error
introduced by this assumption.] In this section, the con-
ventional methods of studying the dynamics of the sur-
face layer and formulations of some surface layer pa-
rameters are outlined.
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a. Similarity theory and flux–profile relations

Under stationary and horizontally homogeneous con-
ditions, the turbulence structure in the surface layer can
be predicted by the Monin–Obukhov (1954) similarity
theory. According to this theory, the height-independent
fluxes are scaled with the characteristic values of wind
speed, temperature, specific humidity, and Obukhov
(1946) length;

1/2
t H

21u 5 ; t 5 2 u ;* 1 2 * *r rCp

3E T uy21 *q 5 2 u ; L 5 2 , (2)* *rL gkw9T9e y

respectively, where Ty 5 T(1 1 0.61q) is the virtual
temperature in kelvin and k 5 0.40 (Zhang 1988; Zhang
et al. 1988) is the von Kármán constant; L characterizes
the height where the mechanical production and the
buoyant energy production become equal, but it should
be noted that this height is not exactly z 5 2L (see
Businger 1973).

Similarity theory predicts that mean gradients in the
surface layer are universal functions of the stratification
parameter z/L. For example, the mean gradient of the
wind velocity can be expressed as

dU u*5 f(z /L), (3)
dz k(z 1 z )0

where z0 K z is the surface roughness length. Similar
expressions can be written for the gradients of temper-
ature and water vapor. Although z0 has been introduced
to prevent the unrealistic case of infinite shear at the
surface, z 5 0, it also can be interpreted as follows. The
momentum flux can be expressed (Obukhov 1946; Bus-
inger 1973) in terms of the velocity gradient and the
eddy transfer coefficient Km, or the mixing length l, as

2dU dU
2t 5 rK 5 rl . (4)m1 2 1 2dz dz

Here, Km represents the product of the eddy velocity
and the eddy size, and l represents the turbulent length
scale, is sometimes assumed to be proportional to the
distance from the solid boundary. As the roughness of
the solid boundary increases, both the eddy size and the
mixing length becomes larger, resulting in higher levels
of turbulence; hence, the momentum flux is enhanced.
For neutral stratification [z/L 5 0 and f 5 1; see Equa-
tion (6)], comparisons of Eqs. (2)–(4) show that

Km 5 u*l 5 ku*(z 1 z0). (5)

Now, the physical meaning of z0 becomes obvious: it
represents the eddy size and the mixing length near the
surface; therefore, it is a measure of the effective rough-
ness of the boundary.

The functional relationships between f and the di-
mensionless height z/L have emerged from a combi-

nation of theoretical work and experimental investiga-
tions conducted over land surfaces (Paulson 1970; Bus-
inger et al. 1971; Monin and Yaglom 1971; Dyer 1974).
A commonly used form for wind velocity (e.g., Liu et
al. 1979; Large and Pond 1982; Panofsky and Dutton
1984) is given by

f 5 1 1 7z /L, z /L . 0
21/4f 5 (1 2 16z /L) , z /L , 0. (6)

The velocity profile is obtained by integrating the above
equations from z0 to an arbitrary height z:

u z*U 2 U 5 ln 2 c(z /L) , (7)s [ ]k z0

where Us is the surface velocity and c is the stratification
correction function given by

c 5 27z /L, z /L . 0,

21 1 X 1 1 X p
21c 5 2 ln 1 ln 2 2 tan (X ) 1 ,[ ] [ ]2 2 2

z /L , 0, (8)

where X 5 (1 2 16z/L)1/4. As mentioned earlier, the
equations above are invalid when the requirements of
the similarity theory, that is, stationarity and horizontal
homogeneity, are not satisfied. Also, they are not ap-
plicable very close to the surface where the turbulence
is suppressed and the molecular transport through vis-
cosity becomes important.

Over land, the uncertainties in flux–profile relation-
ships are mainly associated with stratification correc-
tions and roughness lengths. Stratification effects are
important at low to moderate wind speeds. At high wind
speeds, L } becomes large and, since as L → `, (z/3u*
L) → 0 and c(0) 5 0, this similarity theory predicts
that the atmospheric surface layer can be assumed neu-
trally stratified. The surface roughness depends on the
characteristics of the terrain.

In the marine environment, the uncertainties men-
tioned above become larger. One of the reasons is that
the stratification correction functions have been derived
from observations over land where humidity effects are
negligible. Over water the effects of humidity on strat-
ification must be considered, particularly in the case
where either a cold air outbreak exists or the surface
temperature is warm. Over warm water, particularly in
the Tropics, the changes in the atmospheric stratification
may be due more to the latent heat flux than to the
sensible heat flux. Another reason for larger uncertain-
ties is that the surface roughness has a dynamic nature
and it varies as the wave field evolves with wind speed,
duration, and fetch. The relationship between the char-
acteristic surface roughness and the sea state is not well
understood and is a current subject of investigation (see
Brown and Liu 1982; Geernaert et al. 1986; Geernaert
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and Katsaros 1986; Hsu 1986; Huang et al. 1986; Toba
et al. 1990; Donelan 1990; Donelan et al. 1993).

In the presence of waves and currents, the surface is
in motion. Hence, the flux–profile relationships may be-
come even less certain due to severe practical constraints
on detailed measurements at the surface and to possible
influences of wave and current actions on the distri-
butions of the bulk quantities. For example, Us, which
is set to zero over land, is no longer zero at the air–sea
interface. Its value is the alongwind component of sur-
face currents, measurements of which may not be avail-
able. Also, influence of the water surface waves on the
wind profiles may not be negligible (e.g., Hasse et al.
1978). Over breaking waves, the wind stress may be
enhanced by as much as 100% (e.g., Banner 1990). In
the presence of slicks, the water surface waves are sup-
pressed. Depending on the size and duration, the slicks
may affect the air–sea interaction processes. Slicks,
however, only exert a significant (measurable) influence
on the sea state for wind speeds less than 6 m s21 (Kat-
saros et al. 1989). Therefore, in the marine surface layer,
the flux–profile relationships must be used with caution.

b. Bulk aerodynamic coefficients

In bulk aerodynamic formulation, the momentum flux
is related to the difference in mean wind speed between
the surface and some height, z, using a dimensionless
coefficient, CD, [see Eq. (2)];

t
2 25 C [U(z) 2 U ] 5 u . (9)D s *r

Despite much effort (see Geernaert 1990), parameteri-
zations of CD, the so-called drag coefficient, is not com-
plete (e.g., Blanc 1985, 1987; Donelan 1990). Using Eq.
(7) and (9), the drag coefficient can be expressed as

22
z

2C 5 k ln 2 c(z /L) . (10)D [ ]z0

It is seen that CD is height dependent (unlike the
momentum flux in the surface layer) and it is a function
of the roughness length and the atmospheric stratifica-
tion. Therefore, before the bulk transfer coefficients ob-
tained from different experiments can be compared, they
must be adjusted to the same reference state. Generally,
the reference height is taken as z 5 10 m above the
surface, and the atmospheric stratification effects are
adjusted to neutral conditions, c 5 0. Geernaert and
Katsaros (1986) indicate that after such adjustments the
remaining effects due to stratification are very small.
The drag coefficient corresponding to this reference
state is calculated according to

22
10

2C 5 k ln . (11)DN10 [ ]z0

A summary of the results reported by a large number

of investigators is given by Geernaert (1990). The high-
lights of these comparisons can be outlined as follows:
CDN10 shows a clear, mostly linear trend of increase with
wind speed. At low wind speeds, U . 4 m s21, all
measurements converge to CDN10 . 1 3 1023 with some
scatter. However, toward higher wind speeds, the linear
trends diverge systematically such that CDN10 at a given
wind speed is larger for shallow or fetch-limited sites
than for deep open oceans. The waves associated with
the shallow or fetch-limited sites (being steeper and
moving slower relative to the wind) generally present
a rougher boundary to the atmosphere. The observed
behavior of the drag coefficient, therefore, is believed
to indicate the influence of the wave field (e.g., Geer-
naert et al. 1986; Smith 1988; Donelan et al. 1993). This
is in accordance with Eq. (11).

The above arguments indicate that there is a need for
parameterization of the water surface roughness for
varying stages of the evolution of a wave field. Such
parameterization is necessary to obtain more accurate
estimates of not only the momentum flux but possibly
heat and water vapor fluxes. In addition, more experi-
mental evidence is required to refine the estimated fluxes
both at low wind speeds (that prevail over much of the
world’s oceans) when stratification effects become sig-
nificant and surface slicks may form to alter the surface
roughnesses and during storm conditions when breaking
waves and sea spray can dramatically enhance the trans-
fer processes.

c. Characteristic surface roughness of wind waves

Studies of turbulent flows over a rigid surface (e.g.,
Tennekes and Lumley 1972) have shown that near the
surface the turbulence is suppressed and the flow is
entirely determined by the viscous shear. This condition
is called aerodynamically smooth flow and it occurs
when zu*/n , 5, where n 5 1.4 3 1025 m2 s21 is the
kinematic viscosity of air. In this so-called viscous sub-
layer, the velocity profile is linear (or exponential if
surface renewal is considered). Away from the bound-
ary, when zu*/n . 30, that is, at large roughness Reyn-
olds number, the viscous effects become negligible, and
the total stress is accounted for by the turbulent transfer.
In this region the velocity profile is logarithmic. The
height at which the asymptotes of the linear and loga-
rithmic velocity profiles intersect, dn 5 11.6n/u*
(Schlichting 1968), is taken as the viscous sublayer
thickness. Then, for aerodynamically smooth flow, the
virtual origin of the logarithmic profile or the roughness
length can be found as (Donelan 1990)

0.11n
1/3z 5 ; u , 2(ng) . (12)0 *u*

The upper bound of the friction velocity in the above
equation is approximately u* 5 0.1 m s21, or UN10 .
3 m s21. The corresponding thickness of the viscous
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sublayer dn is of the order of 1 mm and decreases with
increasing u*.

Laboratory measurements by Kahma and Donelan
(1988) showed that the inception wind speed for wave
growth is about u* . 0.02 m s21 (or UN10 . 0.4 m s21,
and the resulting waves that are not visible yet have a
characteristic height ([4z, where z is the root-mean-
square surface deviation) of about 10 mm. Therefore, at
such low wind speeds the waves are buried within the
viscous sublayer, and the surface roughness length for
aerodynamically smooth flow given by Eq. (12) may be
appropriate. Similar results have been reported by Kon-
do et al. (1973).

As u* increases, the viscous sublayer gets thinner,
hence z0 first decreases; meanwhile the waves evolve
with duration and fetch. Consequently, the waves start
to penetrate through the viscous sublayer and interact
with the outer turbulent flow (e.g., Kondo et al. 1973).
Following this transition of the surface from a relatively
smooth to a rough state, the roughness length increases.
On dimensional grounds, Charnock (1955) suggested
that the surface roughness length over fully developed,
wind-generated waves can be described by the wind
stress, t 5 r , according to2u*

2bu*z 5 , (13)0 g

with the Charnock (1958) constant being b 5 0.012.
Comparisons by Smith (1988) of the neutral drag co-
efficients estimated from Eq. (11) with z0 given by Eq.
(12) and (13) and those obtained from measurements
over deep, open oceans (Smith 1980; Large and Pond
1981) have shown that the Charnock formula with b 5
0.011 can successfully describe the observed depen-
dence of CDN10 on wind speed except at very high winds
where it underestimates the measured stress. However,
applications of the same approach to other datasets ob-
tained from marine sites with limited fetch or duration
(i.e., where the waves can not reach the fully developed
or saturated stage) have required the Charnock constant
to be an adjustable parameter (Garratt 1977; Wu 1980;
Donelan 1982; Geernaert and Katsaros 1986; Geernaert
et al. 1986).

In a fully developed wave field, the dominant waves
traveling at speeds comparable to the wind velocity re-
ceive little direct energy and momentum from the wind
(Dobson and Elliott 1978; Snyder et al. 1981; Hsiao and
Shemdin 1983; Hasselmann et al. 1986). In accordance
with this, Phillips (1977) argued that the wind input is
mainly received by the small-scale waves with phase
speeds c , 5u*, and the root-mean-square height of
these waves is proportional to /g. His physical ar-2u*
gument, in which the contribution of the dominant
waves to z0 is neglected, leads to the Charnock formula
originally suggested on the basis of dimensional anal-
ysis. However, characteristics of the small-scale waves
depend not only on wind stress but also on surface ten-

sion, water temperature (Kahma and Donelan 1988),
drift currents (Banner and Phillips 1974), and modu-
lations by the underlying long waves (e.g., Plant 1990).
Also, the small-scale waves, being saturated, are in a
state of ubiquitous breaking. They are hence all strongly
nonlinear. In addition, under the conditions of strong
wind forcing and limited fetch or depth, the dominant
waves may support a significant portion of the total wind
stress. In summary, Eq. (12) and (13) may describe the
asymptotic roughness lengths for some special cases
only. They cannot predict the variation of the measured
wind stress with sea state, fetch, and depth as outlined
by Geernaert (1990) and Donelan (1990). Therefore, in
search of a more versatile scheme, various extensions
of the Charnock relation have been considered.

A general expression for Eq. (13) was first suggested
by Stewart (1974):

gz0 5 f (c /u ), (14)p2 *u*

where cp is the phase speed of dominant waves. Since
the parameters defining the wave field and its depen-
dence on wind speed or stress are related, the function
on the right-hand side of Eq. (14) can be expressed in
various forms. It should be noted that in this dimen-
sionless representation, Eq. (14), u* appears on both
sides. If the other variables are confined in a narrow
range, self-correlation of u* may lead to spurious results
(Perrie and Toulany 1990; DeCosmo 1991; Smith et al.
1992).

Particular forms of f (cp/u*) reported from different
investigations have been reviewed by Toba et al. (1990).
Choosing the form proposed by Masuda and Kusaba
(1987):

gz0 m} (v u /g) , (15)p2 *u*

where vp is the frequency of dominant waves, and using
a collection of field and laboratory data, Toba et al.
(1990) suggested m 5 21 for the value of the exponent
(or, m 5 2½ excluding the Bass Straight data, which
did not have direct measurements of u*). A similar result
based on dimensional considerations and experimental
data had also been reported by Toba (1979) and Toba
and Koga (1986). Noting a high correlation between
roughness Reynolds number z0u*/n and /nvp, they2u*
proposed that z0 5 0.025u*/vp. When reduced to the
above form this finding also suggests m 5 21. This
result implies that surface roughness increases with de-
creasing wind forcing, u*/cp, or in other words, mature
waves are aerodynamically rougher than young waves.
This conclusion is in contradiction with the well-estab-
lished fact that the drag coefficient is smaller over open
oceans than coastal waters where waves may not gen-
erally reach maturity.

Comparing Eq. (13) and (15) it is seen that the re-
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lationship originally proposed by Charnock (1955) cor-
responds to m 5 0, a result also supported by Wu (1988).
As mentioned before, Charnock’s relation should be ap-
plied to fully developed waves only.

There is ever increasing evidence that surface rough-
ness decreases as the wind waves grow older, that is, m
in Eq. (15) is a positive number. Support for m 5 1
comes from the field (Kawai et al. 1977; Merzi and Graf
1985; Geernaert et al. 1987; Donelan 1990; DeCosmo
1991; Maat et al. 1991; Smith et al. 1992), laboratory
(Masuda and Kusaba 1987; Donelan 1990), and theo-
retical studies (Janssen 1989, 1991, 1992; Jenkins
1992). A relationship between surface roughness, sig-
nificant wave height, and wave age proposed by Hsu
(1974) can be shown to correspond to m 5 ½. This
result was based on the joint consideration of various
field and laboratory data.

Possible explanations for the discrepancies summa-
rized above are discussed by Donelan et al. (1993).
Since the present work closely follows that of Donelan
(1990), the basis of his approach is briefly described
below.

Among the existing parameterizations of z0 that in-
clude the effects of the water surface waves, the most
commonly accepted one (see Huang et al. 1986; Geer-
naert et al. 1987; Donelan 1990; Geernaert 1990) is that
by Kitaigorodskii (1968, 1970). It is based on the sug-
gestion by Kitaigorodskii and Volkov (1965) that in the
presence of surface waves the wind profile in a frame
moving with the wave phase speed c can be written as

u z u z* *U 5 c 2 ln 5 ln , (16)
k a k hs

where hs 5 a exp(2kc/u*) and a is some function of
wave height. Comparison between Eqs. (7) and (16)
shows that z0 } hs, but the nature of the relationship
must be determined experimentally (e.g., Geernaert et
al. 1986; Huang et al. 1986). Invoking a similar argu-
ment, Kitaigorodskii (1968) found that

`

2h 5 2 E(k) exp(22kc(k)/u ) dk, (17)s E *
0

that is, hs is the root-mean-square wave height weighted
by a function of the wave age c/u*. Application of this
approach requires that the wave energy density spectrum
is known over all wavenumber space. However, such
measurements may not be available particularly at high
wavenumbers, and generally an empirical or theoretical
spectral form is adopted. If the latter approach is used,
Eq. (17) and other parameterizations that utilize the
wave spectra (e.g., Byrne 1982; Donelan 1982) reduce
to some generalized form of the Charnock relation (see
Kitaigorodskii 1970; Geernaert et al. 1986; Huang et al.
1986).

A simple alternative to Eq. (17) was proposed by
Kitaigorodskii (1970): z0 5 0.3z exp(2kcp/u*). Do-
nelan (1990) noted that this compact formulation of z0

represents most of the field data quite well, but under-
estimates near full development due to the exponential
dependence on u*/cp, the so-called wind forcing. There-
fore, modifying the exponential term, he obtained

2.66 2.53z U z u0 c 024 *5 5.53 3 10 or 5 1.84 ,1 2 1 2z c z cp p

(18)

where Uc is the component of UN10 in the direction of
the waves at the spectral peak. Since z } ( /g)2U c

·(Uc/cp)21.65 (Donelan et al. 1985), the above formula-
tion corresponds to Eq. (15) with m 5 1. The advantage
of this approach is that there is no scaling variable that
appears on both sides of the equality; hence potential
problems due to self-correlations are avoided. On the
other hand, in the presence of swell or mixed seas, ap-
plicability of Eq. (18) is not straightforward.

The ultimate goal here is to determine the surface
roughness length so that surface fluxes can be calculated
through the bulk aerodynamic formulae. Equations (15)
and (18), although useful for exploring the nature of z0

cannot be used for this purpose because, in addition to
z and cp, they require that u* or UN10 are known. In the
present study, the wind forcing term (UN10/cp or u*/cp)
in Eq. (18) is replaced by a measurable parameter of
the wave field, namely, the equilibrium range parameter
a. As shown by Donelan et al. (1985) these two quan-
tities, a and UN10/cp, are highly correlated. Although
evolution of a wave field is a slow process, response of
the equilibrium range parameter to varying wind con-
ditions is remarkably fast (Toba et al. 1988). Thus the
surface roughness length can be estimated from a de-
termined from measurements of water surface waves
alone. Using the field data, success of the approach is
demonstrated and its potential is discussed.

3. Experimental setup and data processing

a. Experimental site

The field data used in this study were collected during
the summers of 1986–89 at Sand Point, Lake Washing-
ton, Seattle (Figure 1a). The research facility is operated
by the Air–Sea Interaction Group of the University of
Washington, Department of Atmospheric Sciences. It
consists of a mast located 15 m offshore (Figure 1b), a
hut situated on a beached barge, and a floating dock
between the mast and the land. On the beach, the dock
is mounted on a rotating base so that the offshore end
can swing between the barge and the mast. In order to
prevent interference with the measurements, during data
acquisition the dock is secured along the shore away
from the mast. A data link between the instruments on
the mast and the data acquisition system in the hut is
supplied by underwater cables. Until the early summer
of 1988, the station was powered by a diesel generator.
Since then line power has been available.

Ideal experimental conditions at this site are achieved
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FIG. 1. (a) The location of our field station (MSMAST) on Lake
Washington. The tower is 15 m offshore and at a water depth of 4
m. The contours show the water depth in meters. (b) The Lake Wash-
ington tower (photo 1995) with meteorological instrumentation, wire
wave gauge, and the video camera. The tower has been designed to
minimize the flow distortion and the reflection of waves from the
supporting structure. The land in the background is Juanita Bay on
the east side of the lake.

during northerly winds when the fetch over the lake
reaches a maximum of about 7 km. The location offers
the opportunity to study surface waves generated by the
local wind on a natural body of water under a variety
of environmental conditions without the complexities
that may arise from the presence of swell or tidal cur-
rents. The water depth D by the mast is approximately
4 m and increases rapidly farther offshore. We estimate
the degree of reflection of the the gravity waves from
the inclined beach to be 5% or less (Miche 1951). When
kD . p/2, where k is the wavenumber, the waves are
said to be in deep water (Phillips 1977, p. 37). This
corresponds to l 5 2p , 16 m, where l is the wave-
length. Since this condition was met in all cases (typ-
ically l ù 5 m for the dominant gravity waves), the
location can be considered as representative of deep
water.

b. Instrumentation

The parameters of interest for the present study were
amplitudes of water surface waves, wind speed and
stress, water temperature, and atmospheric stratification.
Continuous visual records of the water surface were also
obtained to identify breaking waves, suppression of sur-
face roughness due to surfactants, and contamination of
wave measurements due to boat waves or sea weeds.
Only clean-surface cases were included in this study.
Acquisition of such complete sets of data was achieved
employing several instruments that are described next.
(For more detail, see Ataktürk 1991.)

Wave gauge. The water surface elevations were mea-
sured using a resistance wire gauge (Ataktürk 1984;
Ataktürk and Katsaros 1987). The diameter of the stain-
less steel wire was 0.13 mm. The resistance of the por-
tion of the wire exposed to the air is a linear function
of the water surface elevation, to a very good approx-
imation. However, comparisons with a laser displace-
ment gauge (LDG) in a wave tank by Liu et al. (1982)
showed that at high frequencies the dynamic response
of the wire gauge to vertical surface displacements was
limited. After correcting for the reduced dynamic re-
sponse, they observed good to excellent agreement be-
tween the spectra of the wire data and the LDG data up
to 40 Hz.

Propeller–vane anemometers. Wind data were col-
lected at several heights. Low-level observations (0.5–
4.0 m above the mean water level) of the wind speed

and direction were made by Gill single propeller–vane
anemometers (Holmes et al. 1964; Gill 1975). A dif-
ferent type of device, the K–Gill twin propeller–vane
anemometer (Ataktürk and Katsaros 1989) was placed
at heights ranging from 4.5 to 8.5 m. The K–Gill yields
the wind speeds along the axes of its two propellers,
one looking up and one looking down at angles of 6458.
A level sensor attached to the instrument measures the
inclination angle of the propellers. In addition to these,
the angular response characteristics of the propellers,
determined through wind tunnel studies, are required to
obtain the vertical and the downstream horizontal com-
ponents of the wind vector from which the wind stress
can be calculated. The method of resolving the wind
components employed in this study is described by
Ataktürk and Katsaros (1989). Corrections for the an-
gular and frequency responses of the propellers were
applied to the time series of these data (Ataktürk 1991).

Intercomparisons of the momentum fluxes measured
during HEXMAX (DeCosmo 1991; Smith et al. 1992;
DeCosmo et al. 1996) by the K–Gill anemometer and
a sonic anemometer showed that K–Gill results were
lower by 10%–20%. After corrections to the K–Gill
data, in the frequency domain following Hicks (1972),
the differences were reduced to 5% or less. The at-
mospheric stratification during HEXMAX was mostly
neutral or slightly unstable. Since the eddies with di-
mensions smaller than the spacing between the propel-
lers are not resolved, the performance of the K–Gill
anemometer is expected to be poorer during stable con-
ditions when a significant portion of the momentum flux
may come from small eddies.

Psychrometer. Thermocouples were used to measure
the dry-bulb (Td) and the wet-bulb (Tw) temperatures
(e.g., Shaw and Tillman 1980; Katsaros et al. 1994a) in
detail. The chromel–constantan sensors were 50 mm in
diameter. The wet-bulb sensor was wrapped with cotton
thread that was kept moist with a controlled flow of
water from a reservoir. A pair of sensors was usually
used at a height of 2 m. A second pair was mounted
just below the lower propeller of the K–Gill anemometer
but far away enough to prevent flow distortion. A ther-
mocouple psychrometer and the K–Gill anemometer to-
gether provided the sensible and latent heat fluxes across
the air–water interface.

For computation of the surface fluxes from atmo-
spheric turbulence measurements, sensors with a short
response time are required. Generally, a bare, fine wire
thermocouple, such as the one used in this study to
measure the sensible heat flux, meets this requirement.
However, when the same thermocouple is used to mea-
sure the wet-bulb temperature, its response time may
be reduced by a factor of 10 due to the water-soaked
wick around it. The specific humidity from which the
latent heat flux is calculated, depends on the difference
between the dry- and wet-bulb temperatures. Any dif-
ference between the dry- and wet-bulb temperatures that
may result from unmatched response times of the sen-
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FIG. 2. Magnitudes of surface fluxes measured at MSMAST on
Lake Washington by the eddy correlation technique. Solid lines in-
dicate the (a) quadratic or (b, c) linear fits to the datasets. Regression
line and the rms error erms for each plot are (a) t 5 2r[0.14(UN10)2

1 0.44UN10 2 1.83] 3 1022, erms 5 0.013 N m22; (b) H 5
rCp[1.6UN10(Ts 2 TN10) 2 1.8], erms 5 7.0 W m22; and (c) E 5
rLe [5.0UN10(Qs 2 QN10) 2 67.0], erms 5 43.7 W m22.

sors can cause large errors in the specific humidity and
may significantly change the shape of the humidity spec-
trum (e.g., Shaw and Tillman 1980). In the present
study, the frequency responses of the two sensors were
matched by speeding up or deconvolving the wet-bulb
signal with its frequency response function (e.g., Atak-
türk 1991; DeCosmo 1991).

Thermistors. The water temperature was measured
using an array of thermistors with average depths of the
sensors ranging from 0.30 to 0.80 m below the mean
water level. The information from the sensor closest to
the surface was used to determine the temperature dif-
ference between air and water. The sensors were cali-
brated in the field using water baths.

Video camera and recorder. Visual records of the fine
features on the water surface were made by a Panasonic
WV—3110 color video camera and a Panasonic NV—
8200 video cassette recorder. The comments by the ob-
server were recorded on the audio channels of both the
instrumentation and the video recorders. In this way,
the two recorders could be synchronized during play-
back. The video records were used to identify sections
of the data affected by breaking events, boat waves, sea
weeds, and surface slicks.

c. Description of the datasets analyzed

Measurements of wave heights and surface fluxes of
momentum, sensible heat, and latent heat were analyzed
using 79 datasets. Each dataset is approximately one
hour long. All observations were made during northerly
winds. Average wind speeds, adjusted to 10-m height
and neutral atmospheric stratification, were in the range
2 , UN10 , 9 m s21. Water temperatures near the surface
(0.30 m below the mean water level) were mostly be-
tween 218 and 248C, except during May 1987 when it
was about 158C. The differences between the air tem-
perature (at 10-m height) and the water surface tem-
perature varied between approximately 158 and 258C,
indicating that the experimental conditions included all
possible cases of atmospheric stratification, that is, un-
stable, neutral, and stable. The atmospheric stratification
parameter z/L, calculated for each dataset, was mostly
within the range 20.7 , z/L , 0.5, except during very
light winds, UN10 ø 2 m s21, when values of |z/L| . 2
were found.

In general, the growth stage of the observed wave
fields varied from young to relatively mature as mea-
sured by the wind forcing parameter 1 , UN10/cp , 2.5.
Note that the value 2.5 is very large, and difficult to
observe in the open sea. In some cases UN10/cp , 1;
that is, decaying wave fields were observed during de-
creasing wind conditions. On 18 May 1987, under the
action of relatively strong winds, the wave field reached
a state with significant wave height of 0.32 m, spectral
peak frequency of 0.45 Hz and a wavelength of about
8 m. At our experimental site, these values may be
considered as the extremes during northerly winds. Gen-

erally, the significant wave heights do not exceed 0.20
m, and the peak frequency is about 0.55 Hz, corre-
sponding to a wavelength of about 5 m.

4. Experimental findings and discussions

Ranges of surface fluxes and some key parameters
encountered in this experimental work are illustrated in
Fig. 2. These fluxes were obtained from atmospheric
turbulence measurements by using the eddy correlation
method. In these plots a positive value for flux indicates
upward transfer from water to atmosphere. Cases with
measured wind speeds less than 3.5 m s21 were dis-
carded due to inadequate frequency response of the in-
struments under such conditions. Note that in Fig. 2,
wind speed, temperature, and specific humidity have
been adjusted to neutral atmospheric stratification and
10-m height [Eqs. (2), (7), and (8)]. In the remainder
of this manuscript all adjusted parameters are identified
by the subscript N10. Quadratic dependence of mo-
mentum flux on wind speed is depicted by the solid
curve in Fig. 2a. Linear regressions (solid lines in Figs.
2b,c) were used for the heat fluxes. For the ranges in-
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FIG. 3. Neutral drag coefficient, obtained from atmospheric turbulence measurements at
MSMAST on Lake Washington, increases with increasing wind speed. Symbols indicate the at-
mospheric stratification associated with a data point: (3) unstable z/L , 20.1, (1) stable z/L .
0.05, and (C) near neutral. Linear regression (solid line) and the root-mean-square error erms, are
CdN10 5 [0.08UN10 1 0.84] 3 1023, erms 5 0.35 3 1023.

dicated in Fig. 3, regression equation and the root-mean-
square error erms for each fit are

2 23t 5 2r[21.8(U ) 1 6.0] 3 10 ,N10

2e 5 0.013 N m ,rms

H 5 rC [1.6U (T 2 T ) 2 2.0],p N10 s N10

2e 5 7.1 W m ,rms

E 5 rL [4.9U (Q 2 Q ) 2 63.6],e N10 s N10

2e 5 43.1 W m . (19)rms

Customarily, results from measurements of surface flux-
es are reported in terms of bulk transfer coefficients;
therefore, that approach is also followed here. In Fig.
3, the drag coefficient is plotted against the wind speed.
Different symbols indicate the atmospheric stratification
associated with a data point (3: unstable z/L , 20.1,
1: stable z/L . 0.05, and C: near neutral). In this limited
range of wind speeds encountered, the drag coefficient
slightly increases with wind speed. Regression equation
and the rms error for the plot in Fig. 3 are

23C 5 [0.08U 1 0.84] 3 10 ,DN10 N10

236e 5 0.35 3 10 . (20)rms

In general, magnitude and behavior of the drag co-

efficient determined in this study are typical of results
obtained by others in the marine environment (e.g., Do-
nelan 1990; Geenaert 1990). A remaining dependence
of the neutral drag coefficient on stratification may be
hinted in Fig. 3 but, considering the weakness of this
effect and the scatter in the data, this issue may not be
argued convincingly based on this dataset (see also
Geernaert and Katsaros 1986).

Equation (11) states that the drag coefficient adjusted
to neutral atmospheric stratification and a reference height
of 10 m depicted in Fig. 3 depends only on the surface
roughness length z0, that is, the height of the virtual origin
of the logarithmic profile of wind speed. Thus, a param-
eterization of one would readily yield the other. Unfor-
tunately, direct determination of the roughness length
through atmospheric turbulence measurements is extreme-
ly difficult. Since it varies exponentially with the drag
coefficient, the effect of the scatter seen in Fig. 3 becomes
much more dramatic. This is illustrated in Fig. 4, where
z0 normalized by the rms wave height z is plotted against
the wind forcing term UN10/cp. Also shown are Eq. (18)
(Donelan 1990: solid line) and the fit to the HEXMAX
dataset (Smith et al. 1992: dashed line). The reason for
selecting these particular examples is that both have been
obtained from wide ranges of wind and wave conditions
and the instrumentation of this work also has been used
in the HEXMAX experiment (DeCosmo et al. 1996). De-
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FIG. 4. Surface roughness length normalized by the rms wave height z/z versus the wind forcing
UN10/cp, showing that as a wave field matures the surface roughness decreases. The solid line is
from Lake Ontario [Donelan 1990; also, Eq. (18)]; the dashed line is from the North Sea data
(Smith et al. 1992). Despite the scatter in the Lake Washington dataset, these results are in good
agreement and indicate a close relationship between z0 and the water surface waves.

spite the scatter in the Lake Washington dataset, the agree-
ment between these three studies is obvious, indicating a
close relationship between z0 and the water surface waves.

To improve our current understanding and modeling
of the air–sea exchange processes, seeking alternative
methods of investigation in addition to traditional ones
may prove useful. In light of Fig. 4 and the discussions
in section 2c, it seems plausible that information about
z0 may be obtained from parameters of the wave field.
Such an attempt is introduced next.

Detailed studies of wind generated waves on Lake
Ontario and in the laboratory by Donelan et al. (1985)
show that the equilibrium range parameter a, defined
as the spectral energy density averaged over the fre-
quency range, 1.5 , v/vp , 3.5, where the spectral
slope is 24, plays a key role in describing a wave spec-
trum. It is also shown that a is highly correlated with
the wind forcing term:

0.55cosuUN10a 5 0.006 ; 0.83 , U /c , 5,N10 p1 2cp

(21)

where u is the angle between the propagation direction of
dominant waves and wind. Figure 5 shows the comparison
of Eq. (21) with the Lake Washington data where a was
calculated over the range; 1.5 , v/vp , 3, since at higher
frequencies the spectral slope exceeds 24. Differences in

slopes between Eq. (21) and the measurements are insig-
nificant, but systematic deviation of the Lake Washington
data in magnitude (by a factor of 2.1, corresponding to a
52% reduction) from the Lake Ontario data is clear (Atak-
türk 1991). This difference implies that for a given wind
forcing, the waves on Lake Washington do not grow as
large in amplitude as those on Lake Ontario. We have also
noted that despite the differences in wave amplitudes, the
peak frequencies observed on Lake Washington were in
close agreement with the values calculated following Do-
nelan et al. (1985) for the same conditions. These results
can have significant implications for air–sea interaction
processes, currents, and vertical mixing in the water in
coastal seas and estuaries. Results similar to those of Atak-
türk (1991) above were also noted by Kahma and Pet-
tersson (1994) from observations in the Gulf of Finland
and the Bothnian Sea. They found that for similar con-
ditions the dimensionless energy at the same peak fre-
quency was 37% larger for the broad fetch than for the
narrow fetch, while there was no significant effect of the
basin width on the peak frequency. They suggested that
the observed difference in the growth of wind waves is
due to the dependence of the spectral shape on the basin
geometry. We also support this suggestion for the follow-
ing reason.

Changes in wave spectral energy are described by the
radiative energy transfer equation (Hasselmann 1960),
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FIG. 5. Equilibrium range parameter a versus wind forcing, showing that results from Lake
Washington differ from Eq. (21) (solid line, Donelan et al. 1985) in magnitude by a factor of 2.1
(dotted line), systematically. The difference in slope is insignificant. The fit to Lake Washington
dataset is described by Eq. (22) (dashed line).

which involves three source terms: input from wind,
dissipation, and the weakly nonlinear wave–wave in-
teractions. The first, and particularly the second term,
are poorly known. The nonlinear energy transfer be-
tween waves described by the last term (Hasselmann
1962) controls the rate of evolution of a wave spectrum.
However, this term strongly depends on the assumed
spectral shape (Hasselmann et al. 1985). As noted by
Ataktürk (1991), the spectral width of the wave spectra
observed on Lake Washington is narrower than those
observed on Lake Ontario. Therefore, the growth rates
of waves from these two sites are also expected to differ.
The two sites also differ in that waves on Lake Wash-
ington are confined to a narrower angular range, and
this difference should have a role in determining the
spectral shape. Directional measurements of the wave
spectra on Lake Washington are in progress to address
this issue.

In order to further test the idea that shorelines are
important in that they absorb wave energy, spreading
in their directions but not allowing for any energy com-
ing into the region from these directions, a numerical
test of the wave growth in a narrow basin was per-
formed. Hans Hersbach of the Royal Dutch Meteoro-
logical Institute performed a run with the well-known
Community Wave Model (WAM; Komen et al. 1995)
using the dimensions of the bay of Lake Washington
and postulating absorbing beaches. He compared similar
runs with infinite width of the water body. These com-

parisons showed that (H. Hersbach 1996, personal com-
munication) for wind speeds 4–10 m s21, the narrow
basin of Lake Washington was responsible for 30%–
40% reduction in the wave energy or equivalently in
the equilibrium range parameter. The tests also indicated
a smaller reduction of 5%–10% in downshifting of the
spectral peak frequency, which agrees with our obser-
vations. This simple test, by explaining a large part
(58%–77%) of the difference in the equilibrium range
parameters obtained from Lake Washington and Lake
Ontario, provides further support to our hypothesis.

Noting that z0/z and a are both closely related to
UN10/cp, one can estimate the surface roughness length
from the equilibrium range parameter. In the present
study, UN10/cp is eliminated between

2/3UN10a 5 0.0027 ; 1.2 , U /c , 2.6, (22)N10 p1 2cp

which is a linear fit to our data set (Fig. 5) and Eq. (18)
(Donelan 1990) to obtain

4
am24z 5 5.53 3 10 z . (23)0z 1 20.0027

The subscripts z and m are used to stress that z0z is
determined from a parameter of the wave spectrum am,
as measured in Lake Washington. Results from Eq. (23)
may be evaluated by plotting z0z against u*, which is
measured independently (Fig. 6). Also shown are z0
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FIG. 6. Surface roughness length z0 versus friction velocity u
*

. Lake Washington data in plots
a and b were obtained from measurements of turbulent fluxes (C and 1) and surface waves (3),
respectively. Solid lines are from linear regression analyses of these datasets, exclusive of the
points marked with 1 in the upper plot. Both plots also show (i) the HEXMAX results based on
turbulent fluxes (*) and a linear fit to the data (· · ·); (ii) the values calculated following Liu et
al. (1979) (–·–); and (iii) Eq. (13) with Charnock constant b 5 0.011 (— —). Note that at low
u

*
, while z0 from fluxes (plot a, Lake Washington and HEXMAX shows considerable scatter, z0z

from waves exhibits a clear and consistent behavior down to the levels of aerodynamically smooth
flow. At the lowest values of u

*
(where there are no data points) the waves are buried within

the viscous sublayer and the roughness length is determined by Eq. 12 as indicated by Liu et al.
(1979). Regression line and erms for the Lake Washington LW and HEXMAX datasets are (a)
LW–flux: lnz0 5 13.47u

*
2 11.56, erms 5 1.05; (b) LW–wave: lnz0 5 11.55u

*
2 11.23, erms 5

0.64; and (a, b) HEXMAX–flux: lnz0 5 4.43u
*

2 9.95, erms 5 0.75.

determined from flux measurements on Lake Washing-
ton and in the North Sea (DeCosmo 1991), as well as
the values calculated following Liu et al. (1979) and
from Eq. (13) with the Charnock constant b 5 0.011
(e.g., Smith 1980). As seen in Fig. 6a, z0 obtained from
fluxes measured in the Lake Washington and HEXMAX
experiments shows good agreement with the predicted
values but with considerable scatter, as expected. Near
the low end of the u* range, several data points (marked
with 1) from the Lake Washington dataset fall to levels
significantly below that given by the Charnock relation.
This is contrary to expectations, because the Charnock
relation is appropriate for z0 over open oceans where
the roughness length is typically smaller than in coastal
waters or lakes. Hence, these points were excluded from
statistical analysis. On the other hand, z0z obtained from
measurements of the equilibrium range parameter of
wave spectra exhibits a consistent behavior throughout
the range considered (Fig. 6b). The regression line and
erms for the Lake Washington (LW) and HEXMAX da-
tasets are

lnz 5 13.47u 2 11.56,0 *

e 5 1.05 (LW–flux)rms

lnz 5 11.55u 2 11.23,0z *

e 5 0.64 (LW–wave)rms

lnz 5 4.43u 2 9.95,0 *

e 5 0.75 (HEXMAX–flux). (24)rms

(The above expressions have been constructed only for
the purpose of statistical comparisons and are not sug-
gested for use over water in other sites since they do
not include the wave properties.) Equation (24) shows
that although the two methods of determining the sur-
face roughness length (LW–flux and LW–wave) lead to
similar results, the latter approach has much less scatter
as indicated by a 39% reduction in erms. Also note that
the slopes in Eq. (24) are larger for the Lake Washington
dataset implying a more rapid increase in z0 with friction
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FIG. 7. Surface roughness length z0 versus wind speed UN10. During HEXMAX atmospheric
stratification was mostly near neutral. However, stratification effects on the wind profiles in both
datasets were corrected for with the use of Eq. (8) and z/L evaluated from Eq. (2). Note that
UN10 in plots a and b are slightly different since they were calculated from Eq. 8 using z0 and
z0z, respectively. In comparison to Fig. 6, the scatter is larger in all cases. Also, the slope of the
fit to the Lake Washington data obtained from fluxes is significantly lower than the others and
can not be justified. Again, z0z from waves exhibits a clear and consistent behavior down to the
levels of aerodynamically smooth. (For more explanation, see the legend of Fig. 6.) Regression
line and erms for the Lake Washington LW and HEXMAX datasets are (a) LW–flux: lnz0 5
1.19UN10 2 9.44, erms 5 1.25; (b) LW–wave: lnz0 5 3.77UN10 2 11.0, erms 5 0.77; and (a, b)
HEXMAX–flux: lnz0 5 1.94UN10 2 10.1, erms 5 0.91.

velocity. This is in accordance with the observations
that at a given friction velocity (or wind speed) the drag
coefficient, which is proportional to z0, increases with
decreasing fetch (e.g., Geernaert 1990). Agreement be-
tween the fits to these datasets and predictions by Liu
et al. (1979) is remarkably good. In this range, the model
of Liu et al. (1979) uses Kondo’s (1975) results obtained
from a composite data of field and laboratory measure-
ments. Below this range is a different regime: the aero-
dynamically smooth flow where z0 increases again with
decreasing u* as indicated by the curve of Liu et al.
(1979). Comparisons above were repeated by replacing
the measured u* with UN10 (Fig. 7). Regression line and
erms for the LW and HEXMAX datasets are

lnz 5 1.19U 2 9.44,0 N10

e 5 1.25 (LW–flux)rms

lnz 5 3.77U 2 11.0,0z N10

e 5 0.77 (LW–wave)rms

lnz 5 1.94U 2 10.1,0 N10

e 5 0.91 (HEXMAX–flux). (25)rms

(The above expressions have been constructed only for
the purpose of statistical comparisons and are not sug-
gested for use over water in other sites since they do
not include the wave properties.) The first thing to note
is that the slope in the expression for the LW–flux is
significantly smaller than even that for the HEXMAX–
flux. This is contradictory to the findings in Fig. 6 and
Eq. (24) as well as to the observations by others. An-
other point to be noted is the overall increase in erms

[Eqs. (24) and (25)]. These results may seem strange
since the wind speed is easier to measure than the fric-
tion velocity. However, note that UN10 is a quantity ad-
justed to neutral stratification and a standard height.
Stratification effects on the wind profiles in both the
Lake Washington and HEXMAX datasets were cor-
rected for with the use of Eq. (8) and z/L evaluated from
Eq. (2). It should also be mentioned that UN10 for the
Lake Washington datasets in plots a and b are slightly
different since they were calculated from Eq. (8) using
z0 and z0z, respectively. These results show that the strat-
ification adjustments should not be omitted and should
be handled with great care, even though they may not
seem to be important under the conditions of high winds
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FIG. 8. Neutral drag coefficients obtained at MSMAST on Lake Washington. In contrast to Fig.
3, these coefficients were calculated using the surface roughness length z0z determined from the
measured wave spectra [Eq. (23)]. Mean value of the drag coefficient is similar to that in Fig.
3, but the scatter in the new neutral drag coefficient is significantly reduced. Regression line
and the root-mean-square error, erms, for this plot are CdN10 5 [0.078UN10 1 0.87] 3 1023, erms

5 0.19 3 1023.

and small air–sea temperature differences, as in the case
of the HEXMAX dataset.

Since the drag coefficient and UN10 are functions of
the surface roughness length, these parameters were re-
calculated using z0z, obtained from the measured wave
spectra. Comparison of Fig. 8 with its counterpart (Fig.
3) shows that using z0z or z0 does not affect the mean
value of the drag coefficient. However, the scatter in the
new neutral drag coefficient in Fig. 8 is significantly
reduced. The regression equation and the rms error for
the plot in Fig. 8 are

23C 5 [0.078U 1 0.87] 3 10 ,DN10 N10

23e 5 0.19 3 10 . (26)rms

The findings presented above clearly demonstrate that
the surface roughness parameter and the neutral drag
coefficient determined from the observed wave spectra
are much more consistent, that is, show less scatter than
those obtained from the measured fluxes. This may be
explained as follows. Intermittency in atmospheric tur-
bulence and the low frequency motions in the atmo-
sphere may cause significant sampling variability (Kat-
saros et al. 1993, 1994b) when observations are con-
ducted at a single point, which in turn may induce large
fluctuations in the measured fluxes and in quantities
derived from them. These undesired effects can be over-

come by spatial averaging of fluxes but such measure-
ments are generally not available. On the other hand,
evolution of a wave field involves long time and length
scales, thus its response to variations in atmospheric
conditions is gradual; that is, a wave field reflects the
atmospheric energy input integrated over duration and
fetch. For this reason, the parameters obtained from the
observations of waves essentially are quantities aver-
aged over both time and space and provide consistent
results.

The relationship between the wave spectra and the
surface roughness length has been recently examined
also by other researchers. For example, Monbaliu (1994)
assumed a linear relationship between the dimensionless
roughness length and the equilibrium range parameter
[Eq. (21)] suggested by Donelan et al. (1985). However,
the HEXMAX dataset Monbaliu used indicated a stron-
ger than linear relationship. The latter finding is more
appropriate because Monbaliu (1994) considered the
Toba (1973) parameter to be constant while it actually
varies with wave age (Ataktürk 1991). Using this new
relationship he calculated the wind friction velocity
from the wave data and compared it to the measured
values. The agreement between the two values was with-
in 10% of each other. Juszko et al. (1995) inferred the
wind stress from the wave slope spectra using the Phil-
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FIG. 9. Plots showing (a) time series of gusty winds (UN10) during
a period of 2 h; (b) neutral drag coefficient CDN10, obtained from
fluxes (C) and wave spectra (*) versus UN10; and, (c) time series of
CDN10 calculated from overall statistical results [Eq. (20), solid line],
from the measured fluxes (C and dotted line) and its cumulative mean
(⊕ and dashed line) and from the observed wave spectra (* and dash-
dotted line). Precipitation was observed between 60 and 70 minutes.
CDN10 from Eq. (20) from wave spectra and from the cumulative means
of the results of turbulent fluxes are in good agreement. Enhanced
scatter in CDN10 from turbulent fluxes (plot b) in this case study was
attributed to the large-scale motions in the planetary boundary layer
and their influence on fluxes in the surface layer. This may also be
noted in the time series of CDN10 from turbulent fluxes (plot c), which
is a mirror image of UN10 shown in plot a.

lips (1985) wave model with a constant equilibrium
range parameter. They compared these values with the
wind stress determined by the dissipation technique and
found good agreement. They also noted that the rela-
tionships between the dimensionless roughness length
and the wave age suggested by Donelan (1990) could
describe their data from the Gulf of Alaska only for the
young waves and not the fetch-unlimited old waves.
Considering that wind stress measurements by the dis-
sipation technique may be in significant error in the
presence of swell (Donelan et al. 1997), which existed
throughout their experiment, their conclusion on the Do-
nelan (1990) formulation may be questionable. Perrie
and Toulany (1995) also derived a relationship between
the wind stress and the wave spectral parameters. How-
ever, verification of this equation by using field data has
not been completed yet.

Deviation of the temporally averaged fluxes from spa-
tial averages increases with lack of horizontal homo-
geneity and stationarity. This is illustrated in Fig. 9,
corresponding to a measurement period of 2 h when the
winds over Lake Washington showed the most dramatic
variations in speed among the datasets considered (plot
a). During this period, the atmospheric stratification was
slightly unstable (z/l 5 20.2, approximately) and light
precipitation was observed in the interval between 60
and 70 min. Note that in plot b, CDN10 obtained from
Eq. (20) and from the observed wave spectra are in good
agreement, but CDN10 obtained from the measurements
of the atmospheric turbulence during this particular pe-
riod shows significant scatter without any discernible
relation to UN10.

With wind speed, duration, and fetch a wave spectrum
grows toward lower frequencies by weakly nonlinear
wave–wave interactions (Hasselmann 1962). This is a
slow process. Thus, z being related to the total area
under the spectral curve also varies gradually. On the
other hand, the portion of the wave spectrum just above
the spectral peak is sensitive to changes in the atmo-
spheric input (Donelan et al. 1985; Toba et al. 1988).
This is due to rapid growth (decay) of the higher har-
monics of the dominant waves during suddenly increas-
ing (decreasing) winds. Since a is determined from a
spectral band that includes the first two harmonics, it
responds to changing winds quickly. Hence, in Fig. 9c
it is seen that CDN10 determined from z and a closely
follows the variations in UN10 as does CDN10 calculated
from the linear fit to all flux data [Fig. 3a, Eq. (20)].
On the other hand, a careful look at plot c also shows
that the time series of CDN10 from turbulent fluxes reflects
a mirror image of UN10 shown in plot a. We attribute
this behavior to the presence of large-scale motions in
the planetary boundary layer and their influence on flux-
es in the surface layer. Also note that despite the large
scatter in CDN10 obtained from turbulent fluxes, there is
good agreement between its cumulative means and the
results obtained from Eq. (20) and from the measured
wave spectra (plot c). This behavior is in accordance

with the ergodicity principle that stationarity is achieved
over a long enough averaging time such that a time
average is equivalent to a space average.

Results of the study presented here demonstrate that
some air–sea interaction processes near the interface
may be investigated through measurements of atmo-
spheric turbulence as well as through observations of
the surface wind waves. It is also shown that the latter
may prove useful, in particular when the events are tran-
sitional. In such cases, the underlying assumptions of
the eddy correlation method, that is, horizontal homo-
geneity and stationarity, may be violated. An extreme
example is the frontal zones where studies of the air–
sea exchanges are of great importance but the eddy cor-
relation technique is not applicable. The approach used
in this study may provide an alternative technique for
studying such events. However, this would require better
understanding of several processes such as interactions
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among wind, wind waves, and swell with different and
varying directions of propagations and the partitioning
of the atmospheric energy input between waves, cur-
rents, and turbulence in the oceanic mixed layer.

5. Summary and conclusions

In this study, air–sea exchange of momentum is in-
vestigated through direct measurements conducted at
Lake Washington in the range of wind speeds from 2.5
to 9 m s21. In particular, attention is focused on relating
the surface roughness length to some measurable pa-
rameters of the surface wind waves. Conclusions drawn
from the analyses of the collected data are summarized
below.

Dependence of the momentum flux measured at this
site on wind speed is generally in accordance both in
magnitude and behavior with those from other studies
conducted over coastal waters at higher wind speeds.
The findings show that the drag coefficient increases
with increasing wind speed. Also, the scatter in exper-
imental results becomes larger as the wind speed de-
creases and the atmospheric stability deviates from neu-
tral stratification.

Surface roughness length being a direct function of
the neutral drag coefficient is a key parameter in for-
mulation of the air–sea exchange processes. It is also
the quantity most severely affected by scatter in at-
mospheric turbulence measurements. In an effort to
overcome this difficulty, a method to estimate the sur-
face roughness length from the observations of the wind
waves was devised. Particular variables relevant to this
method are the equilibrium range parameter and the rms
wave height, which are readily obtainable from wave
height spectra. The improvements achieved by using
this approach are consistent with the idea that the water
waves have a long memory so that they reflect the at-
mospheric input integrated over duration and fetch.
Thus, its locally observed parameters essentially are
quantities averaged over both time and space that are
more consistent than those averaged over time only, as
is the case with the atmospheric turbulence measure-
ments conducted at a point.

Finally, the analyses of the measured fluxes and the
wind waves show that the magnitude of the equilibrium
range parameter at Lake Washington was significantly
smaller than that predicted by other studies. This ob-
served difference in the growth of wind waves is related
to the differences in the basin geometries. Similar effects
are expected in other lakes and coastal regions. We note
that, since the equilibrium range parameter is site de-
pendent, the method of estimating the surface roughness
from wave spectra must be empirically calibrated for a
particular location.
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