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ABSTRACT
Processes influencing the air–sea exchange of humidity during unstable and neutral stratification were
studied using tower measurements from the island of Östergarnsholm in the Baltic Sea. For small air–sea
temperature differences, the neutral exchange coefficient for humidity CEN was found to increase with
increasing wind speed, attaining a value of approximately 1.8 ⫻ 10⫺3 at 13 m s⫺1. The high CEN values were
observed during situations when the characteristics of the turbulence structure differed from what would be
expected from traditional theory. Results from spectral analysis point to a situation in which the vertical
transport of humidity is dominated by smaller-scale eddies. Quadrant analysis showed that these eddies
enhance the humidity flux by bringing down drier air from layers aloft. These findings are consistent with
recent analyses of the neutral boundary layer in which a change of turbulence regime has been observed.
The conclusion is made that this dynamic effect accounts for the observed increase in CEN. Here, CEN was
calculated using a wave-dependent normalized wind gradient, which had the effect of reducing the value by
about 10% during swell relative to calculations using a non-wave-dependent normalized wind gradient.

1. Introduction
In recent decades there have been significant efforts
to increase our understanding of the turbulent exchange of momentum, heat, and moisture between the
ocean and the atmosphere. Research concerning this
exchange is important, not only from a basic research
point of view, but also since boundary conditions in
models are dependent on a correct description of the
turbulent exchange at the surface. If correctly applied,
improved knowledge of the turbulent exchange will
make model descriptions of processes at the air–sea
interface more accurate, resulting in better model predictions.
Meteorological models commonly use a bulk approach when calculating turbulent fluxes at the sea surface. This is a convenient method that relates fluxes to
mean gradients and wind speed through an exchange
coefficient. The success of the bulk approach lies in the
ability to correctly describe the exchange coefficients,
which has been the main objective of numerous field
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experiments (see section 5). The results from the field
experiments have improved our knowledge about the
exchange coefficients; however, there is more to learn.
For instance, recently Zhang et al. (2006) showed improved model predictions of storm intensity by including sea spray effects in the calculations.
In addition, field experiments (e.g., Smedman et al.
1999, 2003; Rutgersson et al. 2001a) as well as model
studies (Sullivan et al. 2004) have shown that the marine boundary layer is strongly influenced by the wave
field. In the presence of long waves an upward directed
component of the momentum flux is induced, which
alters the wind and turbulence profiles. Guo Larsén et
al. (2004) studied the wind profile during different wave
conditions and presented new expressions of the nondimensional wind gradient. A changed nondimensional
wind gradient also influences the exchange coefficients.
In Smedman et al. (2007b) the exchange coefficient for
sensible heat was shown to decrease in the presence of
swell-dominated wave fields. A similar effect is expected for the exchange coefficient for latent heat,
which is investigated in the present paper.
Yet another process influencing the air–sea exchange
was presented in Smedman et al. (2007a,b). It was
shown that the exchange coefficient for sensible heat
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was greatly enhanced during near-neutral conditions
(slightly unstable). This was found to be an effect of the
development of a special turbulence regime termed the
unstable very close to neutral (UVCN) regime. The
UVCN regime is characterized by surface-layer-scale
eddies originating as detached eddies in layers above
the surface layer. When these eddies are formed they
move downward, transporting colder air to the surface,
which enhances the sensible heat flux. In this study the
effect of the UVCN regime on the exchange coefficient
for the latent heat flux is investigated.
Present state-of-the-art knowledge of surface fluxes
during different stratifications is implemented in the
Coupled Ocean–Atmosphere Response Experiment
(COARE) 3.0 algorithm (Fairall et al. 2003). The
COARE algorithm is developed from surface renewal
theory and is used to calculate the surface fluxes. Here
it is used as a reference calculation. Surface renewal
theory, as well as the COARE algorithm, is described
in more detail in sections 2b and 2c.
The measurement site and instrumentation are presented in section 3. Section 4 presents the results, which
are discussed and compared with previous findings in
section 5. Conclusions are presented in section 6.

profile functions can be formed as unique functions of
the stability parameter, z /L. The normalized profile
functions for humidity, temperature, and wind speed
are as follows:
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2. Theory
a. Neutral exchange coefficients

 ⫺ 0 ⫽

The transfer coefficients for latent and sensible heat,
CE and CH, are defined through the bulk formulas
共1a兲
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where w⬘q⬘ is the turbulent flux of specific humidity
(m s⫺1 kg kg⫺1), w⬘⬘ is the turbulent flux of potential
temperature (m s⫺1 K), U10 is the mean wind speed at
10 m and U0 is the mean wind speed at the sea surface
(m s⫺1), qw is the specific humidity at the water surface
(kg kg⫺1; i.e., the saturation humidity at the sea surface
temperature), q10 is the specific humidity at 10 m, w is
the potential temperature at the sea surface (K), and
10 is the potential temperature at 10 m.
During conditions for which the Monin–Obukhov
similarity theory (MOST) applies, the exchange coefficients can be reduced to their neutral counterparts, CEN
and CHN. This is done to remove the effects of stability
and make it easier to compare measurements.
MOST states that in a constant flux layer and over a
horizontally homogeneous surface, nondimensional

共2a兲

共2b兲

and

共2c兲

where q ⫽ ⫺w⬘q⬘/u is the scaling variable for humid*
*
ity,  ⫽ ⫺w⬘⬘/u is the scaling variable for tempera*
*
ture, z is the height above the surface (m), L ⫽
⫺(u3 T0)/(gkw⬘⬘) is the Obukhov length (m), k is the
*
von Kármán constant (⬇0.4), u is the friction velocity
*
(m s⫺1), and w⬘⬘ (m s⫺1 K) is the turbulent flux of
virtual potential temperature.
The surface-layer profiles of humidity, temperature,
and wind speed are obtained by vertical integration of
Eqs. (2a)–(2c):
q ⫺ q0 ⫽

w⬘q⬘
CE ⫽
and
共U10 ⫺ U0兲共qw ⫺ q10兲

VOLUME 38

q

*
关ln共z Ⲑz0q兲 ⫺ q兴,
k

共3兲


*
关ln共z Ⲑz0t兲 ⫺ h兴, and
k

共4兲

u
U ⫺ U0 ⫽

*
关ln共z Ⲑz0兲 ⫺ m兴,
k

共5兲

where z0, z0q, and z0t are the roughness lengths for wind
speed, humidity, and temperature, respectively, in
other words the lower limit of the logarithmic profiles.
Here x represents the integrated nondimensional profile functions,
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where  ⫽ z /L and x ⫽ q, h, or m.
The absence of a strong surface current leaves U0 to
be equal to the surface drift velocity, which is 1%–2%
of the wind speed, so assuming U0 ⫽ 0 is reasonable.
Substitution of Eqs. (3)–(5) into Eqs. (1a) and (1b)
yields
CE ⫽
CH ⫽
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It is traditionally assumed that m ⫽ h ⫽ q ⬇ 1 for
z /L ⫽ 0 (cf. below), which makes m ⫽ q ⫽ h ⬇ 0
during neutral conditions. We then obtain the neutral
exchange coefficient for latent and sensible heat:

m ⫽ 0.

共10b兲

For swell when ⫺1 ⬍ z /L ⬍ 0,

m ⫽ 1 ⫺ 共⫺3z ⲐL兲1Ⲑ2;
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By knowing m, h, and q, the roughness lengths z0,
z0q, and z0t can be calculated from Eqs. (3)–(5) if the
turbulent fluxes, U10, and the bulk differences, q ⫺ q0
and  ⫺ 0, are measured.
This method is applicable only during conditions for
which MOST is valid. However, as shown in Smedman
et al. [2007b; cf. section 2d(2)] MOST is not valid during
unstable conditions very close to neutral. An apparent
z0q value is used for this stability range, identified using
L ⬍ ⫺150 m, by setting q ⫽ 0 in Eq. (3). As an effect,
CEN is enhanced by approximately 2.5% relative to calculations using the traditional q value.
Edson et al. (2004) showed that h ⫽ q. The following expression from Högström (1988) is used:
⫺1Ⲑ2

h ⫽ 0.95共1 ⫺ 11.6z ⲐL兲

.

共9兲

b. The influence of the sea state
According to the findings of Guo Larsén et al. (2004),
the status of the wave field should be considered when
calculating the m functions. Thus, the sea state will
have an indirect influence on the exchange coefficients.
The sea state is categorized using the wave age parameter, here defined as cp /U10, where cp is the phase speed
of the waves at the peak frequency in the wave spectra.
When the wave age is larger than 1.2, long waves or
swell dominate the sea surface. A wave age between 0.8
and 1.2 represents a mature sea, a mix of swell and
shorter waves. Conditions with a wave age less than 0.8
are called growing sea; that is, the sea surface is dominated by waves generated by the local wind.
In the presence of long waves, the wind gradient is
modified as a result of wave-induced, upward-directed
momentum flux (Sullivan et al 2004; Smedman et al.
2003). Guo Larsén et al. (2004) show that during unstable atmospheric conditions, the m function decreases when the proportion of long waves increases.
By fitting a curve to measured m values as a function
of z /L, they obtain the following expressions: For a
mature sea when ⫺0.5 ⬍ z /L ⬍ 0,

m ⫽ 1 ⫺ 共⫺2z ⲐL兲1Ⲑ2;
For a mature sea with z /L ⬍ ⫺0.5,

共10a兲

For swell with z /L ⬍ ⫺1,

m ⫽ ⫺0.73.

共10d兲

Note that these modifications are derived for wind
following unidirectional swell, a situation commonly
encountered in limited-sized basins like the Baltic Sea,
but presumably much less common in the open oceans.
This is due to the fact that only one source region to
swell, that is, low pressure system, fits within the Baltic
Sea area at a time. The geometry then limits the swell
direction to mainly south–north, which also is the wind
direction sector used for over water fetch measurements at the Östergarnsholm site.
For growing sea during unstable conditions, there is
little difference between the m function obtained over
sea and that obtained over land. For such conditions,
the m function from Högström (1996) is used:

m ⫽ 共1 ⫺ 19z ⲐL兲⫺1Ⲑ4.

共11兲

During swell and mature sea, CEN is calculated using
the wave-dependent m function. A comparison to calculations with CEN using a traditional m function is
presented in section 4.

c. Surface renewal theory
Surface renewal theory describes the physical processes governing the exchange at the air–sea interface.
In this framework, the exchange at the air–sea interface
is largely controlled by the diffusive transport in the
thin interfacial sublayer, which forms a bottleneck for
the air–sea exchange (for a thorough description see,
e.g., Brutsaert 1975). Several surface flux algorithms
are more or less based on surface renewal theory, for
example, the Liu–Katsaros–Businger model (Liu et al.
1979), the COARE algorithm [see Fairall et al. (1996)
for a description of version 2.5], and the model of Clayson et al. (1996). A common finding of these studies is
that the exchange coefficients generally decrease
slightly with increasing wind speed.
The latest version (3.0) of the COARE algorithm,
presented in Fairall et al. (2003), is modified relative to
previous versions, though it can still be considered a
surface renewal model. By tuning the parameterizations of z0 and z0q to experimental data, CEN calculated
with COARE 3.0 is shown to increase slightly with increasing wind speed.
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d. Limitations of surface renewal theory
As long ago as 1979, Liu et al. (1979) stated that the
application of surface renewal theory is limited to low
and moderate wind speeds. At higher wind speeds, the
thin interfacial sublayer is disturbed by wave breaking,
which questions the applicability of classical surface renewal theory, and thus additional physical processes
have to be considered. Two possible factors that could
affect the exchange coefficient are studied in detail in
this paper: sea spray and changed turbulence structure
during near-neutral stratification.

1) SEA

SPRAY

Sea spray could possibly influence the exchange coefficients for both the latent and sensible heat. Breaking waves produce spray droplets that enhance the latent heat flux by allowing evaporation from the droplet
surface. Evaporation in turn cools the air and thus enhances the sensible heat flux. Most measurements,
however, do not distinguish between the spray-mediated fluxes and those originating directly from the sea
surface. This makes analysis of the magnitude of the
spray component difficult.
An indirect method is adopted in this study by running a flux model that takes account of spray effects
(Andreas 2004, version 2.0). This model produces an
approximate magnitude of the contribution of sea spray
to the latent heat flux.
Basically, the Andreas model calculates the flux
above the droplet evaporation layer, that is, what would
be measured at about 10 m. This flux is considered to be
a sum of the fluxes directly from the sea surface and the
spray-mediated flux. The surface flux is calculated using the COARE 2.5 algorithm and the flux originating
from sea spray is derived using a complex microphysical
model.
The possible importance of sea spray was shown in
Andreas and DeCosmo (2002) where Humidity Exchange over the Sea (HEXOS) data were used in the
model (version 1.0). It was found that during wind
speeds of about 10 m s⫺1 approximately 10% of the
total latent heat flux originated from sea spray. For the
wind speed range 15–18 m s⫺1, the sea-spray-mediated
flux accounted for as much as 10%–40% of the total
flux.

2) THE

TURBULENCE STRUCTURE

Smedman et al. (2007b) demonstrated that the 
function for heat decreased to zero during slightly unstable conditions close to neutral. This unexpected result was found to be related to a change of the turbulence structure that occurs for atmospheric conditions

VOLUME 38

when L ⱕ ⫺150 m. As the boundary layer approached
neutral stratification, a high-frequency peak was observed to develop in w cospectra. In a transition regime, the cospectra had two peaks or a plateau form.
The energy spectra of temperature were found to display a similar behavior. During these conditions, CHN
was observed to attain large numbers. Quadrant analysis showed that this was due to a top-down effect.
Colder air from above entered the surface layer as
downdrafts, increasing the flux of sensible heat. In
Smedman et al. (2007b) this turbulence regime is referred to as the UVCN regime.
The neutral boundary layer was studied in Högström
et al. (2002), where it was shown how detached eddies
of surface-layer scale were created above the surface
layer. As these detached eddies move downward and
impinge on the surface, they are subject to blocking and
are stretched out by the strong shear in the surface
layer. Thus, the eddies become deformed, acquiring an
along-wind length scale of several hundred meters but a
vertical extent of approximately only 1/30 of the boundary layer height, that is, some tenths of meters [Fig. 1 in
Högström et al. (2002) illustrates the principle underlying the process]. The high-frequency peak observed
in the w cospectra and  spectra for large ⫺L values is
most likely a signature of such deformed eddies. Thus,
the dry air, which was observed to enhance CHN during
near-neutral stratification, is likely to be transported to
the surface by the detached eddies.
The unstable boundary layer during moderate winds
is characterized by the horizontal roll type of eddy
structure, a feature that has been both observed and
modeled (e.g., Atlas et al. 1986; Mason and Sykes
1982). Smedman et al. (2007a) present a theory linking
the horizontal rolls with the UVCN regime. As the
thermal forcing of the boundary layer decreases, the
large-scale eddy structure is bifurcated into one steady
branch, the horizontal rolls, and one unsteady, the detached eddies. The likelihood of the formation of the
detached eddies increases as the boundary layer approaches neutral stratification. Smedman et al. (2007a)
speculated that h/L, where h is the height of the boundary layer, is the dominating quantity governing the development of the UVCN regime. However, in the absence of continuous measurements of the boundary
layer height, L is used as the controlling parameter
where L ⬍ ⫺150 m is set as a limit when the UVCN
regime appears. Smedman et al. (2007a) also show observations of the UVCN regime at a land site, which
suggests that this is a dynamical process appearing independent of the nature of the surface, given the right
atmospheric conditions.
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3. Site and measurements
a. The site
The measurements were made at the Östergarnsholm Island, located at 57°27⬘N, 18°59⬘E in the Baltic
Sea. This is a small flat island approximately 4 km east
of the larger island of Gotland. Data were collected
from a 30-m tower situated at the south end of the
island. The site has been in semicontinuous use since
1995. A map can be found in Guo Larsén et al. (2004).
At 500 m from the coast of the island, the sea floor
has approximately a 1:30 slope, and at a distance of 10
km the depth is approximately 50 m. A previous study
(Smedman et al. 1999) concluded that measurements
made at the site are indeed representative of deep-sea
conditions for most situations. By calculating the flux
footprint, Smedman et al. (1999) found that 90% of the
turbulent fluxes measured at a height of 10 m originate
from areas more than 250 m from the shoreline.
Smedman et al. (1999) also showed that the phase
speed of the dominant waves varied between 92% and
99% of their deep-water values during low-wind conditions. During gale-force winds, some shallow-water
effects could be seen in the phase speed of the dominant waves, varying between 77% and 94% of its deepwater value. However, no effects of shallow water on
the turbulence structure were observed, even during
gale-force winds.
In Smedman et al. (2003) it was demonstrated that
under pure wind-sea conditions, the variation of the
drag with wave age agrees very well with corresponding
data from several deep-sea expeditions. These results
strongly support the view that the measurements from
the Östergarnsholm site indeed represent open-ocean
conditions, at least for wind speeds up to 15 m s⫺1.
Measurements of the water level at Visby Harbor, on
the west coast of Gotland, provided by Swedish Meteorological and Hydrological Institute (SMHI) are used
for calculation of the exact heights of the tower instrumentation. The variation of the water level is small,
approximately ⫾0.5 m, mainly due to the synoptic
weather condition since tidal effects in the Baltic Sea
are very small. The tower base is typically 1 m above
the sea level.

b. Instrumentation
Measurements of turbulent fluctuations are made using Solent 1012R2 sonic anemometers (Gill Instruments, Lymington, United Kingdom) recording at 20
Hz at three levels on the tower (9, 16.5, and 25 m above
the tower base), giving the flux of virtual sensible heat
and momentum. Prior to installation, the sonic anemometers were calibrated individually in a wind tun-
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nel, following a procedure similar to that described in
Grelle and Lindroth (1994).
The sonic data have been corrected for errors originating from the cross-wind effect, according to Kaimal
and Gaynor (1991). In addition, the sonic temperature
flux has been corrected for influence from the latent
heat flux (Schotanus et al. 1983).
Since November 2001, an LI-7500 open-path gas analyzer has been mounted at the 9-m level on the tower.
Together with the sonic anemometer at this level, it
gives the turbulent humidity flux as well as mean values
of absolute humidity. The humidity flux has been corrected according to Webb et al. (1980). This correction
is very small, amounting to a few percent at most.
Because of the separation distance (0.3 m) between
the LI-7500 and the sonic anemometer the measured
humidity flux is somewhat attenuated. We have
adopted the Horst (2006) model to compensate for the
flux loss. In mean, for the unstable cases studied in this
paper, the correction is relatively small, about 2%.
To remove possible trends, a high-pass filter based
on a 10-min running average was applied on the turbulence time series before variances and fluxes were calculated.
Slow-response sensors are placed at five levels on the
tower (7, 11.5, 14, 20, and 28 m above the tower base),
operating at 1 Hz, giving profile measurements of
wind speed, wind direction, and temperature. Relative
humidity is measured with a Rotronic instrument
mounted 7 m above the tower base.
Water temperature measurements are made from a
wave-rider buoy moored in 36-m-deep water, approximately 3.5 km southeast of Östergarnsholm (cf. Fig. 1),
owned and operated by the Finnish Institute of Marine
Research. The buoy measures the water temperature at
a depth of 0.5 m, the bucket temperature, which is approximately equal to the skin temperature at this particular site (Rutgersson et al. 2001b).
In Smedman et al. (2007b), the ratio w⬘⬘/U10 was
plotted as a function of w ⫺ 10. For unstable stratification the intercept of a first-order regression line with
the x axis was 0.04 K. This result is taken as evidence
that our measurements of w ⫺ 10 are very close to the
actual air–sea temperature difference under unstable
conditions. Based on this result, we decided to retain
data in cases in which the air–sea temperature difference is larger than 0.5 K (a similar analysis for stable
stratification showed large scatter).
Since the instruments measuring the air and water
temperatures are separated by 3.5 km, this good agreement is likely due to deep vertical mixing of the sea in
combination with a positive heat flux. Such conditions
dominate in the Baltic Sea in the autumn, the season
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c. Data selection

FIG. 1. The CEN as a function of wind speed. Gray dots represent individual observations where CEN has been calculated using
the wave-dependent m function. The solid line with filled circles
represents the bin averages of these measurements with a bin size
of 2 m s⫺1. The dashed line with open squares represents binaveraged values of CEN calculated using a non-wave-dependent
m function. Error bars show ⫾1 std dev. Solid line without symbols represents CEN calculated using the COARE 3.0 algorithm.

during which most of the data were collected. In addition, there is little incoming shortwave radiation in this
season.
From Eq. (1a) an estimation of the mean percentage
uncertainty of CE is obtained through
⌬CE
⫽
CE

再冉 冊 冉 冊 冋
⌬w⬘q⬘
w⬘q⬘

2

⫹

⫺⌬U10
U10

2

⫹

册冎

⫺⌬共qw ⫺ q10兲
共qw ⫺ q10兲

2 1Ⲑ2

,

共12兲
where ⌬ represents the uncertainty in each measurement. During May–June 2006, a second LI-7500 was
mounted on the 10-m level for comparative flux measurements. Based on these results, the square root of
the first right-hand-side term inside the square root was
calculated to be 0.08. The mean value of U10 is 7 m s⫺1,
and ⌬U10 is approximately 0.05 m s⫺1, which makes
⌬U10/U10 ⬇ 0.01. The uncertainty in the humidity gradient is mainly due to uncertainties in the water temperature measurements and the measurement of the
relative humidity at 9 m. A value of 0.2 g kg⫺1 for
⌬(qw ⫺ q10) is reasonable. The mean value of the humidity gradient is 3 g kg⫺1, which makes the square root
of the last right-hand-side term inside the square root ⬇
0.07. By substituting these values into Eq. (12) the
mean percentage uncertainty of CE is calculated to
10%.

Data have been selected according to the following
six criteria: 1) wind was from the sea-fetch sector (50°–
220°); 2) wind speed at 10 m was more than 2 m s⫺1; 3)
relative humidity was less than 95% (to avoid situations
with condensation on the LI-7500 window); 4) there
was approximate height constancy of w⬘⬘ and u ; 5)
*
the air–sea temperature difference was larger than 0.5
K and heat fluxes were positive, that is, there were
unstable conditions; and 6) the air–sea specific humidity difference was larger than 1 g kg⫺1. The dataset
consists of 925 half-hour values. The mean ratio of u
*
between 26 and 10 m is equal to 1.05, that is, a small
systematic difference but completely acceptable. The
majority of the data originate from the following periods: 2001–late October to early December, 2003–
September and October, 2004–July and August, and
2005–July to early September.

4. Results
a. The neutral transfer coefficient and the roughness
lengths, z0 and z0q
Figure 1 shows CEN as a function of wind speed. The
dots represents single 30-min values of CEN calculated
using the wave-dependent m function, Eqs. (10a)–
(10d). The solid line with filled circles represents bin
averages of these data. The broken line with squares
represents bin averages of CEN calculated with a nonwave-dependent m function, Eq. (11), and the solid
line without symbols represents CEN from the COARE
3.0 algorithm. The experimental data show a slight wind
speed dependency for CEN independent of the choice of
m function, whereas CEN from the COARE algorithm
is almost constant.
When introducing the wave-dependent nondimensional wind gradient, CEN is reduced. However, CEN is
observed to have a larger reduction during low wind
speeds, ⬍7 m s⫺1, compared to higher wind speeds.
This is a result of swell being more frequent during low
wind speeds. As an effect, CEN displays a stronger wind
speed dependency when the wave-dependent m function is used.
In the mean, CEN is reduced by 10% during swell,
and 5% during mature sea when using the wavedependent m function. Whenever CEN is shown in the
following it has been calculated using the wavedependent m function.
The neutral transfer coefficient for humidity is shown
as a function of the stability parameter, z /L, in Fig. 2.
From this figure it appears that CEN increases slightly as
the atmosphere becomes more neutral. The scatter in-
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FIG. 2. The CEN as a function of z /L. Dots ⫽ individual values
of CEN. Solid line ⫽ bin-averaged values over a z /L interval of
0.25. Error bars show ⫾1 std dev.

creases significantly and is very large as z /L approaches
zero where the largest values of CEN are observed.
In Fig. 3a CEN is shown as a function of wind speed,
but here the data are divided into three groups depending on the sea–air temperature difference. During periods with relatively large temperature differences,
⌬T ⬎ 3 K, CEN is not clearly dependent on wind speed;
a small decrease is even observed for U ⬎ 7 m s⫺1. For
⌬T ⬍ 2 K the picture is completely different: CEN increases continuously and is larger than the other groups
at wind speeds greater than 9 m s⫺1. Similar behavior is
observed when the data are organized in terms of L
(Fig. 3b): CEN is found to increase with wind speed
when L ⬍ ⫺150 m. The COARE 3.0 parameterization
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seems to hold well for ⌬T ⬎ 2 K (or, in means of L, for
L ⬎ ⫺150 m).
Since the roughness lengths z0 and z0q determine
CEN, these parameters are analyzed in the same manner
as CEN. Figure 4 shows bin averages of z0 as a function
of wind speed. The data have again been organized into
three groups representing different ⌬T values. Also
shown is z0 calculated with the COARE 3.0 algorithm
(solid line). From this figure it is clear that the measured z0 seem to have the same wind speed dependence
as the COARE 3.0 parameterization and is independent of the sea–air temperature difference. This is expected, since physically there is no reason why z0
should be related to temperature. A similar result is
found when organizing data in terms of L (not shown).
Thus, variation (or lack of variation) in z0 cannot explain the observed variation of CEN shown in Figs. 3a
and 3b.
Figure 5 shows bin-averaged values of z0q as a function of wind speed, divided into three groups depending
on the value of ⌬T. The solid line represents z0q from
COARE 3.0, which is seen to decrease with increasing
wind speed, as does the curve representing conditions
with ⌬T ⬎ 3 K. However, for data representing smaller
⌬T, z0q is seen to increase with wind speed for U ⬎ 10
m s⫺1. The group containing the smallest sea–air temperature differences displays the largest increase. As
seen from Eq. (8a), this increase in z0q implies a corresponding increase in CEN, which was observed in Figs.
3a and 3b.
Figure 6 depicts the dependence of CEN on both temperature difference and wind speed. The data have
been divided into three groups depending on wind
speed and are shown as a function of ⌬T. For wind

FIG. 3. (a) Bin-averaged values of CEN as a function of wind speed. Data are divided by ⌬T; symbols are defined in the legend. (b)
Bin-averaged values of CEN as a function of wind speed. Data are divided by L; symbols are defined in the legend.
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FIG. 4. Bin-averaged values of z0 as a function of wind speed.
Symbols are defined in legend.

speeds below 8 m s⫺1 (Fig. 6a) no dependence on ⌬T is
found; CEN is constant, with a value of 1.01 ⫻ 10⫺3, as
indicated by the solid line. This is not the case for
higher wind speeds; for 9 ⬍ U ⬍ 12 m s⫺1 (Fig. 6b), CEN
is seen to increase with decreasing ⌬T. The solid line
shows a linear fit, which can be used for prediction of
CEN during conditions with a ⌬T of 0.5–5 K using the
equation 103CEN ⫽ ⫺0.14⌬T ⫹ 1.56. An even stronger
dependence on ⌬T is found for wind speeds above 12
m s⫺1, as shown in Fig. 6c. For this group, a tentative
quadratic fit is suggested for ⌬T ⬍ 5 K, with the equation 103CEN ⫽ 0.115⌬T 2 ⫺ 1.06⌬T ⫹ 3.39.
The trends of these regression lines are consistent
with those presented for CHN in Smedman et al.
(2007b), indicating a similar process influencing both
the sensible and latent heat flux during conditions of
small air–sea temperature difference and high wind
speeds.
In Fig. 7 the latent heat flux calculated with the
COARE 3.0 algorithm is compared with the measured
flux. COARE 3.0 approximately follows the measurements at small fluxes although there is a slight overestimation for measured fluxes smaller than about 70 W
m⫺2. This is probably due to the presence of longer
waves, which decrease the CEN value through the m
function, a feature that is not implemented in the
COARE 3.0 algorithm. For measured fluxes larger than
80 W m⫺2 there is systematic underestimation by
COARE amounting to approximately 30 W m⫺2 at a
measured latent heat flux of 180 W m⫺2. This is a consequence of the results presented in Figs. 3a and 3b,
where the observed CEN at small ⌬T and high wind
speeds are seen to deviate from the CEN suggested by
the COARE 3.0 algorithm.
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FIG. 5. Bin-averaged values of z0q as a function of wind speed.
Symbols are defined in legend.

b. Cospectral analysis
To understand the physical processes that govern the
air–sea exchange of latent heat, spectral analysis was
performed. The data have been divided into nine
groups depending on wind speed and air–sea temperature difference (see Table 1). Table 1 also shows the
number of entries in each group, the mean value of the
Obukhov length (L), and the mean CEN value. The
highest CEN values are found in group 9, where ⌬T is
less than 2 K, the wind speed exceeds 10 m s⫺1, and ⫺L
is large. Median values of cospectra for each group
have been calculated from the 30-min time series of
20-Hz data.
In Fig. 8, the normalized cospectra of vertical velocity
and specific humidity, nCwq, are shown as a function of
normalized frequency, f ⫽ nz /U, in a linear–logarithmic
representation, where n ⫽ frequency. Note that this
representation is area preserving, the area enclosed by
the curve being proportional to the total covariance.
The columns in Fig. 8 represent different ranges of air–
sea temperature differences; the rows represent different ranges of wind speed. Cospectra are normalized
with the flux itself; thus, integration of the normalized
cospectra equals unity.
A striking feature of Fig. 8 is revealed by dividing the
cospectra as per Table 1, that is, into different groups
depending on the values of ⌬T and U. As the wind
speed increases and the air–sea temperature difference
decreases, a secondary peak develops in the highfrequency range. That is, the high-frequency maximum
increases both downward and to the right in the figure.
In the subfigure representing cases where U ⬎ 10 m s⫺1
and ⌬T ⬍ 2 K (group 9), the low-frequency peak has
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FIG. 6. The CEN as a function of ⌬T divided into groups depending on wind speed: (a) U ⬍ 9 m s⫺1, (b) 9 ⬍ U ⬍ 12 m s⫺1,
and (c) U ⬎ 12 m s⫺1. Solid line represents the best fit of CEN:
constant for (a), a linear fit for (b), and a second-order fit for (c).

almost disappeared. This means that the vertical turbulent flux of specific humidity is dominated by relatively
small scale eddies. As seen in Table 1, this group displays the largest CEN values.
Double-peaked cospectra have previously been observed in the marine boundary layer. Smith and Anderson (1984) measured turbulence at Sable Island, Nova
Scotia, Canada, and presented evidence of a double
structure in the near-neutral cospectra of both humidity
and temperature flux. They describe these cospectra as
being camel shaped but make no further comments
about them.
Schmitt et al. (1979) report saddle-shaped cospectra
of wq and w, but offer no explanation for them. The
same saddle shape is found by Sempreviva and Gryning

(1996) in their normalized cospectra of wq, measured in
the sound between Denmark and Sweden. The two
peaks they found are not as pronounced as those examined in this study, but this is probably related to their
choice of log–log representation.
Phelps and Pond (1971) present cospectra of w, calculated from measurements made on the R/P Floating
Instrument Platform (FLIP) in the Barbados Oceanographic and Meteorological Experiment (BOMEX).
These cospectra have a high-frequency peak only, very
similar to the group representing the smallest ⌬T and
largest wind speeds in Fig. 9. Phelps and Pond (1971)
also present cospectra measured on a pre-BOMEX trial
cruise outside San Diego, California, that have only a
low-frequency peak. The difference between these two
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TABLE 1. Description of the groups used in the spectral analysis.
⌬T ⫽
Group Tw ⫺ T10 (K)
1
2
3
4
5
6
7
8
9

FIG. 7. Comparison of measured latent heat flux with the flux
calculated with the COARE 3.0 algorithm. Solid straight line represents the 1:1 ratio.

measurements is the air–sea temperature difference.
The ⌬T of the data collected outside San Diego was
approximately 3 K, whereas the BOMEX measurements were made under conditions in which the ⌬T was
as low as 0.5 K. These results agree with ours.
Cospectra presented in Fig. 8 closely resemble those
obtained for w using the very accurate Meteorological
Institute of the University of Uppsala turbulence instrument during a 1999 measurement campaign (Smedman et al. 2007b) for corresponding combinations of
⌬T and U.

c. Quadrant analysis
Quadrant analysis is a conditional sampling technique originally developed for use with turbulent laboratory flows by Lu and Willmarth (1973). It separates
the flux into four categories, according to the signs of
the two fluctuating components. Thus, using two components denoted x and y and numbering the quadrants
according to mathematical convention, we have the following quadrants for the x–y plane: quadrant I: x ⬎ 0
and y ⬎ 0, quadrant II: x ⬍ 0 and y ⬎ 0, quadrant III:
x ⬍ 0 and y ⬍ 0, and quadrant IV: x ⬎ 0 and y ⬍ 0,
where y ⫽ w and x ⫽ q in our case. Positive contributions to the specific humidity flux are obtained from
quadrant I, humid air being transported upward (bursts
or ejections), and quadrant III, dry air moving downward (sweeps or gusts). Negative contributions are obtained from quadrants II and IV.
The importance of relatively short-lived large values
of the x⬘y⬘ moments may be seen by estimating the
contribution of these events to the total flux, and by

⌬T ⬎ 3
⌬T ⬎ 3
⌬T ⬎ 3
2 ⬍ ⌬T ⬍ 3
2 ⬍ ⌬T ⬍ 3
2 ⬍ ⌬T ⬍ 3
⌬T ⬍ 2
⌬T ⬍ 2
⌬T ⬍ 2

Mean
Mean
Entries L (m) CEN ⫻ 103

U (m s⫺1)
U⬍5
5 ⬍ U ⬍ 10
U ⬎ 10
U⬍5
5 ⬍ U ⬍ 10
U ⬎ 10
U⬍5
5 ⬍ U ⬍ 10
U ⬎ 10

21
19
57
32
73
52
196
397
78

⫺26
⫺71
⫺114
⫺32
⫺81
⫺187
⫺44
⫺166
⫺403

1.11
1.16
1.07
1.02
1.04
1.26
0.87
1.24
1.57

comparing the result with the proportion of time these
large values occur. This is accomplished by determining
the cumulative frequency distributions of the fluxes
when keeping values larger than a given fraction of the
average flux. This is equivalent to using the hyperbolic
hole introduced by Willmarth and Lu (1974). The size
H of the hole is defined as
H ⫽ | x⬘y⬘|Ⲑ| x⬘y⬘|,

共13兲

where the point (x⬘, y⬘) lies on the hyperbola that
bounds the hole region in the x–y plane. The hyperbolic
hole is defined as the shaded area in Fig. 9 and is a
region excluded from the quadrant analysis; that is,
data outside the hole are kept for the analysis. By progressively increasing the magnitude of H, the importance of events exhibiting increasingly large values of
| x⬘y⬘| can be determined in each quadrant.
Following Raupach (1981), a flux fraction, SiH (with
subscript i referring to the quadrant number) is defined as
SiH ⫽ 关x⬘y⬘兴iH Ⲑx⬘y⬘,

共14兲

where the brackets signify a conditional average. This
conditional average is formally defined using a conditioning function IiH that obeys IiH ⫽ 1 if the point lies
in the ith quadrant and | x⬘y⬘| ⱖ H| x⬘y⬘| ⫽ 0 otherwise.
Then the conditionally averaged flux becomes
关x⬘y⬘兴 iH ⫽ lim inf

1
T

冕

T

x⬘y⬘共t兲IiH共t兲 dt.

共15兲

0

Since the flux fractions are normalized quantities, it is
clear that
4

兺S

i,0

⫽ 1.

共16兲

i⫽1

Figures 10a and 10b present quadrant analyses of two
cases with different values of L. These cases are typical
of situations in which L ⬎ ⫺150 m and L ⬍ ⫺150 m,
respectively. Note that the parameters presented in
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FIG. 8. Normalized cospectra for vertical wind and specific humidity, divided according to wind speed (rows) and ⌬T (columns).
Numbers in the upper-left corner of each panel refer to the groups in Table 2.

these figures differ from those in Fig. 9: Fig. 9 has w⬘
and q⬘ on the axes, whereas Fig. 10 has hole size and the
humidity flux fraction on the corresponding axes.
Figure 10a represents a moderately unstable case in
which L ⫽ ⫺33 m and CEN ⫽ 1.06 ⫻ 10⫺3. The quadrant analysis of this case reveals that the humidity flux
is largely dominated by quadrant I, that is, humid air
moving upward, as intuitively expected.
Figure 10b represents a case in which the stability is
very close to neutral, L ⫽ ⫺280 m and CEN ⫽ 1.60 ⫻
10⫺3. The quadrant analysis of this case reveals a very
different situation from that depicted in Fig. 10a. The
contributions to the flux from quadrant III have increased significantly, which suggests that the observed
increase in CEN for large negative values of L is connected to an enhancement of the flux due to downwardmoving, dry air.
Tables 2a and 2b show the contributions from each
quadrant for hole sizes 0, 3, 6, and 9; that is, this table
put numbers to Figs. 10a and 10b. Note that the sum of
all quadrants in both cases is equal to 1 for hole size 0,
as stated by Eq. (16). As in Fig. 10, Table 2 points to a
situation in which the turbulent humidity flux during
the neutral case to a greater extent is dominated by
large events of downward-moving dry air than in the
unstable case. For instance, considering hole size 6 for
the near-neutral case (Table 2b) the sum of all quad-

rants equals 0.40; that is, 40% of the net flux occurs in
events that are 6times the mean flux. The absolute sum
of all quadrants, that is, 兺4i⫽1| Si,6| , is equal to 0.58. This
sum can be interpreted as the flux turnover, that is, a
measure of the activity in events (positive and negative)

FIG. 9. Specific humidity and vertical velocity fluctuation domain, showing the quadrants and the hyperbolic excluded region
(shaded area); H is size of the hyperbolic hole.
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FIG. 10. Examples of quadrant analysis. (a) A case in which L ⫽ ⫺33 m, and (b) a case that is very close to neutral in which L ⫽
⫺280 m. The figures give the flux fraction for each quadrant as a function of hole size. Note that the hole size by definition is always
positive. Positive contributions to the latent heat flux are provided by quadrants I and III, and negative contributions are provided by
quadrants II and IV.

that are 6 times the net flux. Out of this, 0.21/0.58 ⫽
36% occurs in downburst (sweeps) of dry air. A similar
exercise for the unstable case (Table 2a) yields the following result: 33% of the net flux occurs in events that
are 6 times the mean flux; the flux turnover 兺4i⫽1| Si,6| is
equal to 0.39, that is, less activity in large events than in
the near-neutral case. The relative contribution by
downburst (quadrant III) to events of hole size 6 is only
0.01/0.39 ⬇ 2.5% for the unstable case.

d. Modeled sea spray
The effect of sea spray is investigated (see Table 3)
using the model described in Andreas (2004). To relate
this analysis to previously presented results, the data
are divided into groups depending on wind speed and
air–sea temperature difference.
Table 3a presents the number of data in each group,

TABLE 2. Results from quadrant analysis, giving magnitude of
the different quadrants in two cases for four hole sizes.

and Table 3b shows the mean value of CEN. The value
at U ⬍ 7 m s⫺1 is used as a reference in Table 3c to
calculate the percentage increase of CEN for groups
with higher wind speed. Table 3d shows the relative
contribution of sea spray to the total latent heat flux as
calculated by the model.
By comparingTables 3c and 3d, that is, by comparing
the actual increase in CEN to the expected increase due
to sea spray according to the model, the conclusion is
made that although sea spray contributes somewhat to
the total flux, it cannot alone explain the whole increase
in CEN. This is seen by examining the group with the
highest wind speed and smallest ⌬T; this group displays

TABLE 3. Investigation of the influence of sea spray on CEN
based on the model by Andreas (2004). (a) The number of members in each group, (b) the mean value of CEN, (c) the percentage
increase in CEN with wind speed when using the groups for which
U ⬍ 7 m s⫺1 as a reference (Ref), and (d) the contribution of sea
spray to the total flux according to the model.

Quadrants
Hole size
0
3
6
9
0
3
6
9

I

II

III

(a) L ⫽ ⫺33 m (1830 LST 6 Sep 2003)
0.74
⫺0.08
0.46
0.55
⫺0.01
0.13
0.35
0.00
0.01
0.21
0.00
0.00
(b) L ⫽ ⫺280 m (2130 LST 21 Oct 2003)
0.68
⫺0.12
0.80
0.48
⫺0.03
0.49
0.28
⫺0.01
0.21
0.15
0.00
0.07

IV
⫺0.12
⫺0.05
⫺0.03
⫺0.02
⫺0.36
⫺0.20
⫺0.08
⫺0.03

(a) Entries

(b) CEN ⫻ 103

(c) Increase

(d) Spray flux

Wind speed
interval

⌬T ⬎
3K

2 ⬍ ⌬T ⬍
3K

⌬T ⬍
2K

U⬍7
7⬍U⬍
U ⬎ 10
U⬍7
7⬍U⬍
U ⬎ 10
U⬍7
7⬍U⬍
U ⬎ 10
U⬍7
7⬍U⬍
U ⬎ 10

31
9
57
1.12
1.09
1.05
Ref
⫺2.5%
⫺6%
0.2%
4.5%
6.2%

53
52
52
0.97
1.06
1.24
Ref
9.3%
27%
0.6%
4.3%
10%

369
224
78
0.98
1.28
1.53
Ref
30.5%
56.3%
0.7%
4.2%
9.9%

10

10

10

10
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In ID
1.23 ⫾ 0.24 (EC)

ID

EC

Prop anem ⫹ Refractometer

Solent R2A ⫹ Lyman
␣ and IFM
Solent R3HS ⫹ prop
anem ⫹ refractometer
FETCH (ship)

EC
Prop anem ⫹ Lyman ␣

North Sea platform

EC
Pitot probe ⫹ Lyman ␣

TOSCANE-T (airborne
measurements)
HEXOS (North Sea
platform)
CATCH (ship)

EC⫹ID

None

2–19

None
2–18
⬎0.8

1.10 ⫾ 0.22

Clear, for U ⬎ 6.5 m s⫺1
1.13 (for U ⬍ 6.5 m s⫺1)
5–20
No information

None
1.12 ⫾ 0.24
6–18

None (for U ⬍ 12 m s⫺1)
1.6
1–15

ID
Prop anem ⫹ Lyman ␣
Ships

None, ⌬T range:
1–2
⬎1.5

Weak
1.15 ⫾ 0.22
4–14

Clear
1.27 ⫾ 0.26
5–12
EC
PAT311-1 sonic ⫹ Lyman ␣
Sable Island (tower)

None, ⌬T range:
0.2–3.1
⬎1

Possible (75% confidence)
1.5 ⫾ 0.3
5–13
⬎4.5
EC
Prop anem ⫹ IR hygrometer
AMTEX (tower)

Francey and
Garratt (1978)
Anderson and
Smith (1981)
Large and Pond
(1982)
Saïd and Druilhet
(1991)
DeCosmo et al.
(1996)
Eymard et al.
(1999)
Oost et al.
(2000)
Pedreros et al.
(2003)

Mean CEN
(⫻103)
U range
(m s⫺1)
⌬T criterion
(K)
Method
Instrumentation

Table 4 summarizes some well-known studies of CEN,
including information about the instrumentation and
method used to derive the humidity flux measured using either the eddy correlation method (EC) or the
inertial dissipation method (ID). Since the increase in
CEN is found for small values of ⌬T, a column is included to show whether small ⌬T values were excluded.
The last three columns show the wind speed range in
which the measurements were made, the mean CEN
value, and whether any dependence on wind speed was
found.
The mean values of CEN presented in Table 4 range
from 1.10 ⫻ 10⫺3 ⫾ 0.22 ⫻ 10⫺3 to 1.5 ⫻ 10⫺3 ⫾ 0.5 ⫻
10⫺3. Using the wave-dependent m functions, the
mean CEN value for this study is 1.15 ⫻ 10⫺3 ⫾ 0.37 ⫻
10⫺3 (1.20 ⫻ 10⫺3 ⫾ 0.37 ⫻ 10⫺3 using the non-wavedependent m function); that is, considering only the
mean value, this is in general agreement with previous
field experiments. The standard deviation is quite large,
larger than most of the standard deviations presented in
Table 4. Measurement uncertainty justifies a scatter of
approximately 10% (i.e., ⫾0.1 ⫻ 10⫺3), as discussed in
section 3b. Remaining scatter must be explained by
physical processes influencing the air–sea humidity exchange.
The wind speed dependency shown in Fig. 1 is supported by some of the previous investigations. As
shown in Fig. 3a, this effect is most evident for situations with ⌬T ⬍ 2 K. None of the studies presented in
Table 4 divided the data into groups depending on air–
sea temperature differences. Had such an analysis been
done, a clearer dependence on wind speed might have
emerged. However, this requires an extensive dataset,
covering a wide range of wind speed and ⌬T measurements, which might not be available for experiments
conducted during a limited period of time.
Surface renewal theory is unable to predict the observed high CEN values. Two possible explanations
were presented in section 2d. In theory, wave breaking
could also be a plausible explanation. As waves break
they disturb the interfacial, diffusive sublayer, thus reducing the resistance of this bottleneck layer and making the transfer of latent heat more efficient. During

Dataset

5. Discussion

Reference

an increase of about 56% in CEN, but the contribution
of sea spray to the total flux is about 10%.
The magnitude of the spray-mediated portion of the
total latent heat flux is of approximately the same magnitude as that found in Andreas and DeCosmo (2002),
where the influence of sea spray on the HEXOS data
was examined.

CEN U trend

SAHLÉE ET AL.
TABLE 4. Summary of some well-known field experiments (prop anem ⫽ propeller-vane anemometer). Here, AMTEX is the Airmass Transformation Experiment, TOSCANE is
the Travaux d’Océanographie Spatiale Capteurs Actifs Atlantique Nord Est, CATCH is Couplage avec l’Atmosphère en Conditions Hivernale, and FETCH is Flux, Etat de la Mer,
et Télédétection en Conditions du Fetch Variable.
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such conditions, application of surface renewal theory
is questionable. However, as illustrated by Figs. 3a and
3b, high wind speeds are not enough to explain the high
CEN values found. A combination of relatively high
wind speeds with a small temperature difference is
needed. Thus wave breaking is probably not the primary reason for the observed increase in CEN.
Spectra and quadrant analyses indicate that the high
CEN values are connected to a change in the turbulence
structure. This result is analogous to what was observed
for CHN in Smedman et al. (2007b) during the UVCN
regime, presented in section 2d(2). The high-frequency
peak in the wq cospectra, which develops as the wind
speed increases and ⌬T decreases, as shown in Fig. 8,
was also observed for the w cospectra in Smedman et
al. (2007b). This peak is probably a signature of the
detached eddies, which are created in the UVCN regime.
According to the quadrant analysis (Fig. 10b), dry air
from above is brought down to the surface in the nearneutral case. In the framework of the UVCN theory,
this transport is governed by the detached eddies. As an
effect, the humidity flux is enhanced, which would explain the large CEN values observed during high wind
speeds and small air–sea temperature differences. Similarly, Smedman et al. (2007b) show that the large CHN
observed during near-neutral conditions are connected
to events with downward transport of cold air.
These results agree very well with those presented in
Maitani and Ohtaki (1989). From measurements made
above a paddy field they showed that downdrafts were
more efficient in the upward transport of humidity during near-neutral stratification.
A peculiar discrepancy between the behavior of CEN
and of CHN becomes evident when the results of Smedman et al. (2007b) are compared with those of the
present study. The increase in CEN with wind speed
appears only during conditions of small sea–air temperature differences. However, CHN is observed to increase with wind speed independent of the magnitude
of ⌬T; albeit the largest increase is observed to occur
with the largest negative values of L.

6. Summary and conclusions
The vertical turbulent transport of latent heat in the
marine surface layer was studied using a Licor-7500
open-path gas analyzer in combination with a sonic anemometer. The focus was to study the neutral exchange
coefficient CEN. It was found that the exchange coefficient increases systematically as the air–sea temperature difference decreases and the wind speed increases.
Using the Andreas (2004) flux model, which incorpo-
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rates the effects of sea spray, the conclusion is made
that sea spray is not the major reason for the observed
increase in CEN.
The high CEN values are observed during situations
when there is a regime shift of the structure of the
turbulence. From spectral analysis it was found that as
the boundary layer approaches neutral stratification,
smaller-scale eddies become increasingly important in
the turbulent transport of humidity. Quadrant analysis
showed that the smaller-scale eddies were connected to
situations with strong downdrafts of dry air, which
would explain the enhancement of CEN.
These findings were found to be analogous to the
results concerning the exchange of sensible heat presented in Smedman et al. (2007b). Similar enhancement
of the exchange coefficient CHN was reported during
near-neutral stratification in combination with a highfrequency peak in the w cospectra and downdrafts of
colder air. This special regime of the turbulence structure was termed the unstable very close to neutral regime and it is treated thoroughly in Smedman et al.
(2007a).
In summary, the UVCN regime develops in moderate to strong winds as the thermal forcing of the boundary layer decreases. It is described as the unstable
branch of the larger-scale eddy structure, where the
steady branch consists of the well-known horizontal
rolls. During the UVCN regime, eddies with a vertical
extent of approximately surface-layer height dominate
the turbulent transport. These eddies originate as detached eddies above the surface layer and move toward
the surface, bringing down drier, colder air, enhancing
the surface fluxes of sensible and latent heat.
The wave-dependent m functions from Guo Larsén
et al. (2004) were applied when calculating CEN. It was
found that this had the effect of reducing the exchange
coefficient. In the mean the reduction was about 10%
during swell and 5% during mature sea. This reduction
will act to enlarge the wind speed dependency of CEN
since swell is mainly prevalent during lower wind
speeds. However, the wave-dependent, nondimensional profile function for wind was derived for wind
following swell. Its applicability for other conditions,
such as multidirectional swell or cross swell, is not
known.
A comparison with the COARE 3.0 flux algorithm
was made, and it was found that it holds well during
conditions when the air–sea temperature difference is
more than 3 K. However, for smaller temperature differences and wind speeds above about 8 m s⫺1 the algorithm underestimates the exchange coefficient as a
result of the formation of the UVCN regime, an effect
that is not implemented in the algorithm.
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