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ABSTRACT

This study introduces exchange coefficients for wind stress (C),), latent heat flux (C, ), and sensible heat
flux (Cg) over the global ocean. They are obtained from the state-of-the-art Coupled Ocean—Atmosphere
Response Experiment (COARE) bulk algorithm (version 3.0). Using the exchange coefficients from this
bulk scheme, C,, C,, and Cy are then expressed as simple polynomial functions of air-sea temperature
difference (7, — T,)—where air temperature (7,) is at 10 m, wind speed (V,) is at 10 m, and relative
humidity (RH) is at the air-sea interface—to parameterize stability. The advantage of using polynomial-
based exchange coefficients is that they do not require any iterations for stability. In addition, they agree
with results from the COARE algorithm but at =5 times lower computation cost, an advantage that is
particularly needed for ocean general circulation models (OGCMs) and climate models running at high
horizontal resolution and short time steps. The effects of any water vapor flux in calculating the exchange
coefficients are taken into account in the polynomial functions, a feature that is especially important at low
wind speeds (e.g., V, < 5 ms ') because air-sea mixing ratio difference can have a major effect on the
stability, particularly in tropical regions. Analyses of exchange coefficients demonstrate the fact that water
vapor can have substantial impact on air-sea exchange coefficients at low wind speeds. An example
application of the exchange coefficients from the polynomial approach is the recalculation of climatological
mean wind stress magnitude from 40-yr European Centre for Medium-Range Weather Forecasts
(ECMWF) Re-Analysis (ERA-40) data in the North Pacific Ocean over 1979-2002. Using ECMWF 10-m
winds and the authors’ methodology provides accurate surface stresses while largely eliminating the oro-
graphically induced Gibb’s waves found in the original ERA-40 surface wind stresses. These can have a
large amplitude near mountainous regions and can extend far into the ocean interior. This study introduces
exchange coefficients of air—sea fluxes, which are applicable to the wide range of conditions occurring over
the global ocean, including the air—sea stability differences across the Gulf Stream and Kuroshio, regions
which have been the subject of many climate model studies. This versatility results because Cj,, C,, and Cg
are determined for V, values of 1 to 40 ms™ !, (T, — T,), intervals of —8° to 7°C, and RH values of 0% to
100%. Exchange coefficients presented here are called the Naval Research Laboratory (NRL) Air-Sea
Exchange Coefficients (NASEC) and they are suitable for a wide range of air-sea interaction studies and
model applications.
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1. Introduction

Previously, Kara et al. (2000, 2002) introduced poly-
nomial functions for determining the exchange coeffi-
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cients of wind stress (Cp), latent heat flux (C,), and
sensible heat flux (Cy) used in the bulk formulas. In
these algorithms, the stability correction was approxi-
mated by a term depending on the sea—air temperature
difference (7, — T,), where T, is at 10 m, and a second-
order polynomial function of the wind speed at 10 m
above the sea surface (V,) for Cj, or the inverse wind
speed for C, . The algorithms do not require iteration to
account for stability; therefore, they are computation-
ally efficient for use in high-resolution coupled atmo-
sphere-ocean circulation models and ocean general cir-
culation models (OGCMs). They are also useful when,
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every model time step, latent and sensible heat are cal-
culated via the bulk formulas using both ocean model
sea surface temperature (SST) and the high-frequency
(e.g., 6-hourly or daily) wind speeds. This approach
keeps model SST on track without any explicit relax-
ation to SST data or a climatology (e.g., Wallcraft et al.
2003).

The algorithms presented in the two studies men-
tioned above were obtained using tabulated exchange
coefficients, which were published by Bunker (1976)
and Isemer et al. (1989). The use of these two datasets
resulted in a few limitations in the algorithms. For ex-
ample, the datasets did not provide realistic exchange
coefficients at high and low wind speeds, predomi-
nantly to allow for the biases inherent in estimating
fluxes from ship observations. Many later studies indi-
cated lower values for the exchange coefficients (e.g.,
DeCosmo et al. 1996; Yelland et al. 1998, 2002), in
general. As a result, the algorithms based on these two
sets usually resulted in errors (5%-25%) in estimating
the wind stress and latent and sensible heat fluxes in
comparison to those obtained from the standard
Coupled Ocean—-Atmosphere Response Experiment
(COARE) version-2.5b (v2.5b) algorithm (Fairall et al.
1996). The COARE v2.5b algorithm determines the
turbulent air-sea fluxes through a recursive solution for
the atmospheric dynamic stability. However, this algo-
rithm also has some deficiencies because it was only
verified for winds up to 12 ms™'. It is also noted that
when Kara et al. (2000) was published and Kara et al.
(2002) was under review, the COARE v2.5b algorithm
was the accepted standard for air—sea flux estimates in
the peer-reviewed scientific literature.

Fairall et al. (2003) later developed a new version of
the COARE algorithm (v2.6 in 2001, renamed as v3.0
in 2003) with the aim of providing more realistic ex-
change coefficients at higher wind speeds based on the
data collected since the release of COARE v2.5b. The
new algorithm also takes additional observational data
(Yelland et al. 1998; Hare et al. 1999) into account,
which suggests that a Charnock constant value of 0.011
(Smith 1988), used in the earlier COARE v2.5b algo-
rithm, is too low for higher wind speeds. Thus, a linear
increase in the Charnock parameter is introduced be-
tween 10 and 18 ms™' and a value of 0.018 is used for
=18 m s~ ' (Fairall et al. 2003). This might overestimate
the roughness at very high wind speeds where Taylor
and Yelland (2001) predict a decrease in the Charnock
parameter.

With the availability of the improved COARE algo-
rithm v3.0 (Fairall et al. 2003), it is now possible to
obtain more realistic C,, and C, values. This would
reduce the uncertainties in the datasets (=10%-20%)
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used for deriving the exchange coefficients presented in
Kara et al. (2000, 2002). In addition, the use of the
COARE v3.0 has the advantage of providing reliable
transfer coefficients at low and high wind speeds. In this
paper, we also provide an accurate formulation of air—
sea fluxes using stability-dependent exchange coeffi-
cients, allowing the use of ocean model sea surface tem-
perature (SST) in their calculation for a wide range of
atmospheric conditions over the global ocean. This ap-
proach can substantially improve the accuracy of an
ocean model simulated-SSTs by providing a physically
natural tendency toward accurate SSTs without relax-
ation to any SST data or climatology.

The main purposes of this study are to present (i)
exchange coefficients based on the COARE v3.0 (sec-
tion 2) and (ii) polynomial parameterizations of C,
C,, and Cy based on these coefficients (section 3). In
particular, the stability correction in these parameter-
izations is approximated by a term depending on the
(T, — T,) and a polynomial function of the V, at 10 m
using tabulated exchange coefficients as obtained from
the COARE algorithm (v3.0). A virtual temperature-
based correction to (7, — T,) is later applied to the
polynomial functions, thus including the effects of wa-
ter vapor flux on the exchange coefficients (section 4).
Finally, exchange coefficients presented in sections 3
and 4 are used for calculating climatological mean wind
stress magnitude in the North Pacific Ocean over 1979-
93 (section 5).

2. The COARE exchange coefficients

The COARE algorithm (v3.0) presented in Fairall et
al. (2003) is based on previously published results and
2777 one-hour covariance flux measurements. Fairall et
al. (2003) added 4439 new values from field experi-
ments between 1997 and 1999 to test the algorithm. The
new observational dataset now dominates the database,
especially in the wind speed regime above 10 ms™’,
where the number of observations increased from 67 to
about 800. After applying quality controls, the database
was used to evaluate the algorithm. The average (mean
and median) model results agreed with the measure-
ments to within about 5% for moisture from 0 to 20
ms~'. For stress, the covariance measurements were
about 10% higher than the model at wind speeds over
15 ms~! while inertial-dissipation measurements
agreed closely at all wind speeds. Thus, it should be
emphasized that the COARE algorithm (v3.0) is con-
sidered to be the state-of-the-art algorithm in this pa-
per.

For the purpose of this paper, the COARE algorithm
(v3.0) was modified to produce C,, and C, at various
(T, — T,) and V, intervals over the global ocean. In
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particular, the algorithm was run using various values
of T, relative humidity (RH) just above the sea surface,
T,, and V,. There is no cool skin or warm-layer calcu-
lation; thus, a skin sea surface temperature value is used
in the algorithm. The use of a bulk value is an approxi-
mation, which allows one to perform the calculation
without specifying radiative parameters or a time his-
tory of the fluxes. The roughness length for tempera-
ture is assumed equal to that for humidity in the algo-
rithm; thus, C; is equal to Cg in this paper.

In addition to (7, — T,) and V,, the effect of any
water vapor flux through RH must be taken into ac-
count in calculating the exchange coefficients at low
winds, a topic which will be discussed in section 4 in
detail. In this section the exchange coefficients are ob-
tained for a relatively low 7, (10°C) and for humidity
close to or at saturation (RH = 100%) to investigate
the impact of only (7, —7,) on Cp, and C,. Note that
dividing the mixing ratio (g,) by the saturation mixing
ratio (qg,) and then multiplying this number by 100
determines the RH (in %). A T, value of 10°C was
chosen for consistency with the COARE algorithm
testing, and because almost no sensitivity to the choice
of T, was found. This is true since the only effect of the
temperature in the COARE algorithm enters through
the nonlinearity of the saturation vapor pressure for
water vapor, which has some effect at 30°C and upward.

Exchange coefficients for Cp, and C; are first gener-
ated using an RH value of 100% for various (7, — T)
ranging from —8° to 7°C: 7°, 6°, 5°, 4°, 3°,2°,1°, 0.75°,
0.5°, 0.25°, 0, —0.098°, —0.25°, —0.75°, —1°, —2°, —3°,
—4°, —6°, —8°C. These values were chosen to represent
a wide variety of (T, — T,) intervals over the global
ocean. It is noted that a (7, — T,) value of ~—0.098°
gives the neutral stability value. The resolution of (7, —
T,) intervals was increased near the neutral stability
value to better examine behavior of exchange coeffi-
cients with respect to stability. In addition, the 10-m
wind speed values of 1-40 m s ™! with increments of 1
ms ' were used to determine coefficients at both low
and high wind speed conditions (e.g., tropical cyclones
and hurricanes).

Figure 1 shows C;, and C; values obtained from the
COARE algorithm when RH is set to 100%. Both C;,
and C; experience large changes with wind speed at 10
m above sea surface, and they are also quite different
with respect to (7, — T,) values for a given wind speed.
In general, C), is always greater than 2.0 X 10> at V,
>20ms ! for any given (T, — T,) value (Fig. 1a). On
the other hand, C; does not have any significant vari-
ability at high wind speeds (Fig. 1b). In particular, C, is
almost constant with values ranging between ~1.2 X
1073 and ~1.3 X 1072 for any given (T, — T,) values
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above 20 m s~ '. There are strong variations in the ex-
change coefficients with respect to (7, — T;) at very low
wind speeds (V, < 3 ms™ '), and this is especially evi-
dent at V, values of 1 and 2 m s~ (Figs. 1c,d). The V,
=1 ms! cases are intended to show how variable C,,
and C; can be at very low wind speed regimes. Even
the Cp, and C, values for V, = 1 ms™! are quite dif-
ferent from those for V, = 2 ms~'. We actually ob-
tained Cp, and C; values from the COARE algorithm
at each 1 ms™! interval up to 40 ms™', but they are
only shown at 2 ms™ ' intervals in the figure for visual
clarity. Although exchange coefficients can exist for V,,
= 0 ms ', they are ignored in the analyses because
air-sea fluxes are quite small under calm wind condi-
tions.

The impact of stability through (7, — T,) on both C),
and C, is clearly evident from Fig. 1. Thus, exchange
coefficients reduced to neutral stability, based solely on
wind speed at 10 m above the sea surface (e.g., Large
and Pond 1981), with no stability dependence (that is,
T, — T, = 0 and/or at saturated conditions), will not be
appropriate when they are used in OGCM simulations.
This becomes a critical issue in model simulations, es-
pecially when studying the diurnal cycle of upper ocean
quantities.

Regarding hurricane-force winds (e.g., V, > 30
m s~ '), there is almost no direct experimental evidence
for determining exchange coefficients. There are very
few direct observations of exchange coefficients for
wind speeds greater than 25 ms™'. As to C, and Cj,
there is the problem of spray (e.g., Andreas and Eman-
uel 2001; Emanuel 2003). The COARE algorithm used
here includes an option to define roughness length in
terms of the sea state. It includes a formula based on
wave age (Oost et al. 2002) or one based on significant
height and slope of the waves (Taylor and Yelland
2001). The latter formula predicts significantly lower
roughness at high wind speeds compared to the former
one as explained by Taylor and Yelland (2003) who
evaluated performance of the different formulas in pre-
dicting the C,. Based on evidence from laboratory
studies (e.g., Keller et al. 1992) and comparisons with
field experiments (e.g., Janssen 1997; Johnson et al.
1998), the formula proposed by Taylor and Yelland
(2001), as used in the COARE algorithm, is applicable
over most conditions. It also succeeds at high winds and
very short fetches in wind-wave flumes when wave age
formulas fail.

It should be emphasized that there is very little rea-
son for the exchange coefficients obtained from the al-
gorithm to change geographically. The main change
from one area to another would be due to different
stability or different temperature levels, but any such
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