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[1] The inertial dissipation method (IDM) is commonly used to measure turbulent fluxes
over the ocean. It has the advantage over more direct methods in that it depends on the
turbulent fluctuations only in the high frequencies of the so-called inertial subrange. These
frequencies are above those of typical ship motions and are considered to be relatively
unaffected by flow distortion. However, a drawback in applying the method is that the
problem is underdetermined: estimation of the fluxes requires knowledge of the Obukhov
length L, which is itself a function of the fluxes. The problem is typically solved by
iteration, using an initial L estimated from bulk formulae. This introduces a possible
dependency on the initial bulk estimate along with problems of convergence. Recently,
several authors have proposed improvements to the basic algorithm. For instance, Dupuis
et al. [1997] proposed a parameterization of the ‘‘imbalance term’’ in the budget of
turbulent kinetic energy (TKE). We explore an alternative approach to the problem. In
order to constrain the equations resulting from the IDM we use the vertical velocity
variance, sw, measured from the research vessel L’Atalante and an ASIS buoy, both
deployed during the 1998 FETCH experiment. These data are compared to several
parameterizations of sw on stability derived in experiments. For unstable cases, the data
are found to be well described by the Panofsky and Dutton [1984] parameterization,
although the scatter of the data is higher for swell conditions than for pure wind sea,
indicating a likely sea state effect. Using measured values of sw along with this
parameterization, the inertial dissipation problem is fully specified. The convergence of
the method is satisfactory, and it offers u* estimates independent of bulk
formulae. INDEX TERMS: 4504 Oceanography: Physical: Air/sea interactions (0312); 0312 Atmospheric

Composition and Structure: Air/sea constituent fluxes (3339, 4504); 3339 Meteorology and Atmospheric

Dynamics: Ocean/atmosphere interactions (0312, 4504); KEYWORDS: turbulent fluxes, inertial dissipation

method, air-sea interaction
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1. Introduction

[2] During the 1998 FETCH experiment in the Mediter-
ranean Sea [Hauser et al., 2000, 2003], air-sea fluxes were
measured from the R/V L’Atalante, a large research vessel
owned by IFREMER and from an ASIS spar buoy [Graber
et al., 2000]. Flux estimates were made using both the Eddy
Correlation Method (ECM) and the Inertial Dissipation
Method (IDM). The ECM provides direct measurements

of the fluxes, but its application at sea is difficult due to the
contamination of the velocity signals by platform motion.
During FETCH, these platform motions were measured and
used to correct the measured wind velocity components to a
stationary reference frame, following Anctil et al. [1994].
[3] Even with these corrections, there remain questions

about the accuracy of ECM fluxes from large ships. Edson et
al. [1991] and R. Pedreros et al. (The eddy correlation
method on large structure ships, submitted to Journal of
Geophysical Research, 2002) (hereinafter referred to as
Pedreros et al., submitted manuscript, 2002) showed that
the ECM covariances for momentum flux are significantly
affected by the turbulent air flow distortion around the hull
and superstructure of large ships; scalar fluxes are less
affected. Since the IDM appears to be unaffected by turbu-
lent flow distortion, it remains an attractive method for use
onboard large vessels. We note here that distortion of the
mean flow around the ship’s hull and superstructure must be
accounted for with either method [Dupuis et al., 2003].
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[4] However, it is well known that the IDM involves
solving an underdetermined system. In the case of momen-
tum flux, a single equation, the turbulent kinetic energy
(TKE) budget, must be solved for two unknowns: the
friction velocity u*, and the Obukhov length L. A summary
of the IDM method is given below. Detailed descriptions are
provided by Yelland et al. [1994], Yelland and Taylor
[1996], Edson et al. [1991] and Dupuis et al. [1995,
1997]. To avoid this problem, IDM algorithms use an
iterative approach, using an estimate of L as a ‘‘first guess’’.
This initial estimate is typically derived from bulk relations
or using the bulk Richardson number [Launiainen, 1995;
Grachev and Fairall, 1997; De Bruyn et al., 2000]. The
latter approach has been found to improve convergence but
there remains the problem that for a significant number of
cases the method does not converge. Also, the solution can
be dependent on the initial estimate.
[5] Here we take a different approach to solving the IDM

problem. As eddy correlation fluxes require the measure-
ment of the vertical velocity fluctuations, a by-product of
the method is the vertical velocity variance, sw. The vertical
velocity variance has been intensively studied in the con-
tinental boundary layer. See, for example, Merry and
Panofsky [1974], Panofsky [1972], Panofsky et al. [1977],
Wyngaard et al. [1971, 1974], and Högström [1990] for the
surface layer and Weill et al. [1980] for the boundary layer.
Upon the sea, the behavior of sw has been investigated by
Smith and Anderson [1984], Smedman et al. [1999], and
Rutgersson et al. [2001]. The main results are that: the
standard deviation of vertical velocity fluctuations can be
parameterized in the form sw/u* = f(z/L), where z is the
height of the measurement; and that for very unstable
stratifications, sw can be expressed as a function of the
virtual heat flux alone, with no dependence on the friction
velocity, u*.
[6] It is proposed here to use the measured sw in order to

constrain the IDM system. Essentially we combine the
normalized TKE budget and the sw parameterization to
yield a system of two equations, which can then be solved
for the two unknowns, u* and z/L.
[7] This paper is organized as follows: in the next section,

a brief description of the FETCH experiment is presented
and methods to derive the vertical velocity from two plat-
forms are summarized. Then, sw and its dependence on z/L
are analyzed, and several parameterizations are tested. In the
next section, we present a modification to the IDM which
uses a combination of the turbulent kinetic energy budget
and sw parameterization, to be solved for the two unknowns
z/L and u*. Only unstable cases are considered due to the
uncertainty in the parameterization for the stable cases. The
conclusion emphasizes the advantages and limitations of
the proposed method.

2. Wind Velocity Estimates During FETCH

[8] We present here a brief description of the FETCH
experiment. For details, see Hauser et al. [2003]. The
FETCH (Flux, Etat de mer et Télédétection en Condition
de fetcH variable) experiment took place in March–April
1998 in the Gulf of Lions of the Mediterranean Sea. The
campaign’s objectives revolve around the study of the
exchanges at the air-sea interface, oceanic circulation and

the improvement in the use of remote sensing to estimate
wind, waves and fluxes at the air-sea interface. The princi-
pal objectives regarding the turbulent fluxes are related to
improving flux parameterizations used in both atmospheric
and circulation models. For instance, the dependence of the
turbulent fluxes on the wind and the state of wave develop-
ment remains poorly known.
[9] Measurements of fluxes and vertical velocity fluctua-

tions are performed both on the 85m research vessel,
L’Atalante, and on an ASIS (air-sea interaction spar) buoy
moored 60 km from the coast. See Dupuis et al. [2003] and
Drennan et al. [2003] for detailed descriptions of the
respective platforms, their instrumentation, and the compu-
tation methodology used on each. In each case, measure-
ments are based on the direct eddy correlation method,
where the momentum flux vector t is given by the follow-
ing expression:

~t ¼ �r u0w0iþ v0w0j
� �

; ð1Þ

where r is the air density, and u0, v0, and w0 are the detrended
turbulent components (horizontal downwind, horizontal
cross-wind and vertical, respectively) of the wind velocity.
The overbar represents a time average of order 30 minutes.
[10] On the R/V L’Atalante, the wind vector was meas-

ured using an ultrasonic Gill R3HS anemometer, mounted
on the top of a mast on the foredeck, at a height of 17.8 m
above mean sea level. On a large vessel such as L’Atalante,
two corrections must be performed on the measured veloc-
ities: one to compute the velocities in a stationary, ground-
based reference system, accounting for the motion of the
ship (and anemometer), and a second one to account for
flow distortion. A motion package, measuring the three
angles of rotation (pitch, roll and yaw), along with vertical
acceleration (heave), was located about 1 m below the
anemometer. The motion correction procedure, described
in detail by Pedreros et al. (submitted manuscript, 2002),
essentially follows that of Anctil et al. [1994].
[11] Once the velocities have been calculated in the fixed

reference frame (ground based velocity), one needs to
estimate the effects of airflow distortion around the ship.
Airflow distortion effects can be separated into mean flow
and turbulent flow components. The distortion of the turbu-
lent components is difficult to model. It is generally consid-
ered to be negligible at the small scales used for the IDM
[Oost et al., 1994], but may significantly affect those
relevant for the ECM (Pedreros et al.,submitted manuscript,
2002). Based on the numerical simulations of Nacass
[2001], the primary effect of mean flow distortion is the
tilting of the streamlines to follow the ship superstructure.
The mean streamline tilt angles estimated from the model are
consistent with those determined from the data. The tilting
affects the horizontal mean wind speed, as well as the
effective measurement height, which are corrected as
explained in Dupuis et al. [2003]. The mean flow distortion
is found to vary with anemometer position, and wind
direction with respect to the bow. For example, for bow-on
flow, the wind speed at the anemometer position is found to
be decelerated by 6% and the flow to be vertically elevated
by 1.21m. Also evident from the modeling is that flow
distortion increases significantly as the angle of the wind
with respect to the ship increases beyond 30 degrees from the
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bow. Thus in the following, data from R/V L’Atalante are
restricted to angles ranging from �30 to 30 degrees.
[12] On the ASIS buoy, the wind velocity vector is

measured using a Gill 1012R2A sonic anemometer, mounted
on a mast at 7m above mean sea level. The motion of ASIS is
measured using a complete motion package, and these
motion signals are used to correct the wind vector to a fixed
reference frame using an algorithm based on Anctil et al.
[1994]. See Drennan et al. [2003] for further details regard-
ing the ASIS deployment during FETCH.

3. A Modified Inertial Dissipation Method

3.1. TKE Budget

[13] We present here a brief summary of the theoretical
background of the IDM. See Edson et al. [1991], Fairall et
al. [1996], Yelland et al. [1994], or Dupuis et al. [1995,
1997] for further details. Based on the Kolmogorov hypoth-
esis, the power spectral density Suu(n) of the downstream
wind component u can, in the inertial subrange, be related to
the TKE dissipation rate, e, via the wave number n:

Suu nð Þ ¼ ke2=3n�5=3; ð2Þ

where k is the one dimensional Kolmogorov constant, here
assumed to be 0.55. This relationship assumes that the
turbulence is isotropic, which may not be justified over the
ocean or at least should be verified.
[14] Using Taylor’s hypothesis (frozen turbulence), (2)

becomes

Suu fð Þ ¼ ke2=3f �5=3 urel

2
p

� �2=3
; ð3Þ

where urel is the mean wind speed measured by the
anemometer and f is the measurement frequency. Hence, the
dissipation rate can be obtained by calculating the mean
value of Suu( f ) � f 5/3 over an appropriate frequency range.
[15] The wind stress is derived from the dissipation rate

using the TKE budget [Busch, 1972], which, for steady state
horizontally homogeneous turbulence, can be written as

M þ Bþ Dt þ Dp ¼ e; ð4Þ

where M is the mechanical production of momentum by the
wind shear, B the buoyant production, Dt the transport term
corresponding to a vertical divergence of TKE transport,
and Dp the vertical divergence of pressure ( p) transport.
[16] More explicitly:

M ¼ �u0w0 @U

@z
;

B ¼ gq0vw0

�v

;

Dt ¼
@w0e0

@z
;

Dp ¼ � 1=rð Þ @p
0w0

@z
;

where e = TKE and qv is virtual temperature.
[17] Following Monin-Obukhov (MO) similarity theory,

(4) can be made dimensionless through multiplication by

the surface layer scaling parameter, kz
u3
*
, where k = 0.4 is the

von Kármán constant. The resulting expression is:

jm � z

L
� jt þ jp ¼ e

kz
u3
*

¼ je; ð5Þ

where each of the dimensionless profile functions, the j’s,
are expected to be universal functions of z/L. The indices m,
t, p stand respectively for momentum, transport and pres-
sure. Equation (5) defines the dimensionless dissipation
function je. If the terms on the left hand side are known,
the friction velocity can be calculated from an estimate of
the dissipation rate, such as that given by (3).
[18] Unfortunately, the exact forms of the j’s are not well

known [Fairall and Larsen, 1986]. Such profile measure-
ments over the sea are rare, or in the case of jp nonexistent.
As a result, previous authors have made various assumptions
as to their magnitude for turbulence over the sea. Dardier et
al. [1999] present a detailed review of the expressions found
in the literature. In that report, one can find values for the
Kolmogorov and von Kármán constants, the stability func-
tions, and the imbalance term (jimb = jt � jp).
[19] An exact calculation of the Obukhov length L,

L ¼ �T0u
3

*= gk w0q0 þ 0:61T0w0q0
� �� �

; ð6Þ

requires estimates of the momentum, sensible heat and
moisture fluxes. In (6), To and q0 represent the mean and
turbulent components of potential temperature, and q0 the
turbulent component of specific humidity. Since measure-
ments of the heat and moisture fluxes are not usually
available, bulk estimates are used in their place. Bulk values
of L are computed from mean surface parameters (mean
wind speed, air temperature and humidity, along with the
mean sea surface temperature), and empirical bulk coeffi-
cients. Here the bulk heat transfer coefficients of Large and
Pond [1982] and the drag coefficient of Smith [1980] are
used as a first guess but many other bulk estimates have
been proposed; see Fairall et al. [1996], Zeng et al. [1998].
Since both L and u* are unknown, (5) is underdetermined. It
is therefore common to solve (5) iteratively. In many cases,
however, there is no convergent solution, resulting in the
loss of data (up to 50% in some studies).
[20] In many applications of the IDM, the pressure and

flux divergence terms in equation (5) are neglected, since
early observations have shown the two terms to be roughly
in balance [Large and Pond, 1981]. In analyzing their IDM
results, Dupuis et al. [1997] noted a stability dependence of
the ‘‘neutral’’ drag coefficients. In order to remove this
dependence, Dupuis et al. [1997] parameterized the imbal-
ance term, jimb, as a function of z/L (jimb = �0.5z/L).
Although this imbalance term was found to significantly
improve the convergence of the IDM iterations, other
suggestions to solve the convergence and interpretation of
the imbalance term have been proposed in the literature
[Taylor and Yelland, 2000]. It has also been suggested that
the imbalance term is associated with sea state effects, and
not stability [Edson and Fairall, 1998].

3.2. The Sw Parameterizations

[21] Our approach here to solving the underdetermined
IDM problem is different. We seek a parameterization of
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sw/u* as a function of z/L - i.e. in the same form as terms
in the dimensionless TKE budget, equation 5. Several
parameterizations of sw have been proposed in the liter-
ature for surface layers over land. Based on the asymptotic
limit of z/L ! �1 (shear-free, convective conditions,
when the dependence of sw on u* must disappear), most
parameterizations present a similar (�z/L)1/3 asymptotic
behavior for large �z/L values [e.g., Merry and Panofsky,
1974; Panofsky et al., 1977; Kaimal and Finningan, 1994;
Högström, 1990].
[22] We restrict our attention here to unstable cases, since

scatter in both the data and parameterizations for stable
cases remains very large. We choose to use and to discuss at
first the parameterization of Panofsky and Dutton [1984],

sw=u* ¼ 1:25 1� 3z=Lð Þ1=3¼ jw z=Lð Þ; ð7Þ

since it has been extensively used in the literature. Also it
has been found to compare well with mixed layer
parameterizations [see Weill et al., 1980]. We note here
that earlier versions of (7) [e.g., Merry and Panofsky, 1974;
Panofsky et al., 1977] used a factor of 1.3 instead of 1.25.
[23] As (7) has yet to be validated over the ocean, we

compare the predicted sw/u* with data obtained from the
ASIS buoy. ASIS is taken as the reference platform here,
because flow distortion is minimal, and direct friction
velocity measurements via ECM are available. Figure 1
shows the ASIS data plotted along with several parameter-

izations: (7), along with those of Panofsky et al. [1977],
Högström [1990], and Rutgersson et al. [2001] (Figure 1a).
The crosses, showing 2 standard errors in sw/u* and z/L,
represent the ASIS data averaged in bins of z/L in order to
reduce the scatter. On Figure 1b, the same data are plotted in
semilogarithmic axes, in order to emphasize the behavior
near neutral stability (z/L ! 0�). Here we use solid circles
to indicate pure wind sea cases, which are identified using
directional wave spectra and the wave age criterion of
Donelan et al. [1985], see Drennan et al. [2003] for details.
Open circles identify cases where swell is present. It is
evident that the wind sea data are much less scattered than
the swell data, and also the neutral limit of sw/u* for the
wind sea data is somewhat lower than the full data set. This
behavior was confirmed using two other data sets: tower
measurements over Lake Ontario collected during the
‘‘Water-Air Vertical Exchange Study’’ (WAVES) [Drennan
et al., 1999] and measurements from a small ship in the
coastal Atlantic during SWADE [Donelan et al., 1997]. The
wind sea data from the three experiments are consistent (not
shown), and show a neutral value of 1.17. We denote the
parameterization of equation (7) with a neutral value of 1.17
as the wind sea relation (WS). The WS curve is shown in
Figure 1b.
[24] Although the ASIS data lie significantly above the

Högström [1990] and Rutgersson et al. [2001] curves, it is
not possible to distinguish between the two Panofsky curves.
Smedman et al. [1999] noted a dependence of sw/u* on sea
state, with wind sea values around 1.17 at 10 and 18 m;

Figure 1. Standard deviation of vertical velocity fluctuations, sw, normalized by u* as a function of z/L
bulk. Data are from an ASIS buoy, using eddy correlation fluxes. The curves are sw/u* = 1.25(1–3z/L)1/3,
the ‘‘Panofsky parameterization’’ (solid), and sw/u* = 1.3(1–3z/L)1/3 (dashed). (a) Averages of z/L groups
are indicated as boxes, with lines showing two standard errors in both sw/u* and z/L. Additional lines are
the parameterizations of Högström [1990] (dash-dotted) and Rutgersson et al. [2001] (dotted). (b) The
unstable data in the range �20 < z/L <�10�4 are plotted. The wind sea data are indicated by solid circles.
The dotted line is the wind sea parameterization.
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slightly higher (1.26) at 26 m, in agreement with the height
dependence found by Högström [1990]. Most of the wind
sea data of Smedman et al. were collected during a gale, with
wind speeds over 12 m/s. During this time conditions were
near neutral, and wind sea values agree well with the ASIS
data (and WS).
[25] In the presence of swell, the Smedman et al. [1999]

sw/u*’s were significantly higher, typically between 1.5 and
2.5. Although Smedman et al. interpreted this increase in
sw/u* as a wave age effect, neither the Rutgersson et al.
[2001] data nor the present ASIS data show such an abrupt
transition. If we consider the near neutral data, z/L > �0.1
(Figure 1b), the higher values of sw/u* are associated with
swell, but the median value is not significantly above that of
the wind sea: there are few near-neutral values of sw/u* in
the range reported by Smedman et al. The high sw/u* values
reported by Smedman et al. may be attributed in part to
stability, and not only wave age. Their swell data were
collected during a single event following a gale, with wind

speeds around 4 m/s. At these light winds, conditions may
no longer be neutral. There remains the need for further
investigations into this topic. In conclusion, although there
is evidence for an additional sea state dependence, the ASIS
data are described well by equation (7) for unstable cases.
[26] In Figure 2 we compare estimates of sw measured on

ASIS and R/V L’Atalante when the two platforms were
close to each other. The two panels show different thresh-
olds for distance between the platforms: 5 km in Figure 2a
and 20 km in Figure 2b. The correlation is high for both
plots. Also, the two regressions are close to unity, indicating
that sw estimates on L’Atalante do not appear to be
significantly affected by turbulent flow distortion around
the ship. Though the number of points available when the
distance was less than 5 km is small, the scatter among these
data is very small which suggests that part of the increase in
scatter for larger distances is due to spatial heterogeneity.
However the bias at the origin in Figure 2b warrants further
analysis. For that purpose, the vertical velocity standard
deviation is divided by the stability and height dependence
(1–3z/L)1/3 of the Panofsky parameterization to account for

Figure 2. Comparison between the standard deviation of
vertical velocity fluctuations sw, measured on the R/V
L’Atalante and ASIS when the two platforms were within
(a) 5 km and (b) 20 km of each other.

Figure 3. As in Figure 2 but for sw/(1–3z/L)
1/3.
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different measurement heights of the two platforms (17.8 m
for L’Atalante; 7 m for ASIS). These data are plotted in
Figure 3. It is evident that the scatter is decreased and the
bias at the origin is reduced (Figure 3b). This supports the
view that this bias was due to stability and height effects [cf.
Högström, 1990].

[27] In Figures 4a–4d are four scatterplots of sw for the
ASIS buoy compared with: the Panofsky parameterization
(Figure 4a), denoted PA, with 1.25 u*, to test the z/L
dependence (Figure 4b), with WS (Figure 4c), and with
1.17 u*, to test the z/L stability dependence of WS (Figure
4d). The PA and WS parameterizations are equivalent, with

Figure 4. Vertical velocity variance parameterizations (a–d) for ASIS (eddy correlation fluxes) and
(e–h) for R/V L’Atalante (inertial dissipation fluxes). For ASIS/L’Atalante data the plots show measured
sw versus estimates using the Panofsky parameterization (Figures 4a and 4e), 1.25 u* (Figures 4b and
4f), the WS parameterization (Figures 4c and 4g), and 1.17 u* (Figures 4d and 4h).
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the same correlation coefficients, and slopes statistically
indistinguishable from identity. It should also be noted
(Figures 4b and 4d) that the dependence on stability is
small for the ASIS data, since a change (relative to Figures
4a and 4c) is observed only for small sw values. Figures
4e–4f show the same representations for the R/V L’Atalante
data. Here the Panofsky parameterization (Figure 4e) yields
the minimum bias, with a slope closer to identity, compared
with the WS parameterization (Figure 4g). For the L’Ata-
lante data, the regressions improve significantly when the
stability term is taken into account: compare Figures 4f and
4h with Figures 4e and 4g. As pointed out above, for the
ASIS data this effect is very small.
[28] The fact that the stability plays a more important role

on R/V L’Atalante than on ASIS is due to the different
measurement heights, respectively 18 m and 7 m. The
results shown in Figure 4 can be synthesized for each
platform and the different parameterizations in the Table 1
with the number of points used for the analysis indicated for
each platform.
[29] The significant dependence of the R/V L’Atalante sw

data on stability justifies the use of the sw parameterization
to constrain the IDM method. For the ASIS buoy with
measurements at 7 m, u* can be directly estimated from sw.

3.3. Combining the TKE Budget
and Sw Parameterization

[30] Hereafter the normalized TKE budget and the nor-
malized vertical velocity standard deviation parameteriza-
tion are combined to yield two equations for the two
unknown quantities u* and z/L.

ekz=u3* ¼ jm z=Lð Þ � z=L; ð8Þ

sw=u* ¼ jw z=Lð Þ; ð9Þ

where jm is the universal wind shear function parameter-
ized with jm = (1–16z/L)�1/4 [Dyer and Hicks, 1970] and
jw is given by (7).
[31] Using (9) to substitute for u* in (8), we first solve

P z=Lð Þ 
 ekz=s3w
� �

j3
w z=Lð Þ � jm z=Lð Þ þ z=L ¼ 0; ð10Þ

for z/L, and then determine u* from (9). Note here that
solutions correspond to the intersection between the
function Q(z/L) = [(jm(z/L) � z/L)/jw

3 (z/L)] and experi-
mental values of [ekz/sw

3].
[32] The nonlinear equation (10) is numerically solved by

Newton’s method, initiated with a bulk estimate for z/L. Of
the 657 unstable runs considered, 459 have a solution for
P(z/L) = 0. The majority of cases which do not satisfy P = 0

correspond to large initial values of �z/L, for which u* is
not an appropriate scaling parameter. For large �z/L values,
sw becomes more dependent on the virtual temperature flux
which can be directly estimated from sw and then be
substituted directly into (5) to get u*. See Kader and
Yaglom [1990] for further details.
[33] Figure 5a presents the comparison between u* calcu-

lated from the iterative IDM and from the system of
equations. Figure 5 shows that the proposed method is
relevant and does not present a large bias when compared
to the iterative IDM method though there is some scatter.
We also choose to use the same system (9) and (10) but to

Table 1. Synthesis of the Different Regressions of Figure 4a

Parameterization L’Atalante (543) ASIS (633)

1.25u*(1–3z/L)
1/3 a = 1.003, b = �0.004, r = 0.97 a = 1.058, b = �0.016, r = 0.98

1.25u* a = 0.998, b = �0.08, r = 0.95 a = 1.122, b = �0.072, r = 0.98
1.17u*(1–3z/L)

1/3 a = 0.939, b = �0.004, r = 0.97 a = 0.990, b = �0.015, r = 0.98
1.17u* a = 0.934, b = �0.075, r = 0.95 a = 1.050, b = �0.067, r = 0.98

aHere a, slope; b, bias at the origin; r, correlation.

Figure 5. (a) Friction velocity u* from the constrained
IDM versus u* from the traditional IDM. (b) Friction
velocity u* from the constrained IDM versus u* from the
traditional IDM with the Dupuis et al. [1997] imbalance
parameterization.
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introduce in (10) an imbalance equal to �0.5z/L as pro-
posed by Dupuis et al. [1997]. Figure 5b shows the output
of the system of equations with the parameterized imbal-
ance. Several facts warrant mentioning. The correlation is a
little better with the imbalance term, with a slope closer to
identity. The scatter is reduced particularly for friction
velocities smaller than 0.4 m/s. Also, more points are
available as solutions of the system of equations. For the
657 cases used, 623 have solutions, i.e., 164 points more
than for the case without imbalance. However, as the
friction velocities from the IDM are obtained with the
imbalance parameterization, following Dupuis et al.
[1997], these results do not give a new validation of the
imbalance term but rather indicate a consistency of the IDM
results.

4. Conclusions

[34] On both a large vessel, the L’Atalante, and a research
buoy, the variance of the vertical velocity fluctuations, sw,
obtained after corrections for platform motion, are well
described by the Panofsky parameterization for unstable
stratification. It has been found that a modified inertial
dissipation method, combining the TKE budget and the
Panofsky parameterization for sw/u*, can be used to calcu-
late friction velocity and stability (z/L) on board typical
research vessels. The new method has an advantage over the
traditional IDM in that it avoids the convergence problems
often encountered in the past. For large �z/L values the new
method cannot be used since it requires a precision on sw
which cannot be experimentally achieved. However at these
large �z/L values, the Panofsky parameterization provides
an estimate of the virtual heat flux. A suggestion is then to
use this estimate to initiate an iteration in L. However in
these highly unstable conditions, Yelland et al. [1998] have
expressed doubts that the IDM itself is applicable. Indeed at
low winds (usually associated with high jz/Lj) there is
evidence that sea state effects, in particular swell, can cause
significant errors in the ID estimates of u* compared to EC
values. When swell dominates the wave field, the IDM
method can not be used [see, e.g., Donelan et al., 1997;
Drennan et al., 1999; Grachev and Fairall, 2001]. With the
ASIS data here, collected much closer to the surface than
those of R/V L’Atalante, a sea state effect is observed in the
vertical velocity variance. This is currently an area of active
research [e.g., Edson and Fairall, 1998].
[35] At this stage, the validation of the constrained inertial

dissipation method has not been fully achieved. The orig-
inality of this study concerns more a methodology. Further
validations of the performance of the conventional and
constrained IDM should be undertaken using direct ECM
measurements of u*. This was not possible here due to the
lack of stability dependence found with the ASIS data
collected at 7m above sea level. ECM data from a higher
level (or with larger jz/Lj) are needed.
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Abstract

In this paper, we present the results obtained with
the eddy correlation method applied to data
acquired during the FETCH experiment onboard
the R/V l’Atalante. We discuss the corrections
applied to account for platform motion, and for
the effects of mean airflow distortion. The data
are compared to those obtained from a moored
ASIS (Air-Sea Interaction Spar) buoy, and from
the L’Atalante using the inertial dissipation
method. The main results are that the momentum
flux in-line with the mean wind, -<u’w’>, is
overestimated by 18%, likely due to turbulent
flow distortion around the ship. In contrast, the
results for heat flux do not appear to be
contaminated by turbulent flow distortion. Indeed,
heat fluxes obtained using the sonic temperature
on the R/V l'Atalante and the ASIS buoy are very
similar. The eddy correlation latent heat fluxes
obtained on the R/V l'Atalante using a
refractometer are significantly higher than those
obtained from the same sensor using the inertial
dissipation method.

1. Introduction

During the last decades, much effort has been
made to measure, and to parameterise, the
turbulent fluxes over the ocean. These fluxes are
essential as inputs to atmospheric and oceanic
models. Improved parameterizations of these
fluxes should therefore lead to better weather
forecasts. Three major difficulties arise with the
measurement of the turbulent fluxes over the
ocean: wave-induced platform motion, distortion
of flow by the platform, and environmental factors
inherent to the ocean [Edson et al., 1998]. The

first of these has often been avoided by using the
inertial dissipation method (indicate below as
IDM), which uses measurements made in the
inertial subrange, at frequencies higher that those
of platform motion. However, while motion
correction is avoided, the IDM requires several
assumptions in order to provide a flux estimate
(Dupuis et al 1997). With the recent development
of instruments to measure, and procedures to
correct for, platform motion, it is now possible to
apply the direct, or eddy correlation, method
(hereinafter called ECM) of turbulent flux
calculation on ship [Donelan et al., 1997; Edson
et al., 1998].

The second difficulty arises when the
measurements are carried-out on large ships or
other cumbersome platforms. The airflow
distortion around the platform modifies both the
mean and turbulent flows and consequently
affects the fluxes obtained by either method. The
modifications of the mean flow were recently
studied using numerical simulations carried-out
from computational fluid dynamics software
[Yelland et al., 1998; Nacass 2002]. Based on
these studies, which must be carried out for each
particular experimental set-up, one can correct the
distortion of the mean wind speed and direction as
well as the vertical displacement of the mean
flow. Yelland et al. [1998] and Dupuis et al.
[2003] showed that one can correct the values of
the IDM drag coefficients by integrating these
corrections into IDM, assuming that distortions
caused by the ship to the turbulent flow do not
affect the small scales used in the IDM analysis.
However, this is not the case for ECM, which uses
a much larger ranges of turbulence scales,
including those most affected by the ship and its
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motion. Hence the application of ECM on a ship
should account the turbulent flow distortions
[Oost et al., 1994]. Although the effects of the
distortion are difficult to assess, they are greatest
for momentum flux, with a smaller impact on
scalar fluxes.

The third complication concerns environmental
factors, such as spray or rain. Such factors can
result in the contamination of the turbulence
sensors, particularly humidiometers and
thermometers. During FETCH, all signals were
screened for evidence of contamination; any
questionable data were rejected.

These factors, as well as the different methods of
flux calculation (ECM, or the various flavours of
IDM), make it difficult to compare and
parameterize the fluxes measured during previous
experiments. One of the goals of the FETCH
experiment (Flux, Etat de mer et Télédetection en
Condition de fetcH variable), which took place in
the Gulf of Lion during 29 days in March-April
1998, was to investigate this problem. During this
experiment, flux measurements were made
onboard the R/V l’Atalante, from an ASIS buoy
[Graber et al., 2000], and from two aircraft.
While the ship moved continuously around the
study area, the ASIS buoy was moored at
42º58’56’’ N, 04º15’11’’ E, roughly 50 km SSW
of the Rhone delta at a 100 m depth.

In this paper we compare ECM fluxes measured
on the Atalante and on ASIS to quantify the
influence of the turbulent airflow distortion on the
turbulent fluxes. This study is then extended by
comparing the ECM fluxes of l’Atalante with
those calculated by IDM [Dupuis et al., 2003].

The present paper is organized as follows: in
section 2 the experimental set-up and
meteorological conditions are described. In
section 3, we describe the motion and mean flow
distortion corrections, along with the algorithm
used to derive IDM fluxes [Dupuis et al., 2003].
In section 4 we validate step by step the algorithm
for correction of the platform movements
presented in section 3.2. In the section 5 we
compare the heat and momentum fluxes
calculated by ECM on l’Atalante with those from
ASIS and with IDM fluxes from l’Atalante. This
procedure is repeated in the section 6 but this time
we focus on the exchange parameters. Finally, in
section 7 we discuss the main results obtained in
this study.

2. Meteorological conditions and experimental
set-up

The detailed objectives of the campaign are
presented by Hauser et al. [2003]. They concern
the study of exchanges at the air-sea interface,
oceanic circulation and the improvement of the
use of remote sensing to estimate wind, waves and
fluxes at the air-sea interface. The main features
of the experimental domain, strong off-shore
coastal winds (Mistral and Tramontane), the
presence of the Liguro-Provençal current and the
limited extent of the continental shelf, were taken
into account in defining the objectives of this
campaign. The weather conditions recorded
during the four weeks are very variable with wind
speeds varying from 1 to 19 ms-1, with mainly
near-neutral or unstable stratification (except
during light winds). The wave conditions are
characterized by wind-sea cases with inverse age,
u*/Cp, from 0.04 to 0.1 (u *, friction velocity; Cp

phase speed of the dominant waves), as well as
mixed sea cases and swell-dominated cases. The
maximum significant wave height (Hs) was 3m.
The surface currents, O(10cm) as measured by
shipboard ADCP, are too weak to influence the
wind direction.

2.1 Experimental set up on the R/V l’Atalante
The main flux sensors were mounted on the top of
a 12-m mast deployed on the foredeck 3.47 meters
behind the bow (see Figure 1).

The turbulence measurements were carried out
with a Solent R3HS ultrasonic anemometer (from
Gill Instruments), a microwave refractometer
recently developed by CETP [Delahaye et al.,
2001] and a 335B motion package from TSS
(U.K.). These sensors measured respectively, the
turbulent fluctuations of the temperature and three
wind components, the air humidity fluctuations
(details in section 3.3) and three components of
ship motion: pitch, roll and heave. In order to
synchronize the measurements of these three
devices, the three data streams were redirected on
the Gill recording unit. All turbulence data were
sampled at a frequency of 50 Hz.

Additional “slow” meteorological measurements
were made by:
- two Young propeller-vanes for wind speed and

horizontal direction,
- two temperature and relative humidity sensors

(Vaisala HMP233) , in ventilated radiation shields
(RM Young).



- two digital barometers (Atmospheric
Instrumentation Research, and Vaisala)
- a pyranometer (Kipp and Zonen CM3), and

pyrgeometer (Kipp and Zonen CG1)

- an optical rain detector (ORG 115 from
Scientific Technology),
- a platinum hull thermometer for the 5m sea

surface temperature, SST.

Figure 1: Experimental setup for turbulent fluxes on the foredeck mast of R/V l’Atalante
during Fetch. The left-hand picture gives an overview, while details of the sensor located

at the top of the mast are shown with a rear and a top view on the right.

The longitudinal and transversal ship speeds
relative to the water were determined with an
electromagnetic two-axis Knotmeter (from Alma).
The yaw was measured with a Brown SGB 1000
gyroscope. Finally, time and position relative to
the earth were measured with a Trimble SV6 GPS
receiver.

The sampling frequency of all slow sensors was
0.1 Hz with the exception of the GPS, which was
1 Hz. The dataset includes 1570 half-hour flux
samples. However, criteria described in section 5
were established to reject samples associated with
unsuitable conditions (non-stationarity of the ship
trajectory, off-bow flows, etc.). This leads to
about 500 samples.

2.2 Experimental set up on the ASIS buoy
Air-Sea Interaction Spar, or ASIS, buoys were
developed specifically for research at the air-sea
interface [Graber et al, 2000]. The buoys are
constructed using an open structure, and hence
cause very little flow distortion to the wind field.

The largest structural elements above the surface
are 20cm diameter cylinders, and these terminate
at a mesh deck about 2.5m above the water. The
4m mast installed on the deck is an open
triangular pylon constructed with 3.5cm (max)
diameter members. Although flow distortion
studies have not yet been carried out for ASIS,
such effects are expected to be very small.

ASIS was deployed from 20 March-11 April.
After its recovery, the ASIS motion package was
installed at the base of the l’Atalante
meteorological mast for an intercomparison with
the ship motion sensors. On ASIS, the fluxes are
calculated using the eddy correlation method, with
data from a Gill R2A sonic anemometer located
on top of the mast, at 7m above mean sea level.
Data are sampled at 12Hz. These data include the
three wind speed components, the sonic
temperature, the full motion of the buoy (three
translational and three rotational degrees of
freedom), mean air and water temperatures,
relative humidity, and wave height. These motion
signals are used to correct the measured wind



velocities prior to calculating momentum and
sensible heat fluxes (see next section for details).
As ASIS was not equipped with a fast
hygrometer, the latent heat fluxes could not be
computed.

3. Methods
3.1 Background of ECM
The eddy correlation method (or direct
covariance) offers the most direct procedure to
determine turbulent fluxes. They are defined by
the equations:

€ 

τ = −ρ < u' w' > ˆ i + < v' w' > ˆ j [ ] [1]

><= ''twcH pρ [2]

><= '' qwLE eρ , [3]

where τ, H and E are respectively the turbulent
fluxes of momentum, sensible heat and latent
heat, ρ is the density of air, cp the specific heat at
constant pressure, Le the latent heat of evaporation
of water, u’, v’ and w’ represent the longitudinal
(in the mean wind direction), transversal and
vertical fluctuations of wind velocity and finally,
t’ and q’ are the fluctuations of temperature and
specific humidity. Brackets denote a time average
of 30min. As discussed above, the application of
this method presents two major complications:
contamination by platform motion and flow
distortion. The next paragraph focuses on the
derivation of u’, v’ and w’ in a fixed reference
frame from fluctuations measured in the moving
ship reference frame.

3.2 Motion Correction
Based on a technique proposed by Axford [1968]
for aircraft, Fujitani [1985] developed a procedure
to remove the effects of ship motion from the
observed relative wind velocity, and then to obtain
velocity components relative to the Earth.
Variants of this procedure have been used to
correct measurements from both buoys and ships
[Anctil et al., 1994; Edson et al., 1998]. The
coordinate system used in this study is based on a
right-hand rule [as Anctil et al., 1994] with the
OX axis pointing to bow, OY axis to port and OZ

upward. Roll φ is positive with starboard down,
pitch θ is positive with the bow down and yaw ψ
is positive counterclockwise viewed from above
(see Figure 2).

Figure 2: Coordinate system using in the
application of the eddy correlation method.

After Anctil et al. [1994], the uncontaminated
wind vector can be expressed by the basic
equation:

€ 

V true = TV obs +Ω ×T L +V mot [4]

where 

€ 

V true  is the corrected wind vector in the
reference frame of the water mass, T the
coordinate transform matrix for a rotation from

the ship frame to the water reference one, 

€ 

V obsthe
measured wind velocity vector relative to the ship
frame, 

€ 

Ω the angular velocity vector relative to

the ship coordinate system, 

€ 

L  is the position
vector of the wind sensor with respect to the
motion package and 

€ 

V mot , the translation velocity
vector of the ship with respect to the water
coordinate system. Using the small angle
hypothesis, the 3 separate rotations in T can be
done in any order. We chose the T matrix
presented by Goldstein [1950] and used by Anctil
et al. [1994]:

-----------------------------------------------------------------------------------------------------------------------------------

€ 

T =
cos(θ ) cos(ψ ) sin(θ) sin(φ ) cos(ψ ) − cos(φ) sin(ψ ) cos(φ ) sin( θ) cos(ψ ) + sin(φ ) sin(ψ )

cos(θ ) sin(ψ ) sin(φ) sin(θ ) sin(ψ ) + cos(φ) cos(ψ ) cos(φ ) sin( θ) sin(ψ ) − sin(φ) cos(ψ )

−sin(θ ) sin(φ ) cos(θ) cos(φ ) cos(θ )

 

 

 
 
 

 

 

 
 
 

[5]

------------------------------------------------------------------------------------------------------------------------



The angular velocity vector, 

€ 

Ω is defined in our
right-hand coordinate system by:

€ 

Ω =
−˙ θ sin(ψ ) + ˙ φ cos(θ ) cos(ψ )
˙ θ cos(ψ ) + ˙ φ cos(θ ) sin(ψ )

˙ ψ − ˙ φ sin(θ )

 

 

 
 
 
 

 

 

 
 
 
 

[6]

where overdot represents the time derivative of
the Euler angles.

The vector 

€ 

L  is (1, 0, 0.4) for the motion package
of l’Atalante (see Fig. 1) and (1, 0, 11.2) for the
ASIS motion package, when it was installed at the
base of the mast on l’Atalante. The translational
velocities are calculated by integrating the
measured acceleration a, which is in the ship
reference frame. It is also necessary to take into
account the mean velocity of the ship relative to

water (

€ 

V ship ), which is measured using the
Knotmeter. Consequently, we can write the
translational velocity as:

€ 

V mot = T a∫ dt −V ship [7]

By combining Eqs. 4 and 7, we can rewrite the
corrected wind vector as:

€ 

V true = TV obs +Ω ×T L + T a∫ dt −V ship . [8]

Finally, these corrected velocities are rotated into

the streamwise wind (i.e., 0== wv after
rotation) and linearly detrended [Anctil et al.,
1994].

Certain motion packages, including that of
l’Atalante, do not measure all 6 components of
motion. In particular, the TSS motion package
used on the l’Atalante did not measure the
horizontal accelerations, a1 (surge) and a2 (sway).
As shown below, these can be estimated using the
relationships developed by Katsaros et al. [1993]:

€ 

a1 = − sin(θ )× g [9]

€ 

a2 = sin(φ )× g [10]

where g is the gravitational acceleration.

3.3 Heat flux calculations-ECM
Turbulent fluctuations of the sonic temperature (ts)
were measured by the Solent anemometer. The
ability of sonic temperature to provide a
parameter very similar to virtual temperature was
shown by Kaimal and Gaynor [1991]. Following
Kaimal and Gaynor, the sonic temperature signal
was corrected for crosswind velocity

contamination. A new microwave refractometer
developed by CETP [Delahaye et al., 2001]
permits us to indirectly measure the humidity
fluctuations. In fact, the refractometer allows the
determination of the resonant frequency which is
related to the air refraction index, n, inside a
cylindrical open cavity. The relationships between
n and ts, and parameters t, q and pressure, p, are
[Delahaye et al., 2001]:

€ 

n = p
77.6

t
+ 3.73 105 q

0.622t2

 

 
  

 

 
  [11]

( )qtt s 518.01+= [12]

Since fluctuations of pressure are negligible in Eq.
11, using a first order linearization of Eq. 11, the
fluxes obtained by eddy correlation relate to the
fluxes of sensible and latent heat through partial
derivatives of n and ts with respect to t and q:

€ 

< w' ts' >= ∂ts
∂t

< w' t' > + ∂ts
∂q

< w' q' >  [13]

€ 

< w' n' >= ∂n
∂q

< w' q' > + ∂n
∂t

< w' t' >  [14]

The distance between the refractometer and the
sonic anemometer is 1 meter (see Figure 1). The
signals of air refraction index are delayed by 1/Urel

sec to account for this horizontal lag.

In general, over the sea, the Bowen ratio is such
that the flux of sonic temperature and air
refraction index depend to first order on sensible
and latent heat flux respectively. In cases where
the signal to noise ratio of the sonic temperature
signal is low (small |∆T| where ∆T= Tair-Twater), we
approximate the last term of [14] with the bulk
value. For data on the R/V l’Atalante, all terms
used in Eqs. 1, 2 and 3 are measured, and all three
fluxes are calculated. On the ASIS buoy, which
did not have a fast-response hygrometer, only the
momentum and sensible heat fluxes can be
calculated, the latter via [13] with a bulk estimate
for the latent heat flux correction.

3.4 Corrections for mean airflow distortion
For measurements on large vessels, the platform
itself can lead to large modifications of both the
mean and turbulent flows. The impact of the mean
airflow distortion on turbulent fluxes is mostly
related to the tilt of the flow streamlines, which
results in a nonzero mean vertical wind speed
component at the sensor location. In addition to
this, mean flow distortion results in the



modification of the horizontal wind speed as well
as the vertical displacement of the flow. For bow-
on flows (the optimal situation) the flow
streamlines are generally elevated by order one
meter, while the horizontal wind speed can be
decelerated or accelerated up to few tens of
percents. Both these effects should be taken into
account. In this study, the distortion caused by the
R/V l’Atalante to the mean flow at the sonic
anemometer location were modelled using the
computational fluid dynamics software package
Fluent 5, as described in Nacass (2002).
Simulations, run in laminar mode, were conducted
at four different inlet velocities and six azimuth
angles. The results show that at the anemometer
location, with the ship pointed into the wind with
a relative speed of 10m/s, the vertical uplift of the
airflow was 1.2m; the horizontal wind speed error
was -6% (deceleration) and mean streamline tilt
was 7°. Dupuis et al. [2003] provide a more
detailed description of how these errors change
with relative wind speed and direction.

The effects of turbulent flow distortion are much
more difficult to account for [Wyngaard, 1981;
Oost et al., 1994]. They are assumed to be
negligible when using the IDM because only very
small scale fluctuations are considered. In
contrast, at the larger scales used in the ECM,
errors of about 15% (overestimation) have been
reported for momentum on vessels [Edson et al.,
1998].

3.5 Inertial dissipation method
This indirect method, suggested for the first time
by Hicks and Dyer [1972], was validated by
Large and Pond [1981, 1982], Fairall and Larsen
[1986] and Edson et al. [1991]. It is at present the
most common method to compute turbulent fluxes
on mobile platforms and particularly on large
vessels [Dupuis et al., 1997, 2003; Frederikson et
al., 1997; Yelland et al., 1994, 1998]. Since the
main focus of this paper is the ECM, we recall
here only the main points of the IDM whose
results are used for comparison. At first, spectral
analysis (in the inertial subrange) is used to
determine the dissipation rates of longitudinal
wind speed, sonic temperature and air refractive
index. Turbulent fluxes are then derived from
these dissipation rates using the turbulent kinetic
energy (TKE) and heat variance budgets. The
method assumes that the dimensionless terms of
the budgets can be expressed as universal
functions, following the Monin-Obukhov
similarity theory, with these functions depending
on the Obukhov length, L. In this method,

isotropy and stationarity are assumed. In addition,
several poorly known terms of the budgets are
assumed to be negligible. Turbulent fluxes of
momentum, sensible and latent heat are computed
using the IDM algorithm developed by Dupuis et
al. [1997, 1999] and corrected for airflow
distortion by the ship using the procedure of
Dupuis et al. [2003].

4. Validation of the ECM
4.1 Testing the approximations of sway and

surge
In order to validate the approximation made for
the two missing acceleration components, a1 and
a2, the ASIS motion package was installed on
board the l’Atalante, at the base of the mast (see
Figure 1) between April 11 and 14, 1998. During
this intercomparison period, Hs varied between
0.8 and 2.4m, a range similar to that of the entire
campaign. At first, the validity of the
approximations for surge and sway, Eqs. 9 and 10,
are tested using the horizontal accelerations from
the ASIS motion package (see figures 3a and 3b).
We note that the Katsaros et al. [1993]
approximation is expected to recover only
motions at low frequency, where the performance
of the accelerometer and rate gyro are both good.
A comparison was made based on 126511
samples at 1 Hz frequency rate, collected during
stationary conditions (as defined in section 5). The
behavior of the two expressions for the horizontal
accelerations is very different. The approximation
for surge (9) is much better than that for sway
(Fig. 3). For surge, the approximated data lie close
to the actual accelerations (slope = 0.8, correlation
coefficient γ= 0.87). For sway (10), γ is only 0.59,
and the slope is close to 0.5. It is not clear why
this is the case, although it may be related to the
ship’s natural roll frequency being higher than its
pitch frequency: the correction recovers only the
lower frequency information.

4.2 Application of the approximations
To quantify the effect of the missing or
approximated acceleration terms of the measured
fluxes, we implement the motion correction
algorithm using the full ASIS motion package
when the package was installed on the Atalante.
To do this, the anemometer and motion data were
synchronized. Also, the heave, pitch and roll
signals of the two motion packages were
compared, and found to be in good agreement. In
Figure 4 we compare <-u'w'>, and <-v'w'>
obtained by applying the full motion correction to
the motion correction using the approximated
accelerations (9) and (10), and also to an



incomplete correction, where surge and sway are
assumed to be 0 (a1=a2=0). This analysis is based
on 44 30-min samples, for which the relative wind
direction has been limited to +- 30° from the bow-
axis and conditions were stationary. As discussed
above, wave conditions during this test were
representative of the entire experiment.

Figure 3: Scatter diagrams of the 1-second
samples surge (panel a) and sway (b). Estimations
using Eq. 9-10 are shown as a function of
measurements by the ASIS motion package. The
dotted lines indicate the identity line.

Figure 4 indicates the relatively small impact of
the two measured horizontal accelerations during
FETCH. Indeed, as shown by Table 1, neglecting
these horizontal accelerations introduces errors
less than 3% for <-u'w'> and <-v'w'>. If surge and
sway are approximated by Eqs. 9-10, the errors
drop by a factor greater than 2, leading to

maximum errors of 1.4 % (underestimation) for
the 2 components of the momentum flux. We
conclude that the effect on the fluxes of using the
incomplete motion package is negligible.

Figure 4: Scatter diagrams of the stress
covariances. In the x-axis, the full motion
correction is used. On the y-axis, the motion
correction is carried out using the horizontal
accelerations approximated by (9) and (10),
pluses, and with the horizontal accelerations
omitted (diamond).

<-u’w’> <-v’w’>
a1 =a2= 0 a1 via (9),

a2 via (10)
a1 =a2= 0 a1 via (9),

a2 via (10)

Cov

CovCov approx−

(%)

2.96 1.36 0.87 0.2

Table 1: Percentage error in the stress covariances using the full motion correction, compared with the
approximated motion correction, with a1 and a2 are neglected and estimated using Eqs. 9-10.



4.3 Motion corrections
In order to test the procedure correcting the ship
motion, the turbulent spectra Sww, Suu and Suw were
plotted using the universal scaling of Miyake et al.
[1970] before and after correction. Before the
motion correction, raw spectra (Figure 5) show
enhanced energy (compared with the universal
spectra) at normalized frequencies of 0.1 to 0.6,
due to the motion of the ship. This leads to
erroneous co-spectra (Fig. 5c).

Figure 5: Curves of universal spectra in the
scaling of Miyake et al. [1970] before motion
corrections. The three panels show spectral of
vertical (a), and horizontal in-line (b) velocity and
cospectra between the two (c). The symbols
represent data classified according to stability
range, where ζ=z/L. The shaded areas denote ±1
standard error from the mean curves. The dotted
lines show inertial subrange slopes. U is the mean
wind speed; f the frequency in Hz; z the
anemometer height, u* the friction velocity; σw the
standard deviation of vertical velocity and L the
Obukhov length. The mean spectrum, obtained by
averaging 309 normalized spectra, is displayed by
the solid line. The mean curves for stable (×, 26
cases), slightly unstable (+, 221 cases) and
unstable (� , 62 cases) stratifications are also
shown.

In contrast, the normalized corrected spectra
(Figure 6) show good agreement with the
universal curves. The spectra are no longer
perturbed by peaks due to the platform motion.
Also, the standard errors displayed by the grey
area are significantly decreased. The partition in
different stratification bins shows that the domain
of production is displaced to lower frequencies at
unstable stratifications.

It is clear from the comparison with the universal
curves (Fig. 6) that the highest frequencies of the
cospectra are contaminated by noise. We believe
that this noise is due to turbulent air flow
distortion that affects the eddy properties, in
particular the phase angles. For this reason, the
original 50 Hz data are averaged to 3.3 Hz. Based
on the universal curves, this leads to errors in the
cospectra of only several percent
(underestimation) for U=17m/s, less for lower
winds.

Figure 6: Same as Figure 5 but after correction of
the wave-induced motion.

Although these checks on the method are
encouraging, it is important to directly validate the
fluxes by comparison with other fluxes obtained



during FETCH. This is done in next section where
ECM fluxes of l’Atalante are compared with
ECM fluxes from ASIS and IDM fluxes from
l’Atalante.

5. Comparison of fluxes

When comparing the l’Atalante and ASIS fluxes,
we restrict our attention to periods when the ship
is located close to ASIS, thus ensuring that the
two platforms are in similar sea states and
meteorological conditions. The comparison with
the ASIS results is very interesting because it
allows us to assess the effects of airflow distortion
on the ship measurements. We expect such effects
to be very small on the buoy. In particular, we can
verify if the turbulent part of the distortion, which
is not accounted for in l’Atalante results, plays a
role. However, the number of samples in this
comparison is rather small. We therefore carry out
a second comparison: ECM versus IDM fluxes
from the ship. This allows us to use the entire
l’Atalante data set. However, it must be kept in
mind that the IDM is not a direct method, but
involves several assumptions. In certain
conditions, e.g. strong swells (Donelan et al 1997)
or underdeveloped waves (Janssen 1999),
differences in fluxes calculated using the two
methods may be attributed to limitations with the
IDM.

5.1 Momentum flux
In order to reduce the effects of mean flow
distortion, two criteria were applied to the
l’Atalante data: the relative wind direction was
less than 30° from the bow, and the ratio of the
relative wind speed to ship speed was greater than
2. Figure 7 shows scatter diagrams of the stress
components for distances between the two
platforms of less than 5km and 20km. Table 3
gives the mean error and the coefficients of
regression for each comparison. The comparison
for equivalent neutral wind speeds at 10m height,
U10N, is also given. This confirms the quality of
the mean airflow distortion correction and also
illustrates that, although the number of samples is
low, particularly for the distance of 5km, the
distribution of wind speed is relatively uniform
between 2 and 18 ms-1.

For the longitudinal component, <-u’w’>,
correlation coefficients are high, but a maximum
likelihood regression indicates a significant
difference between platforms, with the R/V
l’Atalante   fluxes    about     18±5 %  (1 std error)

Figure 7: Comparison of R/V Atalante and ASIS
buoy momentum flux (a and b panels) and U10N

wind speeds (c panel) after flow distortion
corrections, and for a distance between the two
platforms less than 5 km and 20km (respectively
plus and diamond symbols). The subscripts EAS
and EAT indicate respectively: Eddy correlation
for ASIS and Eddy correlation for l’Atalante.

higher than the ASIS values (see Table 3). Here
we have accounted for the fact that ASIS and



Atalante fluxes are measured at different heights,
and applied the correction of Donelan (1990) to
bring the 17m ship fluxes to the equivalent 7m
buoy level. The correction increases the measured
ship fluxes by about 2%. Much of the scatter in <-
u’w’> at the larger separation distances (<20km)
can be attributed to differences in the wind field
between the two platforms. For the lateral stress
component the scatter is considerably larger, but
there is no significant difference in <-v’w’>
between the two platforms.

We attribute the difference in stress measured on
the two platforms results to turbulent airflow
distortion. Similar trends were also observed by
Edson et al. [1998] based on a comparison of
ECM fluxes from the R/V Iselin and R/P LADAS.
These results are confirmed by the comparison of
the l’Atalante ECM fluxes with IDM fluxes,
which uses data from the entire l’Atalante cruise,
see Figure 8. As shown in Table 3, the mean error
of the ECM/IDM comparison is similar to this
obtained in the ECM comparison with ASIS.
However, the discrepancy is mainly supported by
the intercept in the comparison with ASIS while it
is mostly supported by the regression slope for the
ECM/IDM comparison.

Figure 8: Comparison of momentum fluxes
obtained on l’Atalante using two methods. <-
u'w'>DAT are estimated using the inertial
dissipation method and <-u’w’> EAT via the eddy
correlation method.

5.2 Heat fluxes
ECM sonic temperature fluxes from the l’Atalante
are plotted against those from ASIS in Fig. 9. To
ensure a sufficiently large signal-to-noise (S/N)

ratio in the sonic temperature, only data for which
|∆T|>0.8°C are considered. This threshold was
established as a compromise between the number
of samples and the S/N ratio of the sonic
temperature signal. The correlation between the
two fluxes is very good, with γs of 0.97 and 0.94,
for distances less than 5 and 20km, respectively.
The regression line for the 5km threshold is not
significantly different from the identity line (Table
1); at the 20km threshold, the slope is
significantly different from unity, although the
mean error is not significant. This is a very
encouraging result, and indicates that the turbulent
flow distortion affects mainly the wind speed
covariances. The covariance of vertical wind
component and the sonic temperature (or any
passive scalar) is much less affected.

As shown in Table 3, the comparison of the ECM
sonic temperature fluxes on l’Atalante with those
using the IDM is quite poor. The correlation drops
to 0.82, (compared with over 0.96 for all other
parameters), and the regression slope is 0.75. This
is related to noise in the inertial subrange
frequencies of the sonic temperature signal, due to
the relatively small air-sea temperature differences
typically encountered during the campaign
[Dupuis et al, 2003].

Figure 9: Scatter diagram of <w’t’s> obtained by
ECM on the ASIS buoy (x-axis) and on R/V
l’Atalante (y-axis), and for a distance between the
two platforms less than 5 km and 20km
(respectively plus and diamond symbols).

Figure 10 compares <w’n’> as calculated by ECM
and IDM on the l’Atalante. The correlation is very
good (with γ=0.94), although the IDM fluxes are,
in the mean lower than the ECM fluxes by 0.092,
with a regression slope similar to that for the
momentum flux (1.3). Since the ECM <w’ts’> on
l’Atalante agreed well with the ASIS fluxes, we



do not believe that this bias could be due to flow
distortion. Instead, we attribute it to uncertainties
in the empirical constants or formulae used in the
IDM (see Eq. 8 in Dupuis et al., 2003).

Figure 10: Scatter diagram of <w’n’> as
obtained by ECM and IDM on l’Atalante. The
<w'n'>DAT are for the inertial dissipation method
and <w’n'> EAT for the eddy correlation method.

6. Exchange parameters

Here we discuss the dimensionless exchange, or
bulk, coefficients. These are convenient because
they relate the fluxes to more easily measured
mean parameters, but one should keep in mind
that these parameters are sensitive to cumulative
errors in the mean measurements, the turbulence
measurements and to applicability of Monin-
Obukhov similarity theory (upon which the idea
of simple wind-speed dependent bulk relations is
based – see Drennan et al. 2003 ). The discussion
on the parameterizations is particularly interesting
for heat fluxes because the previous analysis
showed they are the most reliable fluxes obtained
by ECM on a large vessel. Moreover, the heat
coefficients are not as well documented in the
literature as the drag coefficients (see the review
in Smith et al., 1996). Also, the efficiency of the
exchange for different stratifications is still
controversial [Oost et al., 2000].

6.1 Drag coefficient
Figure 11 shows the drag coefficient, defined as
CDN = -<u’w’>/(U10N-U0)

2, as a function of wind
speed from both the l’Atalante and the ASIS
buoy. During FETCH, the mean surface current
velocity U0 was small, O(10cm), and is neglected.
The subscripts "10" and "N" respectively denote
measurements corrected to 10m height and neutral

equivalent stratification. For convenience we
suppress the “10” in our notation for the bulk
coefficients. Compared with the ASIS CDN, a
systematic 30% overestimation of the ECM drag
coefficients on R/V l’Atalante is observed. This is
considerably higher than the overestimation of -
<u’w’> found in the comparison with ASIS
fluxes. It is likely that some of the difference is
attributed to the often shorter fetches encountered
by the ship. These shorter fetches result in
enhanced momentum transfer due to the so-called
“wave age” effect (Drennan et al., 2003).

Figure 11: Drag coefficients as a function of wind
speed obtained during FETCH on R/V l’Atalante
(by ECM and IDM) and on ASIS by ECM. The
parameterization obtained by Smith et al. [1980]
is also given for comparison.

6.2 Dalton number, CEN

The bulk evaporation coefficient, or Dalton
number, is given by CEN = -<w’q’>/((U10N-
U0)(q10N-qo)). Here, qo is the saturated specific
humidity at the temperature of the surface. Dalton
numbers, available only on the l’Atalante, are
plotted in Figure 12 for both stable and unstable
stratifications. In addition to the individual ECM
values displayed by plus signs, ECM and IDM
CEN averages in 2ms-1 wind speed bins are shown,
respectively by diamonds and squares. In stable
conditions (47 points), the ECM data give CEN

=(1.11±0.35)×10-3, showing 1 standard deviation.
At unstable stratification (380 points), the ECM
data yield a constant CEN =(1.23±0.24)×10-3.
Within the uncertainties, these values are similar
to those reported by DeCosmo et al. (1996), Large
and Pond (1982), and others.

The IDM data show a very different behaviour: an
underestimate compared with ECM (and other
bulk formulae) ranging from 20.5% at 5ms-1 to
5.1% at 15 ms-1, which results in an apparent wind
speed dependence in CEN. As pointed out above
(Section 5.2), the IDM humidity fluxes are well
below the ECM values. Further analysis in needed
to explain the discrepancy between the two
methods.



Figure 12: Exchange coefficients for evaporation
as a function of wind speed. In panels a and b,
data corresponding to stable and unstable
stratifications are displayed. The ECM data from
l’Atalante are displayed by plus signs. The
associated averages and standard deviations in
2ms-1 wind speed bins are displayed by error bars
and open squares. The similar values obtained by
IDM are displayed by error bars and open
diamonds. The horizontal thin solid lines,
corresponding to values of 0.7 and 1.2x10-3, are
given for reference.

6.3 Stanton number, CHN
The bulk coefficient for sensible heat transfer, the
Stanton number, is given by CHN= -<w’t’>/((U10N-
U0)(T10N-T0)). Here T0 is the surface temperature,
which is approximated by a near-surface
temperature measured at a depth of 1m (on ASIS)
or 5m (on the L’Atalante). A comparison of bulk
temperatures from ASIS and l’Atalante was made
when the ship was in the vicinity on the buoy. No
mean difference was found, but on occasion the
two temperatures differed by up to 0.5°C, likely
due to spatial variability. Given this, and since
skin and bulk temperatures may differ by O(1°C),
we apply a threshold of |∆T|>2°C in calculating
CHN. Data with |∆T| below this threshold exhibited
much higher scatter, with a significant number of
negative Stanton numbers. It may be that these
data are valid (Oost et al., 2000), but it is clear
that for ∆T ~ 0, even a small temperature error
will significantly affect CHN. On ASIS, <w’t’> is
calculated from the measured <w’ts’> using (14),
with a bulk estimate for the <w’q’> correction.

Figure 13 shows the behavior of CHN as a function
of wind speed. The format is similar to that of Fig.
12, with the addition of the mean ASIS curves.
The EC data from the L’Atalante and ASIS show
a consistent behavior. For unstable stratification,
the combined data set of 234 runs gives CHN =
(1.01±0.20)×10-3, with no significant wind speed
dependence (for 1< U10N <19 ms -1). This value is
lower than that of DeCosmo et al. (1996), but
within the range of values reported by Geernaert
(1990). In stable stratification the combined
relation (34 runs) gives CHN =(1.34 ± 0.45)×10-3.
That the stable mean Stanton number exceeds the
unstable one is contrary to previous results [Large
and Pond, 1982; Oost et al., 2000] which found
mean CHN values of ~0.65x10-3 and ~1.15x10-3

respectively for stable and for unstable
stratification.

Figure 13: Exchange coefficients for heat as a
function of wind speed. In panels a and b, data
corresponding to stable and unstable
stratifications are displayed. The ECM data from
l'Atalante are displayed by plus signs. The
associated averages and standard deviations in
2ms-1 wind speed bins are displayed by error bars
and open squares. The similar values obtained by
IDM are displayed by error bars and open
diamonds. The similar values obtained by ECM
on ASIS buoy are displayed by error bars and
stars.

Although the number of stable cases is small, and
the scatter relatively large, the result is statistically
significant and the two platforms agree on
average. One possibility relates to



U10N <-u’w’> <-v’w’> <ts’w’>
5 Km 20 Km 5Km 20 Km 5 Km 20 Km 5 km 20 km

Mean error -0.00 -0.29 0.04 0.05 0.02 0.01 0.00 0.01
Slope 0.95±0.03 0.91±0.03 1.11±0.06 1.05±0.05 0.83±0.30 0.85±0.14 1.09±0.09 1.20±0.08
Intercept 0.46±0.27 0.80±0.32 0.03±0.01 0.04±0.01 0.02±0.01 0.02±0.01 0.08±0.00 0.00±0.00
γ 0.99 0.98 0.96 0.92 0.47 0.58 0.97 0.94
Samples 25 66 29 76 29 76 11 39

Table 2: Comparison of wind speed and ECM turbulent fluxes between L’Atalante and ASIS at two
separation distances. The slope and intercept values indicate one standard error about the mean.

<-u’w’> <w’n’> <w’q’> <w’ts’>
Mean error 0.043 0.092 0.010 -0.008
Slope 1.30±0.10 1.32±0.16 1.18±0.14 0.75±0.10
Intercept 0.009±0.013 0.0002±0.05 0.0016±0.006 0.003±0.004
R 0.97 0.94 0.96 0.82
Samples 420 218 216 245

Table 3: comparison of fluxes between fluxes obtained by ECM and IDM on R/V L’Atalante, as linear
maximum likelihood regressions. The slope and intercept values indicate one standard error about the mean.

our reliance on the sonic anemometer temperature
signal for sensible heat flux. Although the data are
corrected for velocity and humidity effects, the
signal is lower in stable stratification due to the
dampening of lower frequency components. As no
direct measurement of temperature was available,
we are not able to pursue this question at this
time.

7. Summary and discussion

We have calculated the air sea fluxes of
momentum and heat using the eddy-correlation
method on a large ship. Corrections were applied
to account for the motion of the vessel, and for the
distortion of the mean flow by the ship. A
comparison of the resultant fluxes with those
measured on a nearby buoy, also using the eddy
correlation method, indicates good agreement in
the heat flux, but significant differences in the
momentum flux, presumably due to the effects of
flow distortion on the turbulent eddies. Although
turbulent distortion effects can not at present be
systematically accounted for, an 18% reduction in
the ship estimates of the along-wind momentum
fluxes <-u’w’> brings them into good agreement
with the buoy measurements. This correction,
which includes the effect of the different
measurement heights, is consistent with the
previous estimates of Edson et al. [1998].
Turbulent fluxes of sonic temperature measured
on the ship and buoy agreed well, indicating that
turbulent flow distortion does not have a
significant effect on scalar fluxes.

In order to further validate the ship ECM fluxes, a
comparison of fluxes measured on the ship via the
eddy-correlation and inertial-dissipation methods
was carried out. Consistent with the ASIS
comparison, ECM momentum fluxes on the ship
are significantly higher than the IDM values.
Using a refractometer and the temperature signal
from the sonic anemometer, both the sensible and
latent heat fluxes are calculated. The comparison
of the sensible heat flux calculated by two
methods leads high scatter due to low SNR which
mainly affects the IDM. There are significant
differences with the latent heat flux, where the
IDM fluxes appear to be too low (10% on
average). Given the good agreement between the
ship and buoy scalar fluxes, we attribute the low
IDM latent fluxes to uncertainties in the empirical
constants or formulae used in the IDM.

Based on the ECM data, the neutral 10m Dalton
number was estimated for both stable and unstable
stratification, respectively CEN =(1.11±0.35)×10-3,
and CEN =(1.23±0.24)×10-3. These values are not
significantly different from those reported by
DeCosmo et al. (1996), Large and Pond (1982),
and others. Given the uncertainties, the
significance of the different stable and unstable
values is not clear. For stable stratification, CE10N

values are rare in the literature. Oost et al. [2000]
finds, for example, a mean value of
(0.31±0.25)×10-3 (19 samples), which is
considerably lower than the results stemming
from either method (IDM or ECM) here.



Although the data span a wide range of wind
speeds (2-19 ms-1), CEN does not exhibit a
significant wind speed dependence. In particular,
the Dalton numbers at high wind do not exhibit
any enhancement, despite visual observations of
significant amounts of sea spray in fetch-limited
conditions. Andreas et al. (1992) predict a latent
heat flux enhancement due to spray of over 10%
for wind speeds over 16 ms-1. This calculation
assumes a relative humidity of 80%, a typical
value over the ocean. During FETCH, however,
the high wind events were often offshore Mistral
flows, with relative humidities around 50%
(Hauser et al. 2003). Consequently, the turbulent
humidity fluxes were very high during FETCH,
and any spray enhancement would be relatively
small.

The neutral 10m Stanton number, CHN, is
calculated via ECM on both the ship, and an ASIS
buoy, with a bulk humidity correction used to
convert the measured sonic temperature fluxes to
sensible heat fluxes on ASIS. The two data sets
are consistent, and yield CHN = (1.01±0.20)×10-3

for unstable stratification, and CHN =(1.34 ±
0.45)×10-3 for stable stratification. No significant
wind speed dependence was found. The unstable
Stanton number is somewhat lower (though within
the scatter) of several commonly quoted studies:
1.13×10-3 for Large and Pond [1982], 1.1×10-3 for
DeCosmo et al. [1996] or (1.23 ±0.53)×10-3 for
Oost et al. [2000]. In contrast, the stable CHN’s
observed here are higher than those reported,
although the uncertainties associated with the
stable values are large.

The results presented in this paper reveal that
useful turbulence measurements can be made on
large ships, provided that careful attention is made
to correction the measured velocities for motion
of the ship and for distortion of the mean flow
streamlines by the ship. After these corrections,
scalar fluxes were found to be in good agreement
with those from a reference platform. In contrast,
momentum fluxes remained significantly
overestimated, and an additional correction of
18% was required, presumably to correct for
distortion of the turbulent eddies. Although this
factor is similar to that suggested by Edson et al
[1998], it is not clear to what degree the factor
depends on the individual ship or sensor location.
Until the time when numerical models of airflow
distortion are able to investigate the distortion of
turbulence scales, it is advisable to carry out a
validation of ship momentum fluxes with a

reference system in order to estimate the
correction factor.

An alternative approach would be to use the
inertial dissipation method to calculate the
momentum flux and drag coefficients. This
method requires only corrections for the mean
flow distortion. However the method is not direct,
but relies on assumptions that may not apply in
certain sea state conditions. In conditions where
IDM has been validated, we suggest its use to
estimate the correction factor for the ECM fluxes
in lieu of a comparison with a reference system.

Acknowledgements

This research has been undertaken in the
framework of the FETCH experiment supported
by INSU-CNRS (PATOM grants), IFREMER, the
European Community (grant CEE
MAS3.CT96.0051) and Météo-France. We
gratefully acknowledge the technical teams from
CETP, Météo-France, RSMAS and NWRI
(Canada) for their valuable help.

References
Anctil, F., M.A. Donelan, W.M. Drennan, and

H.C. Graber, Eddy-correlation measurements
of air-sea fluxes from a discus buoy, J. Atmos.
Oceanic Technol., 11, 1144-1150, 1994.

Anderson, R.J., A study of wind stress and heat
flux over the open ocean by inertial dissipation
method, J. Phys. Oceanogr., 23, 2153-2161,
1993.

Andreas, E.L., J.B. Edson, E.C. Monahan, M.P.
Rouault, and S.D. Smith, The spray
contribution to net evaporation from the sea: a
review of recent progress, Bound.-Layer
Meteorol. 72, 3-52, 1995.

Axford, D.N., On the accuracy of wind
measurements using an inertial platform in an
aircraft and an example of a measurement of
the vertical mesostructure of the atmosphere, J.
Appl. Meteor., 7, 645-666, 1968.

DeCosmo, J., K.B. Katsaros, S.D. Smith, R.J.
Anderson, W.A. Oost, K. Bumke, and H.
Chadwick, Air-sea exchange of water and
sensible heat: The Humidity Exchange Over
the Sea (HEXOS) results, J. Geophys. Res.,
101, 12001-12016, 1996.

Delahaye, J.Y., C. Guérin, J.P. Vinson, H. Dupuis,
A. Weill, H. Branger, L. Eymard, J. Lavergnat,
and G. Lachaud, A new shipborne microwave
refractometer for estimating the evaporation
flux at the sea surface, J. Atmos.  Oceanic
Technol., 18, 459-475, 2001.



Donelan, M.A., Air-Sea Interaction. In The Sea:
Ocean Engineering Science, 9, (B. LeMéhauté
and D. Hanes, Eds.), John Wiley and Sons,
Inc., New York, 239-292, 1990.

Donelan, M.A., W.M. Drennan and K.B.
Katsaros, The air-sea momentum flux in
conditions of mixed wind sea and swell. J.
Phys. Oceanogr. 27, 2087-2099, 1997.

Drennan, W.M., H.C. Graber, D. Hauser, and C.
Quentin, On the wave age dependence of wind
stress over pure wind seas, J. Geophys. Res.,
103 (C3), 8062, doi:10.1029/2000JC000715,
2003.

Dupuis, H., P.K. Taylor, A. Weill, and K.B.
Katsaros, The inertial dissipation method
applied to derive momentum fluxes over the
ocean during the SOFIA/ASTEX and
SEMAPHORE experiments with low to
moderate wind speeds, J. Geophys. Res., 102,
21115-21129, 1997.

Dupuis, H., C. Guérin, A. Weill, and D. Hauser,
Heat flux estimates by the inertial dissipation
method during the FETCH experiment. In: The
wind-driven air-sea interface: electro-
magnetic and acoustic sensing, wave dynamics
and turbulent fluxes, edited by M.Banner, pp.
297-304, School of Mathematics, University of
New South Wales, Sydney, Australia, 1999.

Dupuis, H., C. Guérin, D. Hauser, A. Weill, P.
Nacass, W. Drennan, S. Cloché, and H.C.
Graber, Impact of flow distorsion corrections
on turbulent fluxes estimated by the inertial
dissipation method during the FETCH
experiment on R/V l'Atalante, J. Geophys.
Res., 103 (C3), 8064,
doi:10.1029/2001JC001075, 2003.

Edson, J.B., C.W. Fairall, S.E. Larsen, and P.G.
Mestayer, A study of the inertial-dissipation
technique for computing air-sea fluxes, J.
Geophys. Res., 96, 10689-10711, 1991.

Edson, J.B., A.A. Hinton, and K.E. Prada, Direct
Covariance flux estimates from mobile
platforms at sea, J. Atmos. Oceanic Technol,
15, 547-562, 1998.

Fairall, C.W., and S.E. Larsen, Inertial-dissipation
methods and turbulent fluxes at the air-ocean
interface, Boundary Layer Meteorology, 34,
287-301, 1986.

Frederikson, P., K.L. Davidson, and J.B. Edson, A
study of wind stress determination methods
from a ship and an offshore tower, J. Atmos.
Oceanic Technol., 14, 822-834, 1997.

Fujitani, T., Method of turbulent flux
measurement on a ship using a stable platform
system, Pap. Meteor. Geophys., 36, 157-170,
1985.

Geernaert, G.L., Bulk parameterization for the
wind stress and heat fluxes, in Surface waves
and fluxes, edited by G.L. Geernaert, and W.J.
Plant, Kluwer Acad. Pub, 91-172, 1990.

Goldstein, H., Classical Mechanics, 399 pp.,
Addison-Wesley Publishing Co., 1950.

Graber, H., E.A. Terray, M. Donelan, W.M.
Drennan, J.C.V. Leer, and D.B. Peters, ASIS-
A new air-sea interaction Spar buoy: design
and performance at sea, J. Atmos. Oceanic
Technol., 17, 708-720, 2000.

Hauser, D., H. Branger, S. Bouffies-Cloché, S.D.
S, W.M. Drennan, H. Dupuis, P. Durand,
X.D.d. Madron, C. Estournel, L. Eymard, C.
Flamant, H.C. Graber, C. Guérin, K. Kahma,
G. Lachaud, J.-M. Lefèvre, J. Pelon, H.
Pettersson, B. Piguet, P. Queffeulou, D.
Tailliez, J. Tournadre, and A. Weill, The
FETCH experiment: an overview, J. Geophys.
Res., 108 (C3), 8053,
doi:10.1029/2001JC001202, 2003.

Hicks, B.B., and A.J. Dyer, The spectral density
technique for the determination of eddy fluxes,
Quart. J. Roy. Meteorol. Soc., 98, 838-844,
1972.

Janssen, P.A.E.M., On the effect of ocean waves
on the kinetic energy balance and
consequences for the inertial dissipation
method. J. Phys. Oceanogr. 29, 530-534, 1999.

Kaimal, J.C., and J.E. Gaynor, Another look at
sonic anemometry. Bound. Layer Meteorol. 56,
401-410, 1991.

Katsaros, K.B., M.A. Donelan, and W.M.
Drennan, Flux measurements from a swath
ship in Swade, J. Marine Systems, 4, 117-132,
1993.

Large, W.G., and S. Pond, Open ocean
momentum flux measurements in moderate to
strong winds, J. Phys. Oceanogr., 11, 324-336,
1981.

Large, W.G., and S. Pond, Sensible and latent heat
flux measurement over the ocean, J. Phys.
Oceanogr., 12, 464-482, 1982.

Miyake, M., R.W. Stewart, and R.W. Burling,
Spectra and cospectra of turbulence over
water, Quart. J. Roy. Meteorol. Soc., 96, 138-
143, 1970.

Nacass, P.L., Shipborne wind measurements
corrected for airflow distortion by
computational fluid dynamics, in The FETCH
experiment, IPSL instrumental note 27, ISSN
1626-8334, pg 17-34, 2002 (available at
www.ipsl.jussieu.fr/documentation/NAI/Notes.
html)

Oost, W.A., C.W. Fairall, J.B. Edson, S.D. Smith,
R.J. Anderson, J.A. Wills, K.B. Katsaros, and



J. DeCosmo, Flow distortion calculations and
their application in HEXMAX, J. Atmos.
Oceanic Technol., 11, 366-386, 1994.

Oost, W.A., C.M.J. Jacobs, and C. van Oort,
Stability effects on heat and moisture fluxes at
sea, Bound.-Layer Meteorol., 95, 271-302,
2000.

Smith, S.D., Wind stress and heat flux over the
ocean in gale force winds, J. Phys. Oceanogr.,
10, 709-726, 1980.

Smith, S.D., K.B. Katsaros, W.A. Oost, and P.G.
Mestayer, The impact of the HEXOS
programme. Bound. Layer Meteorol. 78, 121-
141, 1996.

 Wyngaard, J.C., The effects of probe-induced
flow distortion on atmospheric turbulence
measurements, J. Appl. Meteor., 20, 784-794,
1981.

Yelland, M.J., P.K. Taylor, I.E. Consterdine, and
M.H. Smith, The use of the inertial dissipation
technique for shipboard wind stress
determination, J. Atmos. Oceanic Technol., 11,
1093-1108, 1994.

Yelland, M.J., and P.K. Taylor, Wind stress
measurements from the Open Ocean, J. Phys.
Oceanogr., 26, 541-558, 1996.

Yelland, M.J., B.I. Moat, P.K. Taylor, R.W.
Pascal, J. Hutchings, and V.C. Cornell, Wind
stress measurements from the Open Ocean
corrected for airflow distortion by the ship, J.
Phys. Oceanogr., 28, 1511-1525, 1998.



Notes des Activités Instrumentales

Contact :Jean Jouzel, Directeur de l’IPSL

Présentation de l’IPSL : IPSL overview :
• L’Institut Pierre-Simon Laplace (IPSL) est une fédéra-
tion de recherche qui regroupe six laboratoires en région
francilienne (CETP, LBCM, LSCE, LMD, LODYC, SA).

• The Institut Pierre-Simon Laplace (IPSL) is a federa-
tive research institute that gathers six laboratories in the
Paris area (CETP, LBCM, LSCE, LMD, LODYC, SA).

• L’IPSL est sous la tutelle conjointe du Centre Natio-
nal de la Recherche Scientifique, des Universités Pierre
et Marie Curie et Versailles Saint-Quentin, du Commis-
sariat à l’Energie Atomique, de l’Institut de Recherche
pour le Développement, de l’Ecole Normale Supérieure
et de l’Ecole Polytechnique.

• IPSL is under the joint tutorship of CNRS (France’s
major basic-research organization), CEA (France’s ato-
mic energy research center), IRD (France’s cooperative
research and development agency) and France’s four lea-
ding institutions of higher learning in the sciences : Uni-
versity Pierre et Marie Curie, University Versailles Saint-
Quentin, Ecole Normale Supérieure and Ecole Polytech-
nique.

• L’IPSL remplit une triple mission de recherche, d’en-
seignement et de service d’observation. L’étude des diffé-
rentes composantes de l’environnement terrestre (océan,
atmosphère, biosphère, cryosphère, surfaces continen-
tales) constitue l’objectif central de recherche de l’IPSL.
Cette étude va de l’échelle locale à l’échelle globale, elle
concerne l’évolution passée et future de la planète Terre,
l’étude de l’environnement ionisé de la Terre et celle des
environnements planétaires. Elle se fonde sur une ap-
proche incluant développements expérimentaux, obser-
vation et modélisation.

• The missions of IPSL include research, teaching and
scientific monitoring. The research programmes conduc-
ted within the Institute include the study of the main com-
ponents of the Earth’s environment from the local to the
global scale (ocean, atmosphere, biosphere, cryosphere,
continental surfaces). These research concern the past
and future evolution of the planet Earth, the study of
the ionised environment of the Earth and of planetary
atmospheres in the solar system. These scientific activi-
ties are based on experimental developments, observation
and modelling.

• L’IPSL et ses laboratoires sont rattachés aux Ecoles
Doctorales "̆aSciences de l’Environnement" et "Astro-
physique" d’Ile-de-France.

• The Institut Pierre-Simon Laplace and its laborato-
ries are part of the Graduate Schools "ăEnvironmental
Sciences" and "Astrophysics" of Ile-de-France.

IPSL - UPMC Case 102 IPSL - UVSQ
4, Place Jussieu 23, rue du Refuge
75252 Paris Cedex 05 - France 78035 Versailles - France

http ://www.ipsl.jussieu.fr

Laboratoires :
• Centre d’Etudes des Environnements Terrestre et Planétaires [CETP] http ://www.cetp.ipsl.fr
• Laboratoire de Biochimie et Chimie Marines [LBCM]
• Laboratoire des Sciences du Climat et de l’Environnement [LSCE] http ://www-lsce.cea.fr
• Laboratoire de Météorologie Dynamique [LMD] http ://www.lmd.jussieu.fr
• Laboratoire d’Océanographie Dynamique et de Climatologie [LODYC] http ://www.lodyc.jussieu.fr
• Service d’Aéronomie [SA] http ://www.aero.jussieu.fr




