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ABSTRACT

Measurements of the momentum, heat, moisture, energy, and scalar variance fluxes are combined with dis-
sipation estimates to investigate the behavior of marine surface layer turbulence. These measurements span a
wide range of atmospheric stability conditions and provide estimates of z/L between 28 and 1. Second- and
third-order velocity differences are first used to provide an estimate of the Kolmogorov constant equal to 0.53
6 0.04. The fluxes and dissipation estimates are then used to provide Monin–Obukhov (MO) similarity rela-
tionships of the various terms in the turbulent kinetic energy (TKE) and scalar variance (SV) budgets. These
relationships are formulated to have the correct limiting forms in extremely stable and convective conditions.
The analyses concludes with a determination of updated dimensionless structure function parameters for use
with the inertial–dissipation flux method.

The production of TKE is found to balance its dissipation in convective conditions and to exceed dissipation
by up to 17% in near-neutral conditions. This imbalance is investigated using the authors’ measurements of the
energy flux and results in parameterizations for the energy flux and energy transport term in the TKE budget.
The form of the dimensionless energy transport and dimensionless dissipation functions are very similar to
previous parameterizations. From these measurements, it is concluded that the magnitude of energy transport
(a loss of energy) is larger than the pressure transport (a gain of energy) in slightly unstable conditions.

The dissipation of SV is found to closely balance production in near-neutral conditions. However, the SV
budget can only be balanced in convective conditions by inclusion of the transport term. The SV transport term
is derived using our estimates of the flux of SV and the derivative approach. The behavior of the derived function
represents a slight loss of SV in near-neutral conditions and a gain in very unstable conditions. This finding is
consistent with previous investigations.

The similarity between these functions and recent overland results further suggests that experiments are
generally above the region where wave-induced fluctuations influence the flow. The authors conclude that MO
similarity theory is valid in the marine surface layer as long as it is applied to turbulence statistics taken above
the wave boundary layer.

1. Introduction

Our understanding of the behavior of turbulence in
the atmospheric surface layer was vastly improved by
a number of overland field experiments conducted dur-
ing the late 1960s and 1970s. These include the land-
mark 1968 Kansas (Izumi 1971) experiment, the 1973
Minnesota (Champagne et al. 1977) experiment, and the
1976 International Turbulence Comparison Experiment
(Dyer and Bradley 1982). These experiments led to the
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validation of a powerful set of statistical tools derived
from Monin–Obukhov similarity theory. The semiem-
pirical relationships derived from their carefully con-
ducted measurements are now used extensively in the
lower boundary conditions of numerical forecast models
where one must derive turbulent quantities from the
mean variables available from the model. Similarly,
these relationships are often used to estimate the desired
turbulent quantities from mean measurements over the
ocean where direct measurement of the fluxes is very
difficult. However, the use of overland measurements
to infer surface fluxes over the open ocean raises ques-
tions about the universality of these relationships.

There have been a number of experiments to inves-
tigate the structure of atmospheric turbulence in the ma-
rine boundary layer (Smith et al. 1996). These include
the 1969 Barbados Oceanographic and Meteorological
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Experiment (Keuttner and Holland 1969) and the 1974
North Pacific Experiment (Schmitt et al. 1979). Both of
these experiments were conducted aboard the Floating
Instrument Platform (R/P FLIP), which allows research-
ers to make flux measurements over the open ocean from
a stable platform. Though these experiment were suc-
cessful on many fronts, they both suffered from the now
well-known (but still difficult to overcome) problem of
sea salt contamination of their temperature probes
(Schmitt et al. 1978). Large and Pond (1981, 1982) used
the Bedford Institute of Oceanography spar buoy plus
ship data in a landmark study of fluxes and transfer
coefficients over a broad range of wind speeds.

The 1986 Humidity Exchange Over the Sea (HEXOS)
(Katsaros et al. 1987) main experiment deployed in-
strumentation designed to avoid environmental contam-
ination problems. This effort included a number of in-
struments designed to remove the effects of sea spray
(Katsaros et al. 1994), as well as the use of sonic ther-
mometers to compute the temperature fluctuations (Lar-
sen et al. 1993). The HEXOS investigations were con-
ducted from a platform located 10 km off the Dutch
coast. The results from this experiment confirmed a
number of earlier results, for example, that the produc-
tion of turbulence kinetic energy (TKE) is closely bal-
anced by its dissipation (Edson et al. 1991) and that the
drag coefficient is a function of wave age at a given
wind speed (Smith et al. 1992; Maat et al. 1991). The
experiment also demonstrated that the transfer coeffi-
cients for temperature and humidity were only weakly
dependent on wind speed (DeCosmo et al. 1996), al-
though the significance of these results remains a hotly
debated topic (e.g., Katsaros and de Leeuw 1994; An-
dreas 1994; Andreas et al. 1995).

In recent years, a number of researchers have made
a great deal of progress in computing direct covariance
flux estimates from ocean-going platforms (e.g., Fujitani
1981, 1985; Tsukamoto et al. 1990; Bradley et al. 1991;
Fairall et al. 1997; Edson et al. 1998). In the case of
moving platforms, this requires systems that are capable
of removing platform motion from our velocity mea-
surements before computing the fluxes (Fujitani 1985).
This generally involves the integration of linear accel-
erometers and angular rate sensors to compute the high-
frequency motion of the platform that are combined with
the low-frequency velocity measurements from global
positioning systems and/or current meters (e.g., Edson
et al. 1998). Similar measurements from buoy mounted
instrumentation can be found in Anctil et al. (1994). For
example, direct covariance flux estimates were collected
from ship-mounted systems during the Tropical Ocean
Global Atmosphere (TOGA) Coupled Ocean–Atmo-
sphere Response Experiment (COARE) in the equatorial
Pacific Ocean (Webster and Lukas 1992). These flux
estimates have been used to develop a bulk algorithm
based on the parameterizations proposed by Liu et al.
(1979), Smith (1988), and Godfrey and Beljaars (1991).
The hybrid model includes new semiempirical formulas

that improve the performance of the code in very con-
vective conditions as reported by Fairall et al. (1996a)
and Fairall et al. (1996b).

Despite the emergence of covariance flux measure-
ments from ships, interest remains high in the inertial–
dissipation flux estimation method (Large and Pond
1982; Fairall and Larsen 1986). Papers frequently ap-
pear in the literature using this method (e.g., Anderson
1993; Yelland and Taylor 1996; Fairall et al. 1996a;
Frederickson et al. 1997), which is now being used ex-
tensively on buoy-based systems (Skupneiwicz and Da-
vidson 1991; Yelland et al. 1994). It is clear that inertial–
dissipation stress data give much lower scatter than co-
variance estimates (Fairall et al. 1996a) and there is
substantial evidence that covariance stresses are much
more influenced by flow distortion (Edson et al. 1991;
Oost et al. 1994).

Inertial–dissipation measurements still represent the
vast majority of data used to determine the drag coef-
ficient over the open ocean at wind speeds greater than
20 m s21. The disadvantage of this method is that it
relies on Monin–Obukhov similarity and requires spec-
ification of the dimensionless structure function param-
eters. These are empirical functions and the method is
uncertain to the extent that these functions are uncertain.
Forms of these functions determined over Kansas are
still being used (Wyngaard and Cote 1971; Wyngaard
et al. 1971a,b), but demands for ever-increasing accu-
racy in flux estimates and bulk transfer coefficients re-
quire us to continually refine these functions.

In this paper we present an analysis of data recently
taken in the marine surface layer aboard the R/P FLIP
and the R/V Columbus Iselin. These new measurements
feature direct eddy correlation stress and heat flux es-
timates, and TKE and scalar variance (SV) dissipation
computed from the inertial subrange of the velocity,
temperature, and specific humidity spectra. The high-
frequency velocity and temperature measurements were
made using sonic anemometers–thermometers, while
the specific humidity measurements were made using
infrared hygrometers. The data collected during these
two experiments cover a much wider stability range than
any of the above mentioned datasets. In particular, the
extremely unstable data will allow us to examine the
behavior of the turbulence statistics in the free convec-
tive limit.

The focus of this investigation is the evaluation of
the components of the TKE and SV budgets and their
relationship to the inertial subrange variables. Our goal
is to verify and extend the overland results for appli-
cation over the oceans including a closer look at the
relative balance of turbulent and pressure transport in
the TKE budget. In the sections that follow we begin
with a brief overview of Monin–Obukhov similarity the-
ory. This is followed by a description of the field pro-
grams, the instruments, and the data processing tech-
niques in section 3. Dissipation estimates and evaluation
of the Kolmogorov constant using the skewness rela-
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tions of Kolmogorov (1941) are discussed in section 4.
The TKE budget is evaluated in section 5; the SV bud-
gets in section 6; and the dimensionless structure func-
tion parameters are given in section 7.

2. Similarity theory

The structure of the turbulent flow in the surface layer
is influenced by both mechanical and thermal forcing.
Obukhov (1946) and Monin and Obukhov (1954) were
the first to describe a similarity hypothesis about the
statistical nature of the turbulent flow based on the rel-
ative strength of these two forcing mechanisms. Monin–
Obukhov (hereafter MO) similarity theory states that
the structure of turbulence is determined by the height
above the surface z, the buoyancy parameter g/Q y , the
friction velocity u*, and the surface buoyancy flux wuy 0,
where Q y is the virtual potential temperature and g is
the acceleration of gravity (e.g., Wyngaard 1973). These
last two terms are defined from the surface stress and
heat fluxes as

1/2
|t |0u 5 , (1)* [ ]r

Q E0 0wu 5 1 0.61T , (2)y 00 rc rLp e

where t 0 is the surface stress vector (the surface value
of the momentum flux), Q0 is the surface value of the
sensible heat flux, E0 is the surface value of the latent
heat flux, r is the density of air, cp is the specific heat
at constant pressure, and Le is the latent heat of vapor-
ization of water.

One of the basic assumptions of MO similarity theory
is that these fluxes are constant with height in the surface
layer. In reality, this constant flux assumption is never
truly valid in the atmospheric boundary layer. However,
a good approximation to this constant flux assumption
is obtained if we define the top of the surface layer as
that height where the momentum flux is 90% of its
surface value. Since the momentum flux generally de-
creases linearly with height, this definition results in a
surface layer that occupies the lowest 10% of the at-
mospheric boundary layer.

The unstable marine boundary layers studied in this
paper were typically 500–700 m in height, which results
in a surface layer height of approximately 60 m. This
allows us to estimate the surface fluxes from our co-
variance measurements (made at about 12 m height) as

t t0 ø 5 2iuw 2 jyw , (3)
r r

Q ø Q 5 rc wu , (4)0 p

E ø E 5 rL wq , (5)0 e

where u, y , and w are longitudinal, lateral, and vertical

velocity fluctuations, respectively; u are temperature
fluctuations; and q are specific humidity fluctuations.

a. The marine surface layer

In addition to the constant flux layer constraint, the
application of MO similarity theory to the marine sur-
face layer requires some caution because the scaling
parameters are only meant to account for the influence
of mechanical and thermal forcing on the turbulence.
Many investigations such as those by Geernaert et al.
(1986), Rieder et al. (1994), Donelan et al. (1993), and
Hare et al. (1997) have demonstrated that additional
scaling parameters are required to describe turbulent
variables within the wave boundary layer (WBL). The
WBL is defined in this paper as the layer where the
total momentum flux, even if assumed to be constant
with height, has appreciable turbulent and wave-induced
components. That is, within the WBL the momentum
equation can be written as

] ]U
2ũw̃ 2 u9w9 1 n ø 0, (6)1 2]z ]z

where primes denote turbulent fluctuations, tildes denote
the wave-induced fluctuations, U is the mean wind [i.e.,
U(t) 5 U 1 u9 (t) 1 ũ(t) 5 U 1 u(t)], and the last
term on the right-hand side represents the viscous stress
where n is the kinematic viscosity.

To examine the applicability of MO similarity theory
in the marine surface layer, we are limiting our analyses
to observations where the flow is not expected to be
influenced by wave-induced fluctuations. We believe
that we are meeting this constraint based on the fact
that the measurement heights for the R/P FLIP (12 m)
and R/V Iselin (11.5 m) are generally larger than the
reciprocal wavenumber of the dominant wind waves,

, observed during our respective cruises (i.e., in gen-21kw

eral, kwz . 1). Therefore, although we have reason to
believe that we are experiencing wave-induced effects
at our highest winds (see section 8), we believe that
most of our dataset is characteristic of a surface layer
where the turbulent fluxes dominate the total flux and
MO similarity theory is applicable.

b. Monin–Obukhov scaling

Monin–Obukhov similarity theory is covered in detail
in a number of texts, including Lumley and Panofsky
(1963) and Wyngaard (1973). For the purposes of this
paper we briefly describe the basis MO similarity theory
by first combining the four governing parameters to
form an additional velocity scale defined as

1/3zg
u 5 wu , (7)f y 01 2Q y

whose use is restricted to positive values of the heat
flux (i.e., convective conditions). The two velocity
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scales, u* and uf , are then used to define two temper-
ature and moisture scales,

wu wu0 0T 5 2 , T 5 2 , (8)f* u uf*

wq wq0 0q 5 2 , q 5 2 , (9)f* u uf*

and a length scale now known as the Monin–Obukhov
length,

3u uy *L 5 2 , (10)
gk wu0

where k is the von Kármán constant. The magnitude of
the MO length is determined by the relative strength of
the mechanical versus thermal forcing, while its sign is
determined by the sign of the buoyancy flux; that is, it
is negative in convective (unstable) conditions and pos-
itive in stratified (stable) conditions.

The various scales are not independent (Wyngaard
1973) as they can be combined to obtain

1/3u zf
5 2 (11)1 2u kL*

and
21/3T q zf f

5 5 2 (12)1 2T q kL* *

in convective conditions. Therefore, it is common prac-
tice to select u*, T*, and q* as the velocity, temperature,
and moisture scales for both stable and unstable flows.
The similarity hypothesis then states that various tur-
bulent statistics, when normalized by these scaling pa-
rameters, are a universal function of z/L. This hypothesis
has been validated by a number of studies in the at-
mospheric boundary layer over land. Notable examples
include the studies by Dyer and Hicks (1970), Wyngaard
and Coté (1971), Kaimal et al. (1972), Champagne et
al. (1977), and Dyer and Bradley (1982).

In light winds conditions with appreciable heat flux,
MO similarity theory requires that the surface stress
(i.e., u*) is no longer a relevant scaling parameter and
that the small-scale turbulence variables approach the
convective limits. In this limit the structure of the marine
atmospheric surface layer in the region between 2L ,
z , 0.1 zi should approach that of local free convection
and depend only on z, g/Q y , and wuy 0 (Tennekes 1970).
Under these conditions it is more appropriate to use the
convective scaling parameters denoted by the subscript
f. Additionally, above the surface layer (i.e., z . 0.1
zi), studies of the mixed layer have shown that many
turbulent processes scale with the height of the bound-
ary layer, zi. In this region, zi replaces z as the appro-
priate length scale and one uses the free-convective ve-
locity scale proposed by Deardorff (1970):

1/3z giw 5 wu . (13)y0* 1 2Q y

Overland studies involving this type are scaling analysis
have been reported by Wyngaard et al. (1978), Wyn-
gaard and LeMone (1980), and Højstrup (1982).

3. Field programs and data processing

In this paper we present analyses of data taken in two
recent experiments in the marine surface layer aboard
the R/P FLIP and the R/V Columbus Iselin. These two
experiments used similar instruments, data acquisition
systems, and processing techniques to estimate the tur-
bulent statistics. One experiment was an open ocean
location just outside the islands off Los Angeles, Cal-
ifornia; the other was in the vicinity of the Gulf Stream
edge off Cape Hatteras. Details about the instruments
and basic processing are provided in this section. The
overall quality of the covariance fluxes is illustrated by
comparison with bulk flux estimates.

The R/P FLIP was deployed off the west coast of
southern California for a 2-week period during the sec-
ond half of September 1993 as part of the San Clemente
Ocean Probing Experiment described in Kropfli and
Clifford (1994). The R/P FLIP was positioned off San
Clemente Island, California (338N, 1188W). Data were
obtained in the wind-speed range from 0.5 to 12 m s21,
with sea–air temperature differences from 08 to 48C. The
Environmental Technologies Laboratory’s ship flux
measurement system was used. This system is described
in detail by Fairall et al. (1997), so only a brief sketch
will be given here.

A sonic anemometer–thermometer is used to make
measurements of the stress and buoyancy flux, and a
fast-response infrared hygrometer is used with the sonic
anemometer to obtain the latent heat flux. A dual inertial
navigation system is used to correct for ship motions
(Edson et al. 1998). Fluxes were computed using co-
variance, inertial–dissipation, and bulk techniques. Sea
surface temperature is derived from bulk water mea-
surements at a depth of 5 cm with a floating thermistor
and the corrections for the cool skin effect described in
Fairall et al. (1996b). Mean air temperature and hu-
midity are derived from a conventional aspirated T/RH
sensor; the infrared hygrometer provided redundant in-
formation. The instruments were deployed at the end of
FLIP’s 20-m-long port boom. Editing for radio inter-
ference and fog contamination yielded 180 usable 50-
min averages.

The second dataset was taken aboard the R/V Co-
lumbus Iselin in June 1993 as part of the Office of Naval
Research’s (ONR) High Resolution Program. The ex-
periment was designed to investigate the cause of the
surface features seen in remotely sensed images of the
sea surface around the northern edge of the Gulf Stream.
Sea surface temperatures in this region ranged between
228 and 298C and often resulted in a change in the sign
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FIG. 1. A comparison of the friction velocities, u
*

, estimated using
the bulk aerodynamic vs direct covariance methods. The friction ve-
locity estimates for the R/P FLIP are computed from 50-min averages,
while the R/V Iselin estimates are taken from 30-min averages.

FIG. 2. A comparison of the latent heat fluxes estimated using the
bulk aerodynamic vs direct covariance methods. The averaging times
are as in Fig. 1.

of the stability as the ship crossed the Gulf Stream edge.
The advection of warm air over cooler water during a
portion of the experiment resulted in a number of mea-
surements made under stable conditions. As a result, the
combined datasets cover a stability range 28 , z/L ,
1, which allows us to investigate the scaling laws in the
limits of both local free convection and extremely stable
stratification.

Our estimates of the surface stress, and therefore u*,
are computed using the eddy correlation technique. Our
estimates of the dissipation rate of TKE are determined
from the sonic velocity spectra as described in the fol-
lowing section. Our estimates of the dissipation rate of
temperature and humidity variance are computed from
the sonic temperature and infrared hygrometer humidity
spectra, respectively. The Monin–Obukhov lengths were
determined using the buoyancy flux from the sonic an-
emometer and a von Kármán constant of 0.4.

The R/P FLIP and the R/V Iselin data were corrected
for contamination due to platform motion using strap-
down accelerometers and rate sensors as described in Ed-
son et al. (1998). The corrections on FLIP were much
smaller than on the Iselin, resulting in somewhat more
uncertainty in the Iselin measurements. Additionally, the
Iselin data exhibit more scatter near neutral stratification
because these conditions are usually the result of being
near the Gulf Stream edge where conditions are inho-
mogeneous. In fact, we have found that the removal of a
few data points where the sign of the heat flux does not
match the sign of the sea–air temperature greatly reduces
the scatter in our comparisons. Therefore, we have taken
this approach in the following analysis to remove data
collected during very inhomogeneous conditions.

We compare our direct covariance estimates of the
scaling parameters with bulk estimates calculated using
the TOGA COARE algorithm (Fairall et al. 1996a) in
Figs. 1–3. The present data are comparable to the
COARE results, with FLIP data being significantly bet-
ter for u*, where motion corrections and flow distortion
play a smaller role than in the ship-based measurements.
Thus, the greater scatter in the Iselin estimates is most
obvious in the u* comparison given in Fig. 1. In this
figure, the Iselin momentum flux estimates have been
reduced by 15% (a 7% reduction in u*) based on the
R/P FLIP versus ship comparison presented in Edson
et al. (1998), which accounts for the effect of flow dis-
tortion by the ship’s superstructure. Once we have ap-
plied this correction we obtain very good agreement
between the direct covariance and bulk momentum and
heat flux estimates over a wide range of conditions. This
is particularly true of the latent heat flux estimates
shown in Fig. 2, which has been a difficult variable to
measure directly (or even indirectly) over the open
ocean.

4. Inertial–dissipation and third-order structure
function estimates

a. Inertial–dissipation estimates

The dissipation rate of turbulent kinetic energy is one
of the most widely used variables in investigations of
both atmospheric and oceanic boundary layers. Direct
measurements of the dissipation rate are usually accom-
plished by taking the spatial or time derivative of hot-
wire anemometers signals. The use of hot wires is nec-
essary because the anemometers must be fast enough
to measure fluctuations with a spatial resolution that
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FIG. 3. A comparison of the sensible heat fluxes estimated using
the bulk aerodynamic vs direct covariance methods. The averaging
times are as in Fig. 1.

approaches the Kolmogorov microscale, h 5 (n3/e)1/4,
which is typically 1 mm in atmospheric flows.

Unfortunately, the use of hot-wire anemometry
over the ocean is severely limited by the contami-
nation and frequent destruction of the wires by sea
spray. As a result, dissipation rates in the atmospheric
marine surface layer are usually computed from one-
dimensional variance spectra measured with sonic an-
emometers. In the inertial subrange of isotropic tur-
bulence, the one-dimensional velocity variance spec-
trum F u can be expressed as a function of wavenum-
ber magnitude,

Fu(k) 5 aue2/3k25/3, (14)

where e is the dissipation of TKE into heat, k is the
wavenumber, and au is the one-dimensional Kolmo-
gorov constant. These spectra can be related to the fre-
quency spectra Su, commonly measured in the field us-
ing Taylor’s hypothesis (here, k 5 2pf /U) as

22/3f S ( f ) 2p fu 2/3kF (k) 5 5 a e , (15)u u 1 2T Uuu

where Tuu is a factor that corrects for inaccuracies in
using Taylor’s hypothesis to estimate the magnitude of
wavenumber spectra in the inertial subrange. We use
the form given by Wyngaard and Clifford (1977),

2 2 21 s 2 (s 1 s )u y wT 5 1 2 1 , (16)uu 2 29 (U) 3 (U)

where the standard deviations are computed from the
same time series that produced the spectral estimate
(Hill 1996). This correction reduces our spectral esti-
mates by an average of 2%. Therefore, (15) can be used

to find estimates of the dissipation rates from our lon-
gitudinal velocity spectra if we know the value of the
Kolmogorov constant. Estimate of this constant have
been determined from direct measurement of e using
hot-wire anemometry in several overland experiments.
A review of these measurements by Högström (1996)
suggested a value of 0.52.

b. Third-order structure function dissipation
estimates

Another method that can be use to measure e and
determine the Kolmogorov constants relies on the skew-
ness coefficient for the distribution of velocity differ-
ences as described by Kolmogorov (1941). The skew-
ness

B (r)uuuS 5 (17)
3/2[B (r)]uu

is computed using the ratio of the second- and third-
order velocity differences,

2B (r) 5 [U(x) 2 U(x 1 r)] , (18)uu

3B (r) 5 [U(x) 2 U(x 1 r)] , (19)uuu

where U(x) and U(x 1 r) are instantaneous longitudinal
velocity measurements separated by a distance, r, in the
direction of the longitudinal wind. In the inertial sub-
range these parameters are related to the structure func-
tion parameter and the dissipation rates by2C u

B (r)uu 2 2/35 C 5 4.0a e (20)u u2/3r

and

B (r) 4uuu 5 2 e. (21)
r 5

Based on these expressions, Kolmogorov (1941) hy-
pothesized that in the inertial subrange the skewness
should remain constant. Using this hypothesis and the
above equations, Kolmogorov obtained an expression
that can be used to compute the one-dimensional Kol-
mogorov constant as

2/31
a 5 2 . (22)u 1 210S

The skewness of the longitudinal velocity fluctuations
has been reported by a number of researchers (e.g., see
the review by van Atta and Chen 1970). In general,
these researchers have relied on hot-wire anemometry
to compute these statistics. A notable exception involves
the work of Paquin and Pond (1971), who produced
estimates of the Kolmogorov constants using sonic an-
emometer measurements by invoking Taylor’s hypoth-
esis; for example, r 5 UDt.

Paquin and Pond (1971) describe in some detail the
constraints that restrict the choice of the appropriate
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FIG. 4. Estimates of the Kolmogorov constant computed using (22)
as a function of the dimensionless length r/z. The lines in the figure
denotes a value of 0.53 (solid lines) 6 0.04 (broken lines).

spatial separations for determination of the Kolmogorov
constants. The two constraints required of all such mea-
surements are that r be much smaller than the scale of
the energy-containing eddies and much larger than the
Kolmogorov microscale in order to be in the inertial
subrange. The first constraint is generally met if we
confine our measurements to separation distances that
are smaller than our measurement heights, that is, r/z
, 1. The second constraint is never an issue because r
k h, even at our lowest recorded wind speed.

Additionally, the use of a sonic anemometer requires
r to be much larger than the size of the instrument. This
constraint, which arises because of the spatial averaging
associated with sonic anemometers (Kaimal et al. 1968;
Larsen et al. 1993), requires us to limit our analysis to
separation distances much larger than the distance be-
tween the sonic transducers, L. While the effect of spa-
tial averaging on Buuu(r) is negligible in the inertial sub-
range (Stewart 1963; Hill 1996), its effect on Buu(r) can
be substantial. Stewart (1963) and Hill (1996) have de-
rived expressions to account for the effect of spatial
averaging on second-order statistics. They have shown
that for r/L k 1,

2 2/31 L 9 L
2 2/3B (r) 5 C r 1 2 2uu u 1 2 1 2[ ]54 r 20 r

L
2 2/35 C r V , (23)u uu1 2r

such that the structure function requires an additional
correction,

2[U(t) 2 U(t 1 Dt)]
2C 5 . (24)u 2/3(U Dt) T V (L /r)uu uu

We note that Fu (k) forms a transform pair with Buu (r)
(Tatarskii 1971), which results in the relationship giv-
en by (20). However, this also means that Fu (k) re-
quires correction for spatial averaging. This correc-
tion is obtained from the Fourier transform of (23)
given by

21 5 p L 1
2 25/3F (k) 5 G sin C k 2 G 2u u1 2 1 2 1 2p 3 3 54p 3

2p
2 1/33 sin 2 C ku1 23

2 25/3 2ø 0.25C k [1 2 0.083(kL) ], (25)u

where the first term is responsible for the constant in
(20). The correction term hardly affects our inertial sub-
range estimates of e over the wavenumber range used
in our analyses, namely, kL , 1.

Finally, interpretation of our measurements is sim-
plified if we confine our investigations to look at the
correlation between signals with zero lags, that is, to
variances and covariances that are computed from cor-

relations between variables measured at the same instant
in time. The second constraint avoids the complications
that arise from spatial displacements caused by the plat-
form that cannot be handled by Taylor’s hypothesis (e.g.,
Lumley and Terray 1983). Nonetheless, it appears that
the FLIP data are usable to examine the lagged quan-
tities much better than the shipboard measurements ow-
ing to its small horizontal and vertical displacements.
Therefore, we confine our investigation of the skewness
to the FLIP dataset.

The average of all of the individual FLIP mea-
surements of (22) that met the constraints r/L . 10
and r/z , 1 gives a Kolmogorov constant of 0.57 6
0.10. Additionally, if we first compute the average
skewness using these same constraints and then use
the average skewness in (22), we obtain a value of
0.55. These values are in remarkably good agreement
with those determined by Paquin and Pond (1971),
who derived a value of 0.57 6 0.10 using individual
estimates of (22) and a value of 0.54 using the average
skewness.

The dependence of our estimates of the Kolmogorov
constant on the constraints given above can be examined
by averaging estimates of (22) in bins of r/L. These bin-
averaged estimates are shown in Fig. 4 along with the
equivalent values of r/z. It is interesting to note that
these estimates span the range of estimates reported in
the literature and approach a value of 0.50 at large values
of r/L. This suggests that the various constraints con-
sidered above are responsible for much of the experi-
mental uncertainty. We feel that we can reduce some of
the uncertainty in our estimate by using the bin-averaged
results. This approach gives more even weight to our
estimates over the entire range of r/L. The mean of bin-
averaged data between r/L . 10 and r/z , 1 gives a
Kolmogorov constant of 0.53 6 0.04. Therefore, we use
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0.53 in the analysis that follows and recognize that the
difference between this value and 0.57 (or 0.49) intro-
duces an uncertainty of approximately 10% in our es-
timates of the dissipation rate.

5. The TKE budget

The TKE budget equation for stationary and hori-
zontally homogeneous conditions in the surface layer
above the wave boundary layer is

]U ]V g 1 ]wp ]we
2uw 2 yw 1 wu 2 2 2 e 5 0,y]z ]z Q r ]z ]zy

(26)

where p denotes pressure fluctuations and e is the tur-
bulent kinetic energy defined as e 5 0.5 [u2 1 y 2 1
w2]. The first two terms on the left-hand side of (26)
represent the generation of mechanical turbulence
through shear, while the third term represents the pro-
duction (suppression) of turbulence through convection
(stratification). The final two terms neither produce nor
consume TKE; instead they act to redistribute TKE
within the atmospheric boundary layer through pressure
and energy transport.

According to MO similarity theory, the various terms
in the TKE budget are expected to be universal functions
of z/L after normalization by the appropriate scaling
parameters, kz/ ,3u*

ekz
5 f (z) 5 f (z) 2 z 2 f (z) 2 f (z), (27)e m tp te3u*

where z 5 z/L, f e is the dimensionless dissipation func-
tion, f tp and f te are the dimensionless transport terms,
and the dimensionless shear is defined as

1/22 2
kz ]U ]V

f (z) 5 1 . (28)m 1 2 1 2[ ]u ]z ]z*

Equation (28) is consistent with our definition of u* and
the following parameterizations for the momentum flux
components:

u kz ]U*2uw 5 (29)
f (z) ]zm

and

u kz ]V*2yw 5 . (30)
f (z) ]zm

These parameterizations are common applications of
MO similarity theory in first-order closure models. They
offer a good example of why we are limiting our analysis
to heights above the WBL, since we would not expect
these expressions to be valid in a region where the
waves, in addition to the stability, can effect the velocity
field and thereby modify the wind profiles.

In the sections that follow we determine the form of

the dimensionless functions in (27) using our combined
datasets. The wide range of stabilities present in this
dataset allows us to examine the limiting forms of these
functions in both the convective and stable limits. The
behavior of the various terms in the TKE budget in these
limits are predicted using the approach outlined by Wyn-
gaard (1973).

a. Dimensionless dissipation function

The function that describes the stability dependence
of the dimensionless rate of dissipation is a key ingre-
dient in the inertial–dissipation method of estimating
air–sea fluxes (Fairall and Larsen 1986). A number of
observation studies conducted over the sea (e.g., Large
and Pond 1981; Edson et al. 1991) have found that the
dissipation of TKE is very nearly in balance with its
production, which reduces (27) to

f e(z) ø f m(z) 2 z. (31)

It is easy to show that this form of the dimensionless
dissipation function is consistent with its predicted form
in local free convection. In this limit we expect the
dissipation rate to be proportional to /z. This predic-3uf

tion can be combined with (11) to find its form in the
local free-convective limit as

3uekz ekz f
f (z) 5 5 5 2az, z , 21, (32)e 3 3 3u u uf* *

where a is a constant of proportionality. Since shear
production and therefore f m become negligible in this
limit, (31) and (32) are identical if the constant of pro-
portionality is equal to one, which is the expected result
if production truly equals dissipation. The value of this
constant can be determined from our measurements by
setting f m(z) 2 f te(z) 2 f tp(z) 5 0 in (27), which
results in

21g
a 5 e wu . (33)y1 2Q y

The average value of this constant from all estimates of
a found for 2z . 1.5 is 0.99 6 0.28. Although the
scatter is fairly large, this implies that production bal-
ances dissipation in the local free-convective limit.

We now compare this result with our measurements
of f e(z) in Fig. 5. In this figure, the solid line is drawn
using (31), and the broken line is drawn using a 5 1
in (32). Since we are not able to compute an estimate
of the dimensionless shear with the present dataset, we
have opted for consistency and used a function that has
the correct form in the convective limit,

f m(z) 5 (1 2 15z)21/3, z , 0, (34)

as given by Carl et al. (1973) and more recently by
Frenzen and Vogel (1992). This function agrees very
well with the commonly used Businger–Dyer formu-
lation in forced convection.
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FIG. 5. Estimates of the dimensionless dissipation rate of TKE as a function of z/L. The left-hand panel displays
the raw data, while the right-hand panel shows the bin-averaged results. The error bars denote the standard error
(standard deviation divided by the number of points). The lines drawn in the figure are identified by the equation
numbers as given in the text.

FIG. 6. Functional forms of the dimensionless dissipation functions
that include two recently published parameterizations as well as our
own functions. The symbols denote bin-averaged results shown in
Fig. 5. The solid line drawn in the figure are identified by the equation
numbers as given in the text.

As one would expect, the measurements are in ex-
cellent agreement with (31) in very unstable condi-
tions since a ø 1. However, it is clear that this simple
parameterization is not accurate for slightly unstable
and near-neutral conditions where our data indicate
that production exceeds dissipation. This finding is
consistent with recent measurements reported by
Thiermann and Grassl (1992), Vogel and Frenzen

(1992), and Frenzen and Vogel (1992), who also
found that production exceeds dissipation in the
slightly unstable regime. Their dimensionless dissi-
pation functions are shown in Fig. 6.

The average value of f e(z ) for this dataset is equal
to 0.70 over the stability range 20.1 , z , 0. This
value is in good agreement with the results reported by
Garratt (1972), who obtained an average value of f e

5 0.78 for measurements within the range 20.1 , z
, 0 using a Kolmogorov constant of 0.50. This value
would be reduced to 0.71 using a Kolmogorov constant
of 0.53. This slightly unstable estimate is also in agree-
ment with the neutral values of dimensionless dissipa-
tion, f e(0), given by Frenzen and Vogel (1992) and
Vogel and Frenzen (1992) in two separate experiments.
Their neutral values ranged from 0.84 to 0.89.

b. Dimensionless transport terms

The balance between production and dissipation in
free-convective conditions implies that we are using the
correct value for the Kolmogorov constant. This as-
sumption further implies that the imbalance at near-neu-
tral conditions is due to the exclusion of the transport
terms in our simple parameterization. The direct deter-
mination of the energy transport terms in (26) requires
flux estimates at multiple levels that are not available
in our datasets. However, we can use the wide range of
stability in our datasets to our advantage by estimating
these terms using the derivative method described in
Wyngaard and Coté (1971) and Wilczak et al. (1995).
In this method the normalized fluxes are plotted as a
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FIG. 7. Estimates of the dimensionless energy flux as a function
of z/L. The symbols represent our bin-averaged results. The error bars
denote the standard error. The lines drawn in the figure are identified
by the equation numbers as given in the text.

function of z to determine the dimensionless energy flux
function,

we
f (z) 5 . (35)e 3u*

This flux should scale with in the convective limit,3uf

which leads to the prediction
3uwe we cf

5 5 2 , z , 21, (36)
3 3 3u u u kf* *

where c is another numerical constant. The derivative
of this function is then combined with the definition of
the dimensionless energy transport to obtain a prediction
for local free convection,

kz ]we ] we
f (z) 5 5 kz 5 2cz, z , 21,te 3 31 2u ]z ]z u* *

(37)

where we see that the constant is only modified by re-
moval of the von Kármán constant.

The dimensionless energy fluxes are plotted in Fig.
7. The broken line in this figure is drawn using the
Kansas results reported by Wyngaard and Coté (1971).
Wyngaard and Coté (1971) obtained a value of c ø 1.0
using a von Kármán constant of 0.35 such that c/k ø
2.9. Note that we have added an offset of 0.5 to this
line [i.e., (37) becomes 22.9z 1 0.5] and that our def-
inition of the kinetic energy is related to Wyngaard and
Coté’s as q 5 2e. Our near-neutral to moderately un-
stable results are also in good agreement with the data
reported by Garratt (1972), Banke and Smith (1973),
and Vogel and Frenzen (1992) over a similar stability
range.

To include the behavior of this flux over the entire
range of unstable conditions we introduce the function
given by

f e(z) 5 2(2z)1/3(1 2 z)2/3, z , 0, (38)

as shown by the solid line in Fig. 7. It provides a good
fit to the rapid rise exhibited by the data in near-neutral
conditions, as well as the tendency toward a smaller
slope as 2z increases while retaining the correct local
free-convective limit. This function is easily differen-
tiated to obtain the dimensionless energy transport func-
tion in unstable conditions as

k
4/3 21/3f (z) 5 [4(2z) (1 2 z) 1 f (z)], z , 0.te e3

(39)

The results from this study and previous investi-
gations show that the turbulent transport of TKE is a
nonnegligible term in the budget equation. Therefore,
the observed near-balance between production and
dissipation in the free-convective limit suggests that
the pressure transport term must be nearly equal in
magnitude but opposite in sign to the energy transport.
This is in agreement with the findings of McBean and
Elliot (1975). Under slightly unstable conditions our
results indicate that production significantly exceeds
dissipation. This suggests that the magnitude of the
TKE transport term (a loss of TKE) is greater than
the magnitude of the pressure transport term (a gain
of TKE).

Although we believe that the observed deficit is a
result of a local imbalance in the transport terms, we
recognize that the actual mechanisms responsible for
the imbalance are debatable. A recent investigation
by Edson et al. (1997) using measurements from the
1995 marine boundary layer (MBL) experiment
aboard the R/P FLIP indicate that this dissipation def-
icit is a strong function of sea state, implying that MO
similarity theory is not valid even well above the sur-
face under high-wind conditions (see section 8). How-
ever, although there is some evidence for this effect
under the highest wind conditions, the agreement be-
tween our data and recent overland results suggests
that the measurements are generally above the WBL.
Therefore, we believe that we are in a region of the
marine surface layer where MO similarity is a valid
hypothesis. As such, we recommend the following
dimensionless dissipation function for use in ship-
based inertial–dissipation systems:

(1 2 z)
f (z) 5 2 z, z , 0. (40)e (1 2 7z)

This function represents a slightly modified form of the
function given by Thiermann and Grassl (1992), which
retains their function’s simplicity while providing better
agreement with our data, as shown in Fig. 6.

c. Stable regime

As we move away from neutral conditions into the
stable regime, the buoyancy force begins to restrict the
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FIG. 8. The dimensionless TKE budget terms proposed in this paper.
The buoyant production terms is simply z/L, the shear production is
given by (34) and (41); the turbulent transport by (39); and the dis-
sipation by (40) and (42). The pressure transport is the residual of
these functions.

production TKE through shear by limiting the size of
the energy-containing eddies (i.e., their velocity fluc-
tuations). This is a result of the restoring forces that
limits the displacement of the parcels from their equi-
librium position. In extremely stable conditions, the size
of the eddies are completely limited by the stability
(Wyngaard 1973) and they become ‘‘unaware’’ of their
distance from the surface. The scaling becomes height-
independent under these conditions and the MO length
becomes the only length scale. As a result, we often
refer to such conditions as z-less stratification. This also
means that u* is the only velocity scale because we
cannot form another from the three remaining governing
parameters.

Under these conditions the variance terms in the
TKE budget should go asymptotically as z (Wyngaard
1973). Our dimensionless energy flux analysis and the
Kansas results indicate that the transport terms are
truly negligible in stable conditions such that (31) is
an appropriate form of the dimensionless dissipation
function. Additionally, the limiting form of the di-
mensionless shear in very stable conditions suggest
that it should go as

f m(z) 5 1 1 ez, z . 0. (41)

This results in a form of the dimensionless dissipation
function given by

Fe(z) 5 1 1 (e 2 1)z, z . 0, (42)

where a value of e 5 6 gives good agreement between
our data, as shown in Fig. 6. The form of all of the
proposed functions in the TKE budget equation is sum-
marized in Fig. 8, where the pressure transport is derived
by subtracting (39), (40), and z from (34). These func-

tions are in good agreement with the consensus func-
tions presented by Wyngaard (1992).

6. The scalar variance budgets

The scalar equivalents of the TKE budget equation
are the potential temperature and specific humidity vari-
ance budgets. In homogeneous and steady-state condi-
tions, these budgets are as follows:

2]Q 1 ]wu
wu 2 2 N 5 0, (43)u]z 2 ]z

2]Q 1 ]wq
wq 2 2 N 5 0, (44)q]z 2 ]z

where the first terms represents the production of SV,
the flux divergence terms again act to redistribute the
variance, and Nu and Nq are one-half the dissipation rate
of potential temperature variance and specific humidity
variance, respectively. These terms are made dimen-
sionless by dividing these terms by kz/u* where x 52x*

u, q. Rearrangement of the dimensionless expressions
results in the SV dissipation functions

N kzuf (z) 5 5 f (z) 2 f (z) (45)N h tuu 2u T* *

and

n kzq
f (z) 5 5 f (z) 2 f (z). (46)N w tqq 2u q* *

The dissipation, production, and transport terms in each
of these equations are expected to go as z21/3 in the local
free-convective limit (Wyngaard 1973).

The SV dissipation rates are computed using our es-
timates of the SV spectra in the inertial subrange. In
this subrange, the Kolmogorov variance spectrum for
temperature and humidity is

22/3fS ( f ) 2p fx 21/3kF (k) 5 5 a e N , (47)x x x1 2T Uxx

where ax is the Obukhov–Corrsin constant and

2 2 21 s 1 (s 1 s )u y wT 5 1 2 1 , (48)xx 2 29 (U) 3 (U)

as given by Wyngaard and Clifford (1977). The inves-
tigations provided by Hill (1989a,b) and Andreas (1987)
have shown that the temperature and humidity functions
are equal and must share the same value of the Obu-
khov–Corrsin constant within the constraints of MO
similarity theory. In this investigation we have used
value of ax 5 0.80 reported by Wyngaard and Coté
(1971), Paquin and Pond (1971), Champagne et al.
(1977), and Högström (1996).

Our plots of the dimensionless scalar dissipation func-
tions are shown in Fig. 9. The dotted line drawn in the
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FIG. 9. Estimates of one-half the dimensionless dissipation rate of temperature variance, Nu, and specific humidity
variance, Nq, as a function of z/L. The left-hand panel displays the raw data, while the right-hand panel shows the
the bin-averaged results. The error bars denote the standard error. The dotted line represents the Businger–Dyer
formulation of the dimensionless scalar gradient function given by (49). The other lines drawn in the figure are
identified by the equation numbers as given in the text.

FIG. 10. Estimates of the dimensionless temperature variance flux,
wu2 , and specific humidity variance flux, wq2 , as a function of z/L.
The symbols denote our bin-averaged results. The error bars denote
the standard error. The lines drawn in the figure are identified by the
equation numbers as given in the text.

figure represents the Businger–Dyer formulation for the
dimensionless scalar profiles,

f y(z) 5 (1 2 16z)21/2, z , 0, (49)

where y 5 h, w. Although the exponent used in this
function does not agree with our prediction in the
convective limit, a number of field experiments (Bus-
inger et al. 1971; Dyer 1974; Dyer and Bradley 1982)
have shown that it provides a better fit to the data in
near-neutral conditions than a function with a (2z)21/3

dependency. Our data also exhibit good agreement
with this function in near-neutral conditions. How-

ever, the agreement between our averaged data and
the Businger–Dyer formulation clearly worsens as the
conditions become more convective. This suggests
that the transport terms are no longer negligible in
convective conditions.

We can infer something about the dimensionless form
of the transport terms by using our SV flux estimates
with the derivative approach explained above. In the
local free convective limit we have

22 2 u xwx wx f f
21/3f (z) 5 5 5 B(2z) , z , 21,x 2 2 2u x u x u xf f* * * *

(50)

where the numerical constant includes the von Kármán
constant as B 5 bk1/3. The plot of this function is shown
in Fig. 10, where the broken line in this figure is our
convective limit prediction. The constant that gives the
best agreement between our data and the prediction is
given by B 5 1. The averaged data in this figure follow
the free-convective prediction to about 2z 5 0.5 and
then abruptly returns to the origin. This behavior is con-
sistent with the results reported by Wyngaard and Coté
(1971). We can parameterize this behavior with a fairly
simple function shown by the solid line in this figure,
which is given by

f x(z) 5 218z(1 2 8z)24/3, z , 0. (51)

This function provides good agreement with the data in
unstable conditions and has the proper form in the free-
convective limit. The function is easily differentiated to
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FIG. 11. The dimensionless scalar variance budget terms proposed
in this paper. The turbulent transport is given by (52) and the dis-
sipation by (53). The production term is the sum of these two func-
tions. The broken line is the Businger–Dyer formulation for the pro-
duction term.

obtain a form of the dimensionless transport function
given by

k
2 27/3f (z) 5 2 [(24z) (1 2 8z) 2 3f (z)], z , 0.tx x6

(52)

The behavior of this transport term is consistent with
the observations of Deardorff (1966) and Wyngaard and
Coté (1971). It represents a loss of SV in near-neutral
conditions and a slight gain in very unstable conditions,
as shown in Fig. 11.

The dimensionless dissipation function can then be
parameterized by inserting (49) and (52) in (45) and
(46). The sum of these two functions agrees very well
with our averaged data, as shown by the broken line
in Fig. 9. Unfortunately, besides being rather cum-
bersome, this function does not strictly have the prop-
er convective form. However, we can use the good
agreement between the Businger–Dyer formulation
and our near-neutral data to determine an estimate of
the dimensionless SV dissipation function that has the
correct convective limit form and is in good agree-
ment with the measurements over the entire range of
data. This function is represented by the solid line in
Fig. 9 and is given by

1/6 21/2f (z) 5 (1 2 z) (1 2 16z) , z , 0.Nx
(53)

The production curve in Fig. 11 represents the sum of
(52) and (53).

Finally, our results have shown no clear trend in the
dimensionless SV fluxes under stable conditions. This
suggests that the derivative of this function (and there-
fore the turbulent transport) is negligible under these
conditions, such that production equals dissipation. Al-

though we have a limited amount of data in stable con-
ditions, we obtain good agreement using the same con-
stant that we have used for the dimensionless shear such
that

f (z) 5 f (z) 5 1 1 6z, z . 0.N hx
(54)

This is consistent with the findings that the dimension-
less shear and profile functions are identical under stable
conditions (e.g., Panofsky and Dutton 1984).

7. The structure functions

The method used above to compute the dissipation
rates of temperature and humidity variance requires us
to combine TKE dissipation rates (computed from our
velocity spectra) with our scalar spectra. This approach
can become problematic when the instruments used to
measure the velocity and scalar quantities are not col-
located. Additionally, because we used inertial subrange
techniques to determine the dissipation rates, our results
on the TKE and SV budgets depend on the choice of
Kolmogorov constants.

An approach that can be used to avoid these problems
is to use the structure function parameter to investigate
some of the characteristics of the turbulence. The di-
mensionless structure function parameters are known to
obey MO similarity theory (Wyngaard et al. 1971b;
Wyngaard et al. 1978; Friehe et al. 1975; Fairall et al.
1980; Edson et al. 1991). In fact, the relationship be-
tween the structure function parameters and the dissi-
pation rates given by

5 4.0axe21/3Nx
2C x (55)

results in a form of the dimensionless structure function
parameter given as

2 2/3C zx 22/3 21/35 f (z) 5 4.0a k f (z)f (z) , (56)x x N ex2x*

where x is now equal to u, u, and q. Using the Kol-
mogorov and von Kármán constants used in this inves-
tigation and (40) and (42) for the dimensionless dissi-
pation function, the dimensionless velocity structure
function parameter becomes

2/3
(1 2 z)

f (z) 5 3.9 2 z , z , 0 (57)u [ ](1 2 7z)

and
2/3f (z) 5 3.9(1 1 5z) , z $ 0. (58)u

The agreement between this function and our data is
very similar to that shown in Fig. 6.

Our dimensionless scalar structure function parameter
estimates are shown in Fig. 12. In this figure, the solid
line is drawn using (56) with Eqs. (53) and (54) for

) and (40) and (42) for f e(z). Alternatively, thef (zNx

limiting forms of the dimensionless dissipation func-
tions predict that this function should be proportional
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FIG. 12. Estimates of the dimensionless structure function parameter for temperature, , and specific humidity,2C u

, as a function of z/L. The left-hand panel displays the raw data, while the right-hand panel shows the the bin-2C q

averaged results. The error bars denote the standard error. The lines drawn in the figure are identified by the equation
numbers as given in the text.

FIG. 13. The percent difference between the production and dis-
sipation of TKE (solid line) and scalar variance (broken line) as a
function of z/L. Positive values are a result of production exceeding
dissipation, while negative values are a result of dissipation exceeding
production.

to 2z22/3 in the convective limit. Therefore, another
common approach is to use the limiting forms to sim-
plify (56) to read

f u,q(z) 5 E(1 2 Fz)22/3, z , 0 (59)

in convective conditions, where E and F are another set
of numerical constants. The neutral value of the di-
mensionless structure function parameter that agrees

with both our data and our choice of the Kolmogorov
and von Kármán constants is E 5 5.9, while a value of
F 5 8 provides a good fit to our data, as shown by the
broken line in Fig. 12. Our results are in close agreement
with the original Kansas data (Wyngaard et al. 1971b).
The closeness of these two experimental results taken
more than 25 years apart with different instruments over
both land and ocean is a tribute to the universality of
MO similarity theory.

8. Discussion

Although there is some uncertainty depending on the
particular form of the dimensionless shear term, our
study found that the TKE budget is well described by
a balance between production and dissipation except for
slightly unstable conditions where production exceeds
dissipation by as much as 17% (see Fig. 13). We have
argued that this is due to a local imbalance between the
pressure and energy transport. Additionally, we have
argued that the good agreement between our results and
the overland results of Vogel and Frenzen (1992) and
Frenzen and Vogel (1992) suggest that our measure-
ments are generally taken above the WBL.

However, because the mechanisms responsible for
this imbalance are still under active investigation, we
recognize that part of the imbalance observed in our
measurements, particularly under high wind conditions,
may be due to mechanisms that do not obey MO sim-
ilarity theory. For example, there have been a number
of studies (e.g., Högström 1990; Wilczak et al. 1995)
that have found that TKE dissipation exceeds production
in near-neutral conditions. Högström (1990) concluded
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that the excess of local dissipation over local production
was a result of inactive turbulence (Bradshaw 1967).
He argued that inactive turbulence is imported to the
surface layer from the upper boundary layer through
pressure transport. This extra energy is then dissipated
in the surface layer, thereby creating an excess of local
dissipation.

In the marine surface layer there is another plausible
explanation to explain the findings of this paper, that is,
that production exceeds dissipation. Over developing
surface waves, part of the energy flux entering the sur-
face layer is not dissipated into thermal energy but rather
is transported to the surface to generate and sustain
waves and currents. This energy flux is expected to re-
sult in a ‘‘dissipation deficit’’ in the volume-averaged
dissipation rate that would result in local production
exceeding dissipation. It should be noted that such a
situation is not limited to the ocean; for example, a
similar situation might exist over a forest canopy.

Over the ocean this deficit is expected to be a function
of sea state and, as such, is not expected to obey tra-
ditional MO similarity theory. As mentioned above, pre-
liminary results from ONR’s MBL program presented
by Edson et al. (1997) provides evidence for this sea
state–dependent dissipation deficit. This mechanism is
also consistent with the findings of Yelland and Taylor
(1996), who derived an imbalance term that was a func-
tion of both stability and wind speed. Yelland and Taylor
(1996) found that local production generally exceeded
dissipation and that the imbalance increased with in-
creasing wind speed.

The good agreement between our derived energy
transport term and previous parameterizations sug-
gests that some fraction of our observed dissipation
deficit may be due to an additional pressure transport
term that is sea state dependent. This proposition
seems reasonable since the pressure flux evaluated at
the surface, wp 0 , represents the energy flux into the
waves. It might also explain differences between re-
sults taken from the open ocean (e.g., Yelland and
Taylor 1996) versus coastal studies (e.g., Edson et al.
1991; Wilczak et al. 1997) due to differences in sea
state at a given wind speed. For example, we expect
the coastal wave field to saturate at some point due
to the influence of the bottom. This would result in
less energy going into the wave field as well as a
rougher surface compared to the open ocean for a
given wind speed. It could also explain differences
between results taken from ship-based versus buoy
systems due to their relative proximity to the surface.

We are now investigating these and other hypotheses
using the data taken during the MBL program (e.g.,
Miller et al. 1997). This program is providing extensive
measurements of the coupled boundary layers and wave
field that allow us to compute all the terms in the KE
budget. This is providing investigators with information
about the sea state and has allowed us to isolate the
wave-induced pressure and velocity fluctuations in the

wave boundary layer (Wetzel 1996; Hare et al. 1997;
Hristov et al. 1997). The main objective of this program
is to improve the parameterizations provided here and
to provide us with a means to extend similarity theory
into the WBL.

9. Conclusions

In this paper we have examined several aspects of
MO similarity theory in the surface layer over the ocean,
including the various terms of the TKE budget and the
SV budget equations, the Kolmogorov constant, and the
dimensionless structure function parameters. These
functions all have the appropriate behavior in the con-
vective limit. In estimating these functions we opted for
simple parameterizations, which seemed more appro-
priate because we were inferring a number of these
terms through the derivative approach.

The form of the various terms in the TKE budget
presented in this study closely resembled those derived
from several recent overland experiments. Likewise, the
form of the dimensionless SV dissipation functions and
structure function parameters are in close agreement
with the Kansas formulations given by Wyngaard and
Coté (1971) and Wyngaard et al. (1971b). Although our
measurements may be slightly influenced by wave-in-
duced effects under high wind conditions, the good
agreement between our results and previously published
functions implies that MO similarity theory is valid in
the marine surface layer above the WBL.

Our results agree with the theoretical requirement that
the same functions be used for temperature and humid-
ity. The parameterization for the SV transport terms
were obtained using our measurements of the SV flux
with the derivative approach. Our results have shown
that transport terms are a slight loss of SV in near-neutral
conditions and a source of SV in convective conditions,
which again agrees with the Kansas observations. Our
results indicate that the production of SV exceeds its
dissipation by 9% in near-neutral conditions and that
dissipation exceeds production by up to 13% in con-
vective conditions as shown in Fig. 13.

In their review of the inertial–dissipation method,
Fairall and Larsen (1986) noted uncertainties in the di-
mensionless function, the TKE, and variance budget bal-
ances, and doubts about the similarity of the temperature
and moisture functions. These new results show that
temperature and moisture are similar, to the accuracy of
our measurements, and the uncertainties have been sig-
nificantly reduced. The dimensionless structure function
parameters and dissipation functions presented here are
essentially complete and can be used for up-to-date ap-
plications in the inertial–dissipation flux estimation
method as long as the measurements are taken above
the WBL. The dimensionless structure function param-
eters given by (57) through (59) can be used in these
algorithms without assumptions about the Kolmogorov
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constants, the dimensionless gradients, or the transport
functions.
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