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ABSTRACT 

Twenty turbulent flux parameterizations are compared globally and regionally with a focus 

on the differences associated with episodic events. The regional focus is primarily upon the Gulf 

Stream and Drake Passage, as these two regions contain vastly different physical characteristics 

related to storm and frontal passages, varieties of sea-states, and atmospheric stability conditions. 

These turbulent flux parameterizations are comprised of six stress-related parameterizations [i.e., 

Large and Pond (1981), Large et al. (1994), Smith (1988), HEXOS (Smith et al. 1992, 1996), 

Taylor and Yelland (2001), and Bourassa (2006)] which are paired with a choice of three 

atmospheric stability parameterizations [‘Neutral’ assumption, Businger-Dyer (Businger 1966, 

Dyer 1967, Businger et al. 1971, and Dyer 1974) relations, and Beljaars-Holtslag (1991) with 

Benoit (1977)]. Two remaining turbulent flux algorithms are COARE version 3 (Fairall et al. 

2003) and Kara et al. (2005), where Kara et al. is a polynomial curve fit approximation to 

COARE; these have their own separate stability considerations. The following data sets were used 

as a common input for parameterization: Coordinated Ocean Reference Experiment version 1.0, 

Reynolds daily SST, and NOAA WaveWatch III. The overlapping time period for these data sets 

is an eight year period (1997 through 2004). 

 Four turbulent flux diagnostics (latent heat flux, sensible heat flux, stress, curl of the 

stress) are computed using the above parameterizations and analyzed by way of probability 

distribution functions (PDFs) and RMS analyses. The differences in modeled flux consistency are 

shown to vary by region and season. Modeled flux consistency is determined both qualitatively 

(using PDF diagrams) and quantitatively (using RMS differences), where the best consistencies 

are found during near-neutral atmospheric stratification. Drake Passage shows the least sensitivity 

(in terms of the change in the tails of PDFs) to seasonal change. Specific flux diagnostics show 

varying degrees of consistency between stability parameterizations. For example, the Gulf 

Stream’s latent heat flux estimates are the most inconsistent (compared to any other flux 

diagnostic) during episodic and non-neutral conditions. In all stability conditions, stress and the 

curl of stress are the most consistent modeled flux diagnostics. Sea-state is also a very important 

source of modeled flux inconsistencies during episodic events for both regions. 
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 CHAPTER 1  

INTRODUCTION 

Air-sea fluxes of heat and momentum are important diagnostics for understanding the 

coupling of the ocean/atmosphere system. As a result, much work has been devoted into 

developing more accurate and computationally efficient methods to parameterize air-sea fluxes for 

modeling purposes. Global Climate Models (hereafter, GCMs), Oceanic Climate Models 

(hereafter, OCMs), and Numerical Weather Prediction (hereafter, NWP) models are increasingly 

utilizing coupled ocean-atmospheric processes, which rely heavily on air-sea turbulent flux 

parameterizations. Flux models are often evaluated when they are developed (e.g., Bourassa 

2006; Clayson et al. 1996; Taylor and Yelland 2001). Occasionally, these flux models are broadly 

inter-compared in an effort to identify relative strengths and weaknesses (Brunke et al. 2003) and 

to help formulate an entirely new flux model (Fairall et al. 1996, 2003). Some studies have 

examined the impacts of differing flux models on fields of air-sea fluxes (e.g., Kara et al. 2005; 

Gulev and Hasse 1998). It is yet to be seen how the distributions of fluxes, from a wide range of 

parameterizations, differ globally and in selected oceanic domains on multi-annual time scales. 

This investigation focuses on the distribution of variables that are important to a variety of air-sea 

interaction processes. 

The specific flux-related diagnostics examined herein are the momentum flux (stress, τ), 

latent heat flux (E), sensible heat flux (H), fiction velocity cubed ( 3

*
u ), and horizontal curl of the 

stress ( k xτ•∇ ).  The choice to examine these flux-related diagnostics is motivated by both 

atmospheric and oceanic science applications. E and H transfer energy between the ocean and 

atmosphere. The magnitude of the stress has a positive influence on heat fluxes through the input 

of mechanical turbulence at the air-sea interface (e.g., Csanady 2001, 32-35). The stress vector is 

important in sustaining and/or modifying the general ocean circulation (e.g. Trenberth et al. 1990; 

Duhaut and Straub 2006). The horizontal curl of the stress vector helps to diagnose specific ocean 

features such as Ekman pumping (e.g. Maloney and Chelton 2006) and thermocline perturbations 

(e.g. Clark et al. 2007). The cube of friction velocity is commonly used to estimate the generation 

of turbulent kinetic energy (TKE) due to mechanical shear turbulence (e.g. Lofquist 1960; Turner 
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1973; Thompson and Turner 1975), which is thought to influence the mixed layer depth (e.g. 

Lombardo and Gregg 1989). 

For consistency, this study incorporates a modularized algorithm, the Modular Flux Test-

bed (hereafter, MFT), to ensure that only specific parameterizations (related to stress and 

atmospheric stability) are changed in this comparison, while the rest of the parameterizations 

within the flux code are held constant. The stress and stability parameterizations examined herein 

are representative of the most ubiquitous models used in modeling air/sea interaction. The 

parameterizations examined via the MFT are: Large and Pond (1981), Large et al. (1994), Smith 

(1988), HEXOS (Smith et al. 1992), Taylor and Yelland (2001), Bourassa (2006). The COARE 

version 3 (Fairall et al. 2003) and Kara et al. (2005) algorithms are also examined late in this 

study; however, they are not included in the MFT due to their high degree of complexities and 

assumptions (see sections 2.5 and 2.6).  

A detailed description of the flux parameterizations and how they are used in the study is 

covered in section 2. The datasets that are used as input for the flux calculations are thoroughly 

discussed in section 3. Section 4 contains a detailed description of the results, including the 

methods used in formulating the results. The conclusions are included in Section 5. 

 

 

 

 

 

 

 

 

 

 

 



 3

 

CHAPTER 2 

PARAMETERIZATIONS 

2.1 Overview 

The log-wind relationship (Eq. 1) shows how roughness length (zo), atmospheric stability 

(L), and surface motions (Usfc; i.e. waves and currents) all interact together to influence the 

friction velocity ( *u ), which is related to the transfer of momentum (τ) from the atmosphere to 

the ocean (Eq. 2).  This transfer of momentum also plays a significant role in the transfer of heat 

(i.e. heat fluxes) from the atmosphere to the ocean, and vice versa (e.g. Bourassa et al. 1999; 

Smith 1988; Stull 1988; Zhang et al. 2006). The log-wind relationship is commonly expressed as 

follows: 

 *

0

( ) ln 1 ( , , ) ,
sfc o

z d
z z z L

z
φ

κ

  −
 − = + +   

  

u
U U  (1) 

  ,ρ=
* *

u uτ  (2) 

where U is the wind speed measured at height z (commonly set to 10 m), Usfc is the surface 

motion, κ = 0.4 is the von Karman constant, d is the displacement height above the ocean surface, 

φ  is the stability term for momentum, and L is the Monin-Obukhov (hereafter, M-O) length scale 

(Monin and Yaglom, 1971). This study employs a common simplification which assumes no 

vertical displacement (d = 0) and no surface motion (Usfc = 0). Eq. (1) (and others) are often 

constrained by observations and used to determine *u ; however, the results depend on the 

parameterization of zo and φ.  

The influence of atmospheric stability upon surface turbulent fluxes has been well 

documented. It is commonly understood that buoyancy-driven turbulence tends to dominate the 

momentum and heat fluxes at low wind speeds and that mechanically-driven (i.e. shear driven) 

turbulence tends to dominate momentum and heat fluxes at higher wind speeds (e.g. Kraus and 

Businger 1994). For non-neutral atmospheric conditions, Smith (1988) found that both 
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momentum and heat transfer coefficients were highly variable at low wind speeds, depending 

highly upon the air-sea virtual potential temperature differences (see section 2.3.3). 

Prescribed transfer coefficients (e.g., Smith 1980; Large and Pond 1981, 1982; Kara et al. 

2005) are preferred by many atmospheric and ocean modelers as a way to improve computational 

efficiency. For example, the drag coefficient (3) approximates friction velocity as a function of 

wind speed and (sometimes) atmospheric stability.  

 

( )

2

*

2

10

D

sfc

u
C

U U
=

−

 (3) 

The drag coefficient is an alternative to modeling the dependency of u
*
 on zo and z/L and can be 

used to estimate stress as follows: 

 ( )10 10 
D sfc sfc

Cρ= − −U U U Uτ . (4) 

Transfer coefficient parameterizations are not used within the MFT; however, the equivalent 

result can be achieved by using CD to calculate u
*

 and inputting u
*
 directly into the MFT 

(bypassing the calculation of u
*  in the MFT). 

This study focuses on the influences of differing parameterizations for zo or CD, as well as 

differing parameterizations for the atmospheric stability term (φ). For the scope of this study, a 

‘turbulent flux parameterization’ shall be defined as a stress-related parameterization that is 

matched with a choice of one out of three possibilities for atmospheric stability parameterizations 

(one of which assumes neutral atmospheric stability). All of the turbulent flux parameterizations 

(except for COARE and Kara et al. 2005) are tested via the MFT, originally built around the 

Bourassa-Vincent-Wood (Bourassa et al. 1999) coupled flux and sea state model (hereafter 

BVW). The MFT is a modularized set of parameterizations, which allows a wide range of 

turbulent flux parameterizations to be used in a computationally consistent manner. The MFT also 

allows terms (e.g., atmospheric stability parameterizations, roughness length associated with 

various surfaces, sea-state dependency characteristics, and gustiness) to be either ignored or 

accounted for in the calculation of surface fluxes. 

The MFT calculates sensible heat (H) and latent heat (L), which are expressed as: 

 * * ,
p

H Cρ θ= − u  (5) 

 * * ,E qρ= − u  (6) 
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 * *  ,
v v

L L q L Eρ= − =u  (7) 

where ρ is the density of the air, Cp is the specific heat of air, and Lv is the latent heat of 

vaporization; θ∗ and q∗ are used as heat and moisture scaling terms respectively (analogous to 

u
*
). The vertical profiles of potential temperature (Eq. 8) and moisture (Eq. 9) are analogous to 

Eq. (1) as follows: 

 *( ) ln 1 ( , , ) ,
sfc t t

t

z d
z z z L

z

θ
θ θ φ

κ

  −
 − = + +   

  
 (8) 

 *( ) ln 1 ( , , ) ,
sfc q q

q

q z d
q z q z z L

z
φ

κ

  −
 − = + +        

 (9) 

where 
t
φ  and 

q
φ  respectively designate the potential temperature and moisture stability functions. 

Laboratory tests show significant differences between the roughness lengths for momentum (zo), 

potential temperature (zt), and moisture (zq) for aerodynamically smooth surfaces (Nikuradse 

1933; Kondo 1975; Brutsaert 1982), and are calculated as: 

 *0.11 /
o s

z z v u= = , (10) 

 *0.40 /
t

z v u= , (11) 

 *0.62 /
q

z v u= , (12) 

where the viscosity of air is v = 14 x 10
-6

 m s
-1

. The MFT calculates the exact forms of Eqs. (11) 

and (12), but the momentum roughness length (Eq. 10) has additional considerations which vary 

depending on a specific stress-related parameterization (see sections 2.3 and 2.4). Therefore, Eq. 

(10) will hereafter be referenced as zs, designating the momentum roughness length for a smooth 

water surface. 

The MFT estimates fluxes with three possible choices for atmospheric stability 

parameterizations (see section 2.2). First is the neutral stability assumption (φ = 0), which is the 

most simplistic and most common among modelers who prefer computational efficiency over 

accuracy. The second option utilizes the Businger-Dyer relations (Businger 1966; Businger et al. 

1971; Dyer 1967; Dyer 1974) to compute the atmospheric stability functions for momentum, 

potential temperature, and moisture. The final option utilizes the more up-to-date the 

parameterizations of Benoit (1977) and Beljaars and Holtslag (1991) to compute the respective 

atmospheric stability functions.  
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2.2 Stability Parameterizations 

The assumption of neutral atmospheric stratification, hereafter referred to as the ‘Neutral’ 

stability condition, is the first MFT condition that is utilized. The ‘Neutral’ condition simply 

assumes that all three stability functions (momentum, potential temperature, and moisture) are set 

to ‘0’. The remaining two MFT conditions require atmospheric stability calculations, all of which 

are parameterized using M-O similarity theory (Monin and Zilitinkevich 1977). The Businger-

Dyer relations were conceived by Businger (1966) and Dyer (1967) with the adoption of the M-O 

scaling method. Paulson (1970) tested the Businger-Dyer relations against temperature and wind 

profiles during unstable stratification; he found their relations to yield the best fit as compared to 

the KEYPS relationship (Panofsky et al. 1960; Panofsky 1963). The Businger-Dyer relations for 

unstable stratification are expressed as: 

 [ ] 2 1
2 ln (1 ) / 2 ln (1 ) / 2 2 tan ( ) / 2,

m
x x xφ π

− = + + + − +   (13) 

 
2 1/ 4

2 ln (1 ) / 2 ,   (1 16 / ) .
t q

x x z Lφ φ  = = + = −   (14) 

Businger et al. (1971) with help from Dyer (1974) tested their relations for a wide range 

of stability profiles of temperature and wind, resulting in a different relationship for stable 

stratification. The Businger-Dyer relations for stable stratification are expressed as: 

 5( / ). 
m t q

z Lφ φ φ= = −  (15) 

This is expression, unlike those for unstable stratification, is log-linear and far less complex, where 

the stability parameters for momentum, potential temperature, and moisture are all equal, thus 

requiring only a single calculation. All Businger-Dyer relations are hereafter referred to as the 

‘Old’ stability condition. 

The last MFT condition utilizes more up-to-date atmospheric stability parameterizations, 

hereafter referred to as the ‘New’ stability condition. Benoit (1977) developed a stability 

relationship for unstable stratification in an effort to improve the Businger-Dyer relations from 

Paulson’s (1970) integrated expressions (Eqs. 13 and 14). Nickerson and Smiley (1975) were the 

first to incorporate a complete integration of the primitive Businger-Dyer relations in which zo, 

rather than 0, is the lower limit of integration. Benoit slightly modified the Nickerson and Smiley 

result to correct for numerical instability that may result when |z/L| is small. The resulting 

relationship is expressed for unstable stratification as: 
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2 2

1 10 0
02 2

( 1)*( 1)
ln 2(tan tan ),

( 1)*( 1)
m

ζ ζ
φ ζ ζ

ζ ζ

− −

 + +
= + − 

+ + 
 (16) 

 0
,

1
2*ln ,

1
t q

λ
φ

λ

+ 
=  + 

 (17) 

where 1/ 4(1 15 / )z Lζ = − , 1/ 4

0 0(1 15 / )z Lζ = − , (1 9 / )z Lλ = − , and 
,0 0(1 9 / )

t q
z Lλ = − . 

Beljaars and Holstlag (1991) developed a stability parameterization to improve the Businger-Dyer 

relationship (Eq. 15) for stable stratification. Their claim was that the original relationship had a 

limited range of validity (0 < z/L < 0.5), which would produce unrealistic fluxes in weather 

forecast models when outside of this valid range. They found a relationship that would match Eq. 

15 for low values of z/L but would produce more realistic fluxes when z/L is large. Their 

relationship for stable stratification is: 

 /( / ) ( / / ) / ,dz L

m m m m
a z L b z L c d e b c dφ −

= + − ∗ +  (18) 

where am = 0.7, bm = 0.75, c = 5.0, d = 0.35, and 

 3/ 2 /

, , ,

2
(1 / ) *( / / )* / 1,

3

dz L

t q t q t q t q
a z L b z L c d e b c dφ φ −

= = + + − + −  (19) 

where at,q = 1.0, and bt,q = 0.667.  

2.3 Sea-state Independent Parameterizations 

Each of the empirically derived stress-related parameterizations of Large and Pond (1981), 

Large et al. (1994), and Smith (1988) are considered sea-state independent, meaning that sea state 

(i.e., wave height, wave speed, wave direction, etc…) and the atmosphere is assumed to have a 

negligible influence on fluxes. The following subsections will discuss the details of each sea-state 

dependent parameterization. The MFT provides each of these parameterizations with a choice of 

the ‘Neutral’, ‘Old’, or ‘New’ stability conditions (section 2.2). 

2.3.1 Large and Pond (1981, 1982) 

Large and Pond (1981) developed a flux parameterization based on an in situ air/sea 

dataset of temperature, moisture, and wind speed. Using wave energy spectra data from wave 

heights gathered from passing mid-latitude storms, Denman and Miyake (1973) concluded that 

the drag coefficient was slightly correlated to wave energy, yet the physical mechanism in the 

relationship had not been determined; with limited data, they estimated that CD was dependent on 
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wave characteristics. Large and Pond used this information to filter out much of the drag 

coefficient scatter, which they had concluded was “due to the past history of the wind as 

‘remembered’ by the sea surface.” Furthermore, Large and Pond concluded that the neutral drag 

coefficient (
ND

C ) “did not vary appreciably with wind speed”; this led to an investigation on the 

possible influences of fetch and stability upon .
ND

C  Their available fetch distances were not all 

encompassing, yet they were able to find “an indirect implication that the roughness (zo) does not 

depend strongly on surface wave parameters (which they did not define) that are not fully 

developed after 10 km (fetch) during 10 m s
-1

 winds.” Thus, Large and Pond found a relationship 

between wind speed and 
ND

C expressed as: 

 
-1

3 10

-1

10 10

1.2,                      for    4   10 m s
10

0.49 0.065 ,    for  10   26 m sND

U
C

U U

 < ≤
=  

+ < < 
. (20) 

This relationship is implemented into the MFT for all of the Large and Pond test runs, with the 

exception that the lower limit for wind speed will be 0 instead of 4, and the upper limit will be 

extrapolated to the maximum wind speed in our data set (40.31 m s
-1

). This parameterization does 

not allow for stability to influence stress. 

2.3.2 Large et al. (1994) 

 Large et al. (1994) derived a parameterization of the neutral drag coefficient (Eq. 21) 

which resulted in an ocean model forced by GCM winds having realistic results. 

 3

10 10

10

2.72
10 0.142 0.0764 ,     for 0 very large

ND
C U U

U
= + + < < . (21) 

There is no upper or lower limit on wind speed. The main difference between this relationship and 

Eq. (20) found by Large and Pond (1981) is that much larger drag coefficients will result when 

U10 < 7 m s
-1

. Also, unlike Large and Pond, this relationship is continuous for all wind speeds. 

Interestingly, this result is a very close match to that found by Bourassa et al. (1999). The same 

limitations on stress and roughness length for Large and Pond also apply for the Large et al. 

parameterization. 

2.3.3 Smith (1988) 

 Smith (1988) derived a momentum roughness length parameterization based on 

Charnock’s (1955) formula. Smith begins the derivation using dimensional analysis to produce a 
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Charnock-based component (zc) to the roughness length (also referred to as the gravity wave 

component): 

 
2

*
c

au
z

g
=  (22) 

where g = 9.81 m s
-1

 is gravitational acceleration and a = 0.011 is the Charnock parameter 

suggested by Smith (1980). Smith further assumes that for low wind speeds the roughness length 

cannot be smaller than that of a smooth surface (Eq. 10), for which the roughness length depends 

on both viscosity (v) and *u . The total roughness length (zo) is the sum of these gravity wave and 

smooth surface components: 

 ,
o c s

z z z= +  (23) 

The MFT slightly modifies this roughness length parameterization to be more physically 

consistent with mixing length theory (Stull 1988), by taking the RMS sum of each of the 

roughness length terms of Eqs. (22) and (10); this method also maintains a high level of 

computational consistency with  Eq. (23), differing modestly only for the very limited range of 

conditions where the roughness lengths are of similar magnitude. Smith also found that Eqs. (22) 

and (23) correctly predict the increase with wind speed observed by Smith (1980) and by Large 

and Pond (1981) in neutrally stable conditions. Using Smith’s roughness length parameterization 

in conjunction with the ‘New’ atmospheric stability parameterizations (see section 2.2), a wind 

speed and thermal stability relationship with the momentum and heat transfer coefficients (see 

Figure 1) shows that as the wind speed increases, transfer coefficients from the positively and 

negatively buoyant regimes converge asymptotically toward near-neutral thermal buoyancy. 

Unlike the Large and Pond and Large et al. parameterizations, Smith’s parameterization allows 

for the momentum roughness length and stress to be dependent upon atmospheric stability. 



 10

 

0 5 10 15 20 25
U10 (m s-1)

      0

      2

      4

      6

      8

     10

     12

     14

     16

     18

C
D
 (

x
1
0

-4
)

         -20

         -15

         -10

          -5

           0

           5

          10

          15
          20

0 5 10 15 20 25
U10 (m s-1)

      0

      2

      4

      6

      8

     10

     12

     14

     16

     18

C
H
 (

x
1
0

-4
)

         -20
         -15
         -10

          -5

           0

           5

          10
          15

          20

 

Figure 1. The left/right panel shows the momentum (CD)/heat transfer (CH) coefficient versus the 

10-m wind speed (U10). Each line is labeled by a given air-sea temperature difference (T10 – Tsfc), 

where the bold line represents neutral buoyancy. 

2.4 Sea-state Dependent Parameterizations 

 Each of the turbulent stress parameterizations described in this section are dependent on 

wave characteristics; however, there are large differences in how each of these parameterizations 

utilizes the wave information. The roughness length calculations associated with each of these 

parameterizations can be loosely described as a modification of Smith (1988), and are calculated 

using the RMS sum roughness lengths as described in section 2.3.3. The MFT provides each of 

these parameterizations with a choice of the ‘Neutral’, ‘Old’, or ‘New’ stability conditions 

(section 2.2). 

2.4.1 HEXOS, Smith et al. (1992, 1996) 

The Humidity Exchange over the Sea (hereafter HEXOS) experiment results, in relation to 

sea-surface wind stress and drag coefficients, are analyzed and documented by Smith et al. 

(1992).  Smith et al. (1996) then go on to discuss the impact of the HEXOS program on the 

developments of air-sea flux formulae. They empirically derived two alternative HEXOS Main 

Experiment (hereafter HEXMAX) formulas for the dimensionless surface roughness as a function 

of wave age. Following Charnock’s (1955) suggestion that the Charnock parameter could be a 

function of wave characteristics, Smith et al. found the HEXMAX result based on a close 

approximation to a regression line of the Charnock parameter and inverse wave age, 

 
1

*0.48( / ) ,
p

a c u −

=

 (24) 
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where cp is the phase speed at the peak of the wave spectrum and cp /u*  is defined as the wave 

age. The roughness length for gravity waves then becomes: 

 

-1
2

*

*

0.48  .
p

c

c u
z

u g

 
=  

 
 (25) 

To incorporate this parameterization into the MFT, the Charnock parameter in the previously 

mentioned Smith (1988) parameterization (Eq. 22) is expressed as a function of the inverse wave 

age. This approach isolates the inclusion of the HEXOS wave age dependency as the only 

difference from the MFT implementation of Smith (1988). 

Yelland et al. (1998) suggested that the Smith et al. (1992) relationship derived by 

HEXOS overestimates the drag coefficient by between 15% and 25% compared to open ocean 

ND
C  to 10N

U relationships. Gulev and Hasse (1998) applied this HEXOS formula to open-ocean 

conditions using climatology-based wind and wave data and he obtained wind stress values as 

high as 25% larger than those obtained using the formula suggested by Smith (1988). It is 

important to note that the HEXOS model applies only to wind waves, and was not considered 

valid in swell dominated seas. Dependency on swell was not considered by either Yelland et al. 

(1998) or Gulev and Hasse, and may have influenced their conclusions. 

2.4.2 Taylor and Yelland (2001) 

Taylor and Yelland (2001) sought to find a new parameterization of roughness length 

beginning with a suggestion from Hsu (1974), who states that the dimensionless roughness length, 

z0∗, is a function of the wave slope, Hs / Lp, where Hs is the significant wave height and Lp is the 

wavelength of waves at the peak wave spectrum. However, Anctil and Donelan (1996) found a 

new expression for roughness length as a function of the root-mean-square wave slope (θ) and the 

RMS height of the shorter waves (η): 

 
3 6.762.55 10 .o

z
θ

η
= ×  (26) 

Taylor and Yelland used published data from HEXMAX, Lake Ontario, and RASEX (Riso Air-

Sea Experiments) to empirically derive a modified version of (26), 

 ,

B

o S

s P

z H
A

H L

 
=  

 
 (27) 
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where A and B are proportionality coefficients, where A = 1200 and B = 4.5 (Taylor and 

Yelland’s best estimate for these coefficients).  To account for surface roughness of a smooth 

water surface, the MFT combines Eqs. (10) and (27), expressed as: 

 
*

0.11
.

B

S
o s

P

Hv
z H A

u L

 
= +  

 
 (28) 

Significant wave height data and dominant wave period (used to derive the wave length through 

linear wave theory; assuming deep-water waves only) are used as the sea state parameters (see 

section 3.3).  

2.4.3 Bourassa (2006) 

The Bourassa (2006) parameterization was developed in an effort to more accurately 

estimate surface turbulent stress from scatterometer-based vector winds. The most distinguishing 

features of this parameterization include a wave-dependent near-surface boundary condition on 

wind shear, a momentum roughness length associated with capillary waves, and a vertical offset 

(i.e. displacement height) of the log-wind profile due to wave modification of the sea surface. To 

maintain consistency with remaining flux parameterizations and the wind data set used in this 

study (see section 3.1), the vertical offset is set to ‘0’. The lower boundary condition on wind 

velocity is 80% of the orbital velocity (Uorb) of the dominant waves, which is vector subtracted 

from the wind. Bourassa further suggested that a significant advantage in this improvement is that 

it removes the dependency on sea state from the Charnock parameter. He empirically derived a 

constant Charnock parameter (a = 0.035) that is much larger than that used by Smith (1988); 

however, the increase in stress due to this value of Charnock’s constant is usually mitigated by 

reduced shear due to wave motion in a direction similar to the wind direction. The log-wind 

equation used by Bourassa has been modified from Eq. (1), 

 *( ) 0.8 ln 1 ( , , ) ,

i

orb o

o

z
z z z L

z
φ

κ

  
− = + +  

    

u
U U  (29) 

where the orbital velocity is expressed as Uorb = π(Hs/Tp), in the direction of propagation of the 

dominant waves. The added component to zo for capillary waves is expressed as:  

  
2

*

0.18
,

cap

w

z
u

σ

ρ
=  (30) 
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where zcap is the momentum roughness length component for capillary waves, σ is the surface 

tension of water, and ρw is the density of water. The complete zo calculation is similar to that of 

Smith (1988), with the exception that a changes from 0.011 to 0.035 and zcap is also included in 

the total zo. 

2.5 COARE Version 3.0 (Fairall et al. 1996a, 1996b, 2003) 

 The COARE (Coupled Ocean Atmosphere Response Experiment) Version 3.0 flux 

algorithm (hereafter, COAREv3) is a separate entity outside of the MFT. COAREv3 is developed 

using the M-O similarity theory and is currently the most complex and state-of-the-art turbulent 

flux algorithm publicly available. M-O theory provides the scaling relationships between the 

surface value of turbulent fluxes and profiles of the mean variables of the system. More 

documentation on how the scaling parameters are used in M-O theory can be found in Fairall et 

al. (1996a, 1996b, and 2003). 

 There are many technical advances in the COAREv3 algorithm over the previous versions 

of COARE. The advancements and features of the COAREv3 algorithm that are particularly 

noteworthy and excluded (other than feature 5 and portions of feature 3) in the MFT are: 

1.  The option to perform warm and cool skin calculations, which requires data input of 

downwelling shortwave and longwave solar radiation, as well as the local precipitation rate. The 

MFT treats the SST as a skin temperature, thus ignoring any warm and cool skin effects on 

fluxes. 

2.  The utilization of a Bulk Richardson number parameterization (Grachev and Fairall 1997) 

to reduce the total number of iterations when calculating atmospheric stability (see Appendix A). 

3.  An alternative stability profile parameterization for unstable stratification, blending the 

Businger-Dyer relations (section 2.2) and the findings of Grachev et al. (2000) (see Appendix A). 

For stable stratification, the Beljaars and Holtslag (1991) relations are utilized (section 2.2). 

4. The Webb et al. (1980) correction, which utilizes the conservation of the water vapor 

mixing ratio to suggest that the moisture transfer coefficient (CE) is slightly higher than the heat 

transfer coefficient (CH), resulting in latent heat flux estimates that are approximately 2-5% higher 

than the assumption CE = CH. 

5.  Three options to calculate the momentum roughness length (for relevancy to the study’s 

direct application, the first two are not discussed). The wave height and slope parameterization of 
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Taylor and Yelland (2001), as it is used in the MFT (Eq. 28), is the only momentum roughness 

length option that is tested. 

6.  A new temperature and moisture roughness length (zt,q) parameterization (Eq. 31) based 

on an empirical curve fit to a variety of datasets (Fairall et al. 2003).  

 ( )4 5 -0.6 *
, r rmin 1.1 10 ,  5.5 10 R ,    R .o

t q

z u
z

v

− −

= × × =  (31) 

The MFT utilizes a slightly more complex zt,q parameterization (Eqs. 11 and 12). The 

application of COAREv3 will include the Taylor and Yelland roughness length parameterization, 

in conjunction with most of the aforementioned features of COAREv3. To maintain consistency 

with Kara et al. (2005, section 2.6), the cool skin and warm skin calculation will not be 

performed. 

2.6 Parameterizations Using Kara et al. (2005) 

Kara et al. (2005) derived a series of polynomial expressions for bulk transfer coefficients 

by way of a curve-fitting technique to the COAREv3 algorithm. Kara et al. state that their 

algorithm agrees well with the original COARE results, but requires less computation time 

because stability no longer requires iteration. The exchange coefficients for momentum (CD), heat 

(CH), and moisture (CE) are used to determine air-sea fluxes with a polynomial dependence on 

wind speed and a linear dependence on the air-sea temperature difference. A higher order 

dependence on wind speed is considered necessary because a linear dependence has been shown 

to be less accurate (Blake, 1991).  

Using Eq. (4), wind stress can be calculated by CD. The latent heat flux (L) and the 

sensible heat flux (H) are found by the following relations: 

 10 ( ),
H p s

H C C U T Tρ= −  (32) 

 10 ( )
E s

L C L U q qρ= − , (33) 

where T and q are the temperature and specific humidity at the 10 m level and Ts and qs are the 

temperature and specific humidity at the sea-surface. The generalized equations of CD and CE are 

provided and explained in further detail in Appendix A. 
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CHAPTER 3 

MODEL INPUT DATASETS 

This study utilizes three datasets, all of which have undergone strict quality control and 

rigorous evaluation, which are used to force the flux models as defined by the parameterizations 

in section 2. These datasets include the Coordinated Ocean Reference Experiments (CORE) 

version 1.0 (Large and Yeager 2004), Reynolds daily sea-surface temperature (SST) (Reynolds et 

al. 2007), and NOAA Wavewatch 3 (NWW3) wave data (Tolman 2002). The above datasets are 

utilized from 30 January 1997 until 31 December  2004. The temporal resolution for the SST and 

NWW3 datasets has been adjusted to conform to four 6-hourly times per day for 365 days per 

year (leap year days are ignored for consistency with the CORE data set). The spatial resolution 

for the SST and NWW3 datasets has also been adjusted to the CORE standard global Gaussian 

grid of 192x94 points. The latitudinal boundaries of the NWW3 dataset constrain the remaining 

datasets to a latitude range of ~77.1393°S and ~77.1393°N.  

3.1 The CORE Dataset 

CORE is a standard meteorological dataset which consists of the following 6-hourly fields 

on a Gaussian grid of 192 longitude points and 94 latitude points: 10-meter temperature (° C), 10-

meter specific humidity (g kg
-1

), 10-meter zonal velocity (m s
-1

), 10-meter meridional velocity (m 

s
-1

), and sea level pressure (Pa). The CORE dataset is created through a combination of reanalysis 

and satellite data, which has significant advantages over a solely reanalysis-based dataset (Large 

and Yeager 2004). Large and Yeager developed this dataset with the goal of providing the global 

ocean climate modeling community with the ability to integrate ocean-ice models without utilizing 

a fully coupled atmospheric GCM. Large and Yeager accomplished this task via bias correction 

algorithms, which help to adjust atmospheric data to an approximate ocean-atmosphere coupling. 

These algorithms are tuned for oceanic timescales such as the 12-hour polar inertial period, the 

decadal inertial period, the diurnal solar cycle, the three to seven day synoptic cycle, the 30-60 

day intra-seasonal oscillation, the twelve-month seasonal cycle, and the two to ten year inter-

annual ENSO (El Niño – Southern Oscillation) variability.  
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GFDL has implemented these correction algorithms to produce a Corrected Normal Year 

Forcing (CNYF) and Corrected Interannual Forcing (CIAF). Two remaining CORE datasets 

without this correction algorithm are referred to as Uncorrected Normal Year Forcing (unCNYF) 

and Uncorrected Interannual Forcing (unCIAF). We chose to utilize the CIAF correction 

algorithms to achieve the highest quality of input data over an interannual and global scale. 

February 29
th
 is skipped in the data set: all years are 365 days long. Longitudinal coverage is from 

0° to 360°; latitudinal coverage is from 88.125°S to 88.125°N.  

3.2 Reynolds Daily OI SST Dataset 

 A vital supplement to the CORE dataset is the Reynolds daily OI (optimally interpolated) 

SST. The OI algorithm is the same as used for Reynolds and Smith (1994) and Reynolds et al. 

(2002), in which they produced weekly SSTs on a 1° spatial grid. This dataset is largely based on 

a global analysis of Pathfinder AVHRR infrared satellite data, which is bias-corrected using in situ 

ship and buoy observations. It has 0.25°x0.25° horizontal grid spacing and is produced daily. 

Further documentation on the improvements of this dataset following the previous OI version 1 

(Reynolds and Smith 1994) and OI version 2 (Reynolds et al. 2002) are provided by Reynolds et 

al. (2007). Since the CORE dataset is on a Gaussian grid of 192 longitude by 94 latitude points 

(approx. 1.875°x1.875° horizontal resolution), Gaussian weighted interpolation is applied to the 

SSTs for spatial consistency. Additionally, the SSTs are linearly interpolated through time to 

provide four 6-hourly datasets for a given day. 

3.3 NOAA Wave Watch 3 Dataset 

Wave data are taken from the NOAA Wave Watch version 3 (hereafter NWW3) dataset. 

The NWW3 shows excellent validation results (Tolman 2002) for the entire global domain. 

NWW3 is regularly tuned using satellite derived altimeter data. The overall RMS errors for most 

of the global domain are on the order of 15%. However, there is a systematic tendency of NWW3 

to underestimate the highest wave heights, while in some cases overestimating the lowest wave 

heights. Most flux parameterizations do not require wave data. The HEXOS wave 

parameterization requires phase speed of wind waves, which is derived using linear (Airy) wave 

theory from the NWW3 dominant wave period. The Taylor and Yelland (2001) parameterization 

requires significant wave height and dominant wavelength. The Bourassa (2006) parameterization 
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requires three NWW3 parameters: significant wave height of wind waves, the period of the 

dominant waves (used to derive wavelength), and the mean direction of the dominant waves. 

NWW3 data is only available for ocean grid-points in which water depths are 25 meters or 

greater and sea ice concentrations are less than or equal to 35%. NWW3 has a longitude/latitude 

grid resolution of 1.25°x1°, covering points between 78°S and 78°N. Gaussian weighted 

interpolation is also used here to create a spatial compatibility between NWW3 and the remaining 

datasets. After the interpolation, the remaining latitudinal boundary is constrained to ~77.1393°S 

and ~77.1393°N. 
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CHAPTER 4 

RESULTS 

 All stress-related flux parameterizations within the MFT are compared globally (section 

4.2) and regionally (section 4.3) by way of probability distribution (or density) functions (PDFs). 

The effects of each stability parameterization upon a stress-related parameterization are compared 

regionally in section 4.4. For each PDF analysis within sections 4.2 and 4.3, the results of 

COAREv3 and Kara et al. (2005) are overlaid; however, comparisons including these two 

algorithms should be done with caution, as these models include many physical considerations that 

are inconsistent with MFT-based parameterizations. All PDF plots utilize a logarithmic probability 

axis, which accentuates the differences between flux parameterizations during episodic (i.e. less 

probable) events. For all flux diagnostics, attention within the PDFs is focused on the tails of the 

distributions (this applies to sections 4.2, 4.3, and 4.4). The tails of the distributions (e.g., the 

most extreme 10%) are where episodic forcing is producing the most extreme flux estimates. 

Prior to regional analysis, an objective approach is used to isolate specific regions that contain the 

greatest modeled flux inconsistencies; this approach and the regional selection are explained in 

section 4.1.  

There are some further caveats to note before proceeding. Negative values of latent heat 

fluxes are shown in the PDF figures. Although these are physically plausible in instances such as 

fog over water, negative latent heat fluxes (for the purpose of this study) are regarded as suspect 

due to the inconsistencies between the SST and CORE datasets; consequently, the focus on the 

discussion of latent heat flux distributions is primarily on the positive portion of the PDF. PDFs 

for the cube of friction velocity show a nearly qualitatively identical distribution when compared 

to stress on both global and regional scales; this is not surprising since stress is a function of 2

*
u , 

providing a strong correlation for 3

*
u . Consequently, only brief mentions to 3

*
u  are made, and 

figures are not provided. 
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4.1 Regional Flux Inconsistencies 

 Among the parameterizations being examined within the MFT (six stress-related 

parameterizations, and three stability parameterizations), there are 18 possible combinations, 

examined throughout the globe, for nearly 8 years. The inter-quartile range (hereafter, IQR) is 

used to measure the span of the middle fifty percent of the data for each of the 18 combinations of 

parameterizations at each grid point. A major advantage to this method is that it helps to reduce 

the effects of outlier events (not parameterizations) when quantifying the inconsistencies of 

modeled flux data. The standard deviation of the 18 IQRs is calculated for each of the flux 

diagnostic variables (see Figure 2, left panel). This calculation highlights spatial regions of 

relatively large inconsistencies (in an absolute sense) in modeled distributions of the diagnostic 

variables, without being biased to extreme events. 

 The regions of large inconsistencies depend on which flux diagnostic is being examined. 

For latent and sensible heat flux, the Kuroshio and Gulf Stream regions contain the greatest 

inconsistencies over any other oceanic region. Other areas of high modeled heat flux 

inconsistencies are found within remaining western boundary currents, such as the West Indian, 

Southwest Pacific, and Southwest Atlantic regions. For stress, the Antarctic Circumpolar region 

contains the highest inconsistencies over the largest grid area in the global domain. Consequently, 

the following regions have been chosen for further investigation in sections 4.3 and 4.4: the 

Kuroshio, Gulf Stream, SW Indian, SW Pacific, Drake Passage, and Equatorial Cold Tongue 

(hereafter, ECT).  

The above approach focuses on an ‘absolute’ departure from the mean IQR. The 

inconsistencies can also be shown in terms of a ‘fractional’ departure from the mean IQR (see 

Figure 2, right panel), by dividing the standard deviations by the local mean IQR. This procedure 

reveals that the largest ‘fractional’ departures are within the tropical and sub-tropical latitudes. 

Moreover, eastern continental boundaries are generally where the highest ‘fractional’ departures 

are found. The ECT is a region in the tropics that is vital to climate response and is extensively 

studied; however, the ECT also contains some of the highest ‘fractional’ modeled flux 

inconsistencies. Consequently, a detailed analysis within the ECT is provided in sections 4.3. The 

results in sections 4.3 and 4.4 will help provide insight as to whether these regions of high 
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‘absolute’ or ‘fractional’ IQR inconsistencies actually translate to inconsistent flux estimates 

during episodic events.  

 

 

 

 

Figure 2. Left column: standard deviations from the mean IQR. Right column: the fractional 

standard deviations expressed as a percentage departure from the mean IQR. Each row, from top 

to bottom, represents latent heat flux (top), sensible heat flux (middle), and stress (bottom). 

Rectangular boxes indicate areas chosen for regional comparisons of turbulent flux 

parameterizations. 

 

4.2 Global Analysis 

 PDFs are generated over the global oceans, constrained within the spatial/temporal 

domains of the atmospheric and oceanic forcing datasets (see section 3). The ‘New’ stability 

parameterizations maintain the closest physical consistency between COAREv3, Kara et al. 

(2005), and the MFT-based parameterizations. Note that for unstable atmospheric stability, the 
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COAREv3 stability parameterizations are not consistent with the ‘New’ stability 

parameterizations within the MFT. For this reason, the effects of atmospheric stability are not 

examined in this portion of the analysis (the same applies for the regional comparisons in section 

4.3): the focus of the analysis throughout this section is on stress-related parameterizations and 

the associated effects on a selection of flux diagnostic variables. Global distributions using the 

‘Neutral’ and ‘Old’ stability parameterizations are qualitatively similar to the ‘New’ stability 

parameterizations for all flux diagnostics; therefore, only the results from the ‘New’ stability 

parameterizations are provided and discussed in this section and in the regional comparisons 

(section 4.3).  

4.2.1 Latent Heat Flux  

 Latent heat flux estimates (Figure 3) are shown to have good modeled flux consistency 

when probabilities are greater than 1%. Specific groups of flux parameterizations show reasonable 

agreement throughout entire distribution: (1) Large & Pond (1981) and Large et al. (1994); (2) 

HEXOS, Taylor and Yelland (2001), and Bourassa (2006); (3) COAREv3, Kara et al. (2005), 

and Smith (1988). Group 3 begins to diverge near the 0.1% probability, where Kara et al. (2005) 

starts to converge toward group 2. Group 1 has the closest agreement over the entire distribution. 

Kara et al. (2005) produces the largest outliers at the tails of the distribution, which is contrary to 

what is seen in specific regional comparisons (section 4.3); probable explanations for this are 

provided in the conclusions (section 5).  
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Figure 3. Latent heat (left) and sensible heat (right) flux PDFs over the global oceans. The y-axis 

is the probability in logarithmic form. Colors denote a turbulent flux parameterization. 
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4.2.2 Sensible Heat Flux 

 Sensible heat flux estimates (Figure 3) show better modeled flux consistency than latent 

heat fluxes, where the divergence of flux possibilities begins at around a 0.1% probability. 

COAREv3 and Kara et al. (2005) are grouped well with the sea-state dependent MFT-based 

parameterizations, yet Kara et al. diverges toward the sea-state independent parameterizations at 

just below the 0.1% probability mark. Group 1 from the latent heat flux PDF also shows the 

closest agreement throughout the entire sensible heat flux PDF, collectively producing the least 

extreme values within the positive tail of the PDF.  

4.2.3 Stress Magnitude 

 The stress magnitude estimates (Figure 4) show good modeled flux consistency above 

probabilities close to 10%. This is nearly one order of magnitude greater than the heat flux 

calculations, suggesting that consistency of stress estimates begins to diverge during less extreme 

events relative to the heat flux calculations. The nature of this modeled flux divergence is not 

necessarily induced by episodic wind events as the overall magnitude of stress at the point of this 

divergence is less than 0.25 N m
-2

. Hence, this initial divergence of flux possibilities is presumed 

to be under the influence of swell, which would most likely result in a variety of outcomes for sea-

state dependent parameterizations during low wind speeds. The modeled stress shows less 

consistency as the magnitude of the stress increases. For example, at around .001% probability, 

there is an overall spread of possibilities at nearly 1 N m
-2

, which in the real-world could mean the 

difference between gale force winds and an intense tropical or mid-latitude cyclone; the oceanic 

response to such differences in stress is a bit more complex, but nonetheless would likely result in 

physically diverse outcomes. In this extreme part of the distribution, the HEXOS parameterization 

produces the largest estimates, while Smith (1988) produces the lowest estimates, which is 

consistent with the relatively low value of Charnock’s constant. Closely grouped near the center 

of estimated outcomes are Bourassa (2006), COAREv3, and Taylor and Yelland (2001).  
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Figure 4. Stress magnitude (left) and curl of the stress (right) PDFs over the global oceans. 

Layout as for Figure 3. 

 

4.2.4 Curl of the Stress  

 The curl of stress (Figure 4) has good modeled flux consistency for probabilities above 

5%, and the distribution is almost evenly distributed at 0 N m
-3

; the peak of the distribution is in 

the anti-cyclonic portion of the PDF; the cumulative probability of close agreement is consistent 

with what is seen for stress. It is worth noting that the sign convention for this particular plot is 

with respect to the Northern Hemisphere; this allows for direct comparison of cyclonic or anti-

cyclonic circulations between the Northern and Southern hemispheres.  Recall that the standard 

sign convention of the curl of stress is as follows: positive/negative is cyclonic in the 

Northern/Southern hemisphere and negative/positive is anti-cyclonic in the Northern/Southern 

hemisphere. While the cumulative probability is highest for anti-cyclonic circulations, the largest 

outliers are found during cyclonic circulation events. As shown by previous flux diagnostics, the 

modeled flux consistency decreases as the events become more extreme. The grouping of specific 

flux parameterizations is very similar to what is observed in the stress distribution.  

4.3 Regional Analysis 

 Each regional PDF analysis is coupled with a seasonal PDF analysis, by which seasons in 

the Northern hemisphere are defined as follows: 

• Winter: January 1
st
 through March 31

st
. 

• Spring: April 1
st
 through June 31

st
. 

• Summer: July 1
st
 through September 30

th
. 

• Fall: October 1
st
 through December 31

st
. 
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Seasons in the Southern hemisphere are defined as 180° out of phase of the above defined 

seasons. The purpose of the seasonal analysis is to isolate the temporal periods of weather 

extrema in relation to the production of air-sea fluxes. For example, winter seasons contain a 

substantially higher number of cold front passages, which typically result in larger magnitudes of 

air-sea fluxes associated with higher wind speeds and increased atmospheric buoyancy. The 

expectation is that winter seasons contain higher probabilities of large flux estimates and greater 

extremes within the tails. So based upon on this expectation and the results seen in the last 

section,  it would be expected that the modeled flux consistency should decrease when 

transitioning from summer to winter. So the more uncertain question is, ‘How dramatic is the 

seasonal transition on a regional basis?’ 

The results from all six regions are discussed, yet for brevity, only the following regions 

are supplemented by PDF plots: the Gulf Stream, SW Indian, Drake Passage, and the ECT. It is 

worth noting (for future reference) that the ECT shows the least sensitivity (for measures based 

on the absolute difference between modeled fluxes) to seasonal transition, and contains very few 

events of large flux estimates. The following results (and the results from the previous section) for 

all flux diagnostics indicate that the sea-state dependent parameterizations provide the largest flux 

estimates during the extreme episodic events; this key finding suggests that the consideration of 

sea-state is most important during the extreme events. 

To supplement the PDF analysis, root-mean-square (hereafter, RMS) differences are used 

to quantify the modeled flux consistency of the parameterizations. The consistency is quantified 

by defining an RMS difference threshold that would be considered a more-than-reasonable 

measure of ‘good’ modeled flux agreement and determining the percentage of occasions of the 

RMS difference of modeled flux estimates which are at or below this threshold. For this study, 

there are two types of RMS thresholds: absolute and fractional. Absolute thresholds are defined 

as the diagnostic flux threshold expressed in geophysical units. Fractional thresholds are defined 

by the ratio of the RMS difference to the mean of all flux estimates. The chosen value of absolute 

thresholds varies depending upon which flux diagnostic is being examined (refer to the following 

subsections). For fractional RMS difference calculations, each flux diagnostic utilizes a 

numerically consistent threshold of 5% (which represents any given RMS difference that is within 

5% of the mean of all modeled flux estimates, determined at each point in space and time). 
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4.3.1 Latent Heat Flux  

  Distributions for latent heat flux are shown for selected regions (Figure 5). With 

exception to the ECT region, there is a noticeable increase in the magnitudes produced at the 

extreme tails (i.e., the episodic events) of the PDFs when transitioning from summer to winter. 

Additionally, there is a noticeable decrease in modeled flux consistency during extreme episodic 

events. The region showing the greatest sensitivity to this seasonal change is the Gulf Stream, 

although the Kuroshio (not shown) is remarkably similar. With exception to the ECT region, 

Drake Passage shows the least sensitivity to seasonal change. The SW Indian region shows 

modest sensitivity to seasonal change, although the SW Pacific (not shown) shows very little 

seasonal change, much to the effect of Drake Passage. The extreme events of Drake Passage 

produce the lowest magnitudes of latent heat flux estimates compared to the other mid-latitude 

regions, due to the relatively small differences in humidity between the surface and 10 m.  

Tables 1 and 2 respectively show the percentage of fractional and absolute RMS 

consistency of modeled latent heat fluxes with respect to each region and stability 

parameterization. An RMS difference threshold of 5 W m
-2

 is used to delineate ‘good’ absolute 

consistency. Drake Passage, the Kuroshio, and the Gulf Stream regions favor the summer season 

in terms of a higher probability of ‘good’ fractional RMS consistency. All regions, except for the 

ECT, favor the summer season in terms of a higher probability of ‘good’ absolute RMS 

consistency. The ‘Neutral’ assumption almost unanimously provides the worst absolute and 

fractional RMS consistency, which is a likely result of the inclusion of COAREv3 and Kara et al. 

(2005) in these calculations (recall the incompatibilities with regard to stability parameterizations), 

and which is also an indication that stability considerations are physically important. The absolute 

and fractional RMS consistency using the ‘Old’ stability parameterizations is only marginally 

better than when using the ‘New’ stability parameterizations. The best fractional RMS consistency 

is found in the SW Pacific region during summer and the ECT during winter; the worst is found in 

the SW Indian during summer and the Gulf Stream during winter. The best absolute RMS 

consistency is found in Drake Passage for both seasons; the worst is found in the ECT during 

summer and in the Kuroshio during winter. The most substantial seasonal change in fractional 

RMS consistency is seen in the ECT, while the least is seen in Drake Passage. The most 

substantial seasonal change in absolute RMS consistency is seen in Drake Passage, while the least 

change is seen in the SW Indian.  
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Figure 5. In order from top to bottom, latent heat flux PDFs are displayed for the Gulf Stream, 

SW Indian Ocean, Drake Passage, and ECT regions. The left column corresponds to summer, 

while the right corresponds to winter. Layout as for Figure 3. 
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Table 1. Represents the percentage (%) of the total regional distribution within a fractional RMS 

difference of +/- 5% about the mean latent heat flux. Values are delineated by a ‘/’ to separates 

summer/winter values. 

  SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 2.95/4.60 6.52/8.69 7.63/7.32 3.63/9.60 5.09/2.77 3.42/2.47 

Old 6.39/7.57 14.98/17.55 8.87/8.06 10.81/21.08 15.51/6.71 12.23/4.99 

New 5.18/6.40 12.64/14.62 8.42/7.59 8.75/18.68 12.10/4.75 9.21/3.70 

 

Table 2. Represents the percentage (%) of the total regional distribution within a geophysical 

RMS difference of +/- 5 W m
-2

 about the mean latent heat flux. Values are delineated by a ‘/’ to 

separates summer/winter values. 

  SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 22.81/20.84 16.37/13.74 74.36/58.30 8.29/14.43 16.19/7.49 10.63/8.00 

Old 26.36/24.61 24.47/21.42 73.84/58.88 18.28/26.21 27.41/10.83 21.11/10.69 

New 26.14/24.31 23.65/20.39 74.03/58.80 16.66/24.36 25.13/9.99 19.13/10.09 

 

4.3.2 Sensible Heat Flux  

  Distributions of sensible heat flux are shown for selected regions (Figure 6). With 

exception to the Drake Passage region, there is a qualitatively similar seasonal response to all 

regions as compared to the latent heat flux estimates. Again, the region showing the greatest 

sensitivity to this seasonal change is the Gulf Stream, where the Kuroshio (not shown) again 

shows strong similarities. Drake Passage shows a wildly dramatic seasonal response in contrast to 

what was seen with latent heat flux estimates, due to seasonal changes in the air/sea temperature 

differences. With exception to the ECT, the least sensitivity to seasonal change is seen in the SW 

Pacific region (not shown), which is followed by the SW Indian region.  

Tables 3 and 4 respectively show the percentage of fractional and absolute RMS 

consistency of modeled sensible heat fluxes with respect to each region and stability 

parameterization. As has been done with latent heat flux estimates, an RMS difference threshold 

of 5 W m
-2

 is used to delineate ‘good’ absolute consistency. Only the Kuroshio and Gulf Stream 

regions favor the summer season in terms of a higher probability of ‘good’ fractional RMS 
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consistency. All regions, except for the ECT, favor the summer season in terms of a higher 

probability of ‘good’ absolute RMS consistency. The fractional and absolute RMS consistency for 

a given stability parameterization is qualitatively similar to the findings for latent heat fluxes. The 

best fractional RMS consistency is found in the Kuroshio region during summer and Drake 

Passage during winter; the worst is found in the ECT during both summer and winter. The best 

absolute RMS consistency is found in the Kuroshio during summer and the ECT during winter; 

the worst is found in the SW Indian during summer and in the Kuroshio during winter. The most 

substantial seasonal change in fractional RMS consistency is seen in the SW Indian, while the least 

is seen in the Kuroshio. The most substantial seasonal change in absolute RMS consistency is seen 

in the Kuroshio, while the least is seen in the ECT. 

 

Table 3. Represents the percentage (%) of the total regional distribution within a fractional RMS 

difference of +/- 5% about the mean sensible heat flux. Values are delineated by a ‘/’ to separates 

summer/winter values. 

 
SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 3.42/5.98 1.33/1.67 6.38/8.76 0.34/0.46 3.16/2.48 2.48/2.23 

Old 10.41/13.66 9.49/13.66 10.34/13.37 4.32/8.42 12.15/10.97 10.34/8.20 

New 4.83/8.28 2.46/3.50 8.46/10.79 0.67/1.49 4.99/4.30 4.02/3.56 

 

Table 4. Represents the percentage (%) of the total regional distribution within a geophysical 

RMS difference of +/- 5 W m
-2

 about the mean sensible heat flux. Percentage values are 

delineated by a ‘/’ to denote relativity to a given season as: summer/winter. 

 
SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 44.97/33.29 55.37/33.91 60.71/42.91 58.18/61.85 64.84/20.00 63.14/24.14 

Old 55.41/40.55 71.64/47.57 66.67/47.71 75.71/77.19 80.62/25.62 78.51/29.73 

New 52.75/38.49 68.20/43.35 65.49/46.64 72.87/74.35 78.25/24.01 76.34/28.24 
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Figure 6. In order from top to bottom, sensible heat flux PDFs are displayed for the Gulf Stream, 

SW Indian Ocean, Drake Passage, and ECT regions. The left column corresponds to summer, 

while the right corresponds to winter. Layout as for Figure 3. 
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4.3.3 Stress Magnitude 

 Distributions for stress magnitude are shown for selected regions (Figure 7). When 

compared to the heat flux estimates, the seasonal response of stress shows qualitative similarities. 

The Gulf Stream once again shows the most dramatic response to the opposing seasons, where 

the Kuroshio (not shown) shows a very similar, albeit slightly less dramatic result. The seasonal 

response of the SW Indian region shows similarities to the Gulf Stream and Kuroshio regions, yet 

the winter transition doesn’t contain the extreme magnitudes as evident in the latter regions. The 

SW Pacific region shows only marginal evidence of a higher frequency of episodic events in 

winter. Drake Passage shows virtually no seasonal differences, suggesting that there is a long-

term temporal consistency in the stress distribution as provided by the persistent westerly flow of 

the ‘Furious Fifties’. As expected, the ECT shows the least seasonal response of all regions, 

coupled with incomparably low stress magnitudes. The cube of friction velocity (not shown) also 

provides qualitatively similar results for all regions. 

 Tables 5 and 6 respectively show the percentage of fractional and absolute RMS 

consistency of modeled stress with respect to each region and stability parameterization. An RMS 

difference threshold of 0.01 N m
-2

 is used to delineate ‘good’ absolute consistency. All regions, 

except for the ECT, favor the summer season in terms of a higher probability of ‘good’ fractional 

RMS consistency. All regions, including the ECT, favor the summer season in terms of a higher 

probability of ‘good’ absolute RMS consistency. The fractional and absolute RMS consistency for 

a given stability parameterization is qualitatively similar to the findings for latent and sensible heat 

fluxes.  The best fractional RMS consistency is found in the Kuroshio region during summer and 

the ECT during winter; the worst is found in the SW Indian region during summer and the 

Kuroshio and Gulf Stream regions during winter. The best absolute RMS consistency is found in 

the Kuroshio during summer and the ECT during winter; the worst is found in Drake Passage 

during both summer and winter. The most substantial seasonal change in fractional RMS 

consistency is seen in the Kuroshio region, while the least is seen in the SW Indian. The most 

substantial seasonal change in absolute RMS consistency is seen in the Gulf Stream, while the 

least is seen in the ECT.  
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Figure 7. In order from top to bottom, stress magnitude PDFs are displayed for the Gulf Stream, 

SW Indian Ocean, Drake Passage, and ECT regions. The left column corresponds to summer, 

while the right corresponds to winter. Layout as for Figure 3. 
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Table 5. Represents the percentage (%) of the total regional distribution within a fractional RMS 

difference of +/- 5% about the mean stress. Values are delineated by a ‘/’ to separates 

summer/winter values. 

  SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 0.85/0.46 1.42/1.10 1.87/1.22 2.10/3.95 2.50/0.37 2.15/0.42 

Old 2.25/1.38 3.13/2.41 2.57/1.71 3.27/5.57 4.36/0.86 3.94/0.86 

New 2.26/1.38 3.20/2.50 2.58/1.72 3.35/5.74 4.45/0.89 4.02/0.89 

 

Table 6. Represents the percentage (%) of the total regional distribution within a geophysical 

RMS difference of +/- .01 N m
-2

 about the mean stress. Percentage values are delineated by a ‘/’ 

to denote relativity to a given season as: summer/winter. 

 
SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 45.50/29.47 58.29/43.82 30.76/22.09 63.84/57.84 70.45/31.17 69.96/28.04 

Old 43.54/28.07 55.40/40.32 30.54/21.50 60.76/54.58 68.11/27.95 67.77/25.58 

New 43.75/28.24 55.61/40.58 30.62/21.59 60.97/54.82 68.32/28.22 68.05/25.88 

 

4.3.4 Curl of the Stress  

 Distributions for the curl of the stress are shown for selected regions (Figure 8). The sign 

convention for the curl of the stress is kept unchanged from the traditional convention (i.e., 

different than what was used in the global calculations). For all regions, the curl of the stress 

exhibits a seasonal response that is in proportion to what is seen with the previous stress PDFs. 

The Gulf Stream again contains the most dramatic response to the opposing seasons; the 

Kuroshio (not shown) has a less dramatic response, but this has more to do with the fact that the 

Kuroshio’s summer season episodic events yield substantially higher curl magnitudes, particularly 

in the cyclonic regime, than any other region during summer. 

 Tables 7 and 8 respectively show the percentage of fractional and absolute RMS 

consistency of modeled stress with respect to each region and stability parameterization. An RMS 

difference threshold of 10
-8

 N m
-3

 is used to delineate ‘good’ absolute consistency. Seasonal 

adjustments to both fractional and absolute RMS consistency adhere to a response that is 

qualitatively similar to stress. The fractional and absolute RMS consistency for a given stability 

parameterization is qualitatively similar to the findings for latent and sensible heat fluxes.  All 
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stability parameterizations show nearly identical absolute RMS consistency across all regions. The 

best fractional RMS consistency is found in the Kuroshio region during summer and the Drake 

Passage during winter; the worst is found in the ECT region during summer and the Kuroshio 

during winter. The best absolute RMS consistency is found in the ECT during both summer and 

winter; the worst is found in Drake Passage during both summer and winter. The most substantial 

seasonal change in fractional RMS consistency is seen in the Gulf Stream, while the least change 

is seen in the ECT. The most substantial seasonal change in absolute RMS consistency is seen in 

the Kuroshio, while the least is seen in the ECT. 

 

Table 7. Represents the percentage (%) of the total regional distribution within a fractional RMS 

difference of +/- 5% about the mean curl of the stress. Percentage values are delineated by a ‘/’ to 

denote relativity to a given season as: summer/winter. 

 
SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 0.33/0.13 0.41/0.24 0.38/0.29 0.17/0.24 0.94/0.18 1.11/0.27 

Old 0.65/0.32 0.66/0.41 0.58/0.45 0.27/0.35 1.38/0.27 1.54/0.35 

New 0.66/0.33 0.68/0.43 0.59/0.46 0.28/0.37 1.43/0.28 1.60/0.36 

 

Table 8. Represents the percentage (%) of the total regional distribution within a geophysical 

RMS difference of +/- 10
-8

 N m
-3

 about the mean curl of the stress. Values are delineated by a ‘/’ 

to separates summer/winter values. 

 
SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Neutral 8.75/4.13 19.75/11.68 4.96/2.66 36.32/34.51 24.18/5.53 19.67/4.27 

Old 8.74/4.18 19.14/11.23 5.10/2.71 34.43/32.34 23.24/5.16 18.95/4.08 

New 8.85/4.25 19.29/11.36 5.16/2.75 34.63/32.54 23.57/5.27 19.27/4.16 
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Figure 8. In order from top to bottom, the curl of the stress PDFs are displayed for the Gulf 

Stream, SW Indian Ocean, Drake Passage, and ECT regions. The left column corresponds to 

summer, while the right corresponds to winter. Layout as for Figure 3. 
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4.4 Stability Dependence 

 This analysis further investigates potential sources of modeled flux inconsistencies through 

analyzing MFT-based flux estimates obtained from three different forms of stability 

parameterization (see section 2.1). Since COAREv3 and Kara et al. (2005) have their own 

parameterizations of stability, the stability dependence analysis has been limited to the MFT-based 

parameterizations. PDFs are shown for a single MFT-based parameterization which produces 

maximum flux estimates over a wide range of extreme conditions; only the sea-state dependent 

stress-related parameterizations are hereafter utilized. The objective is to recognize which regions 

and which flux diagnostics are most sensitive to the choice of stability parameterization; the 

measure of sensitivity is quantitatively assessed based upon a tabulated comparison (discussed 

later) of fractional RMS consistency between all regions. Stability conditions are defined using a 

Bulk Richardson number (Eq. 34), in which five ranges (or conditions) of atmospheric stability 

are defined. 

 b 2
Ri

sfc

v

v z

gz

T U

θ∆
=  (34) 

The five stability ranges (i.e., extremely unstable, moderately unstable, near-neutral, 

moderately stable, and extremely stable) are shown on a PDF of the Rib (Figure 9), where the Rib 

is calculated from 1997 to 2004 at all ocean grid points. The bounds of the stability ranges are 

derived statistically beginning with a recommended initial threshold of ± 0.02 for near-neutral 

stability (Clayson, 2007). The boundaries between moderate and extreme stability are set at the 

10
th
 percentile of the range of Rib values less than -0.02 for unstable conditions and at the and 90

th
 

percentile of range of Rib values greater than 0.02 for stable conditions. 
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Figure 9. The Bulk Richardson probability distribution over the global oceans. The y-axis is the 

probability in logarithmic form. Percentages are overlaid to show the relative contribution to the 

complete PDF. Colors denote the stability range. 

 

There is a general consensus among the ocean/atmospheric science community that the 

atmospheric surface layer over the oceans is predominantly in a state that is near-neutral (e.g. 

Kraus and Businger 1994; Siedler et al. 2001) or weakly unstable (Foster 1997). The PDF does 

confirm that the air-sea boundary layer is mostly in a near-neutral or slightly unstable state, thus 

confirming that the chosen stability ranges are within reasonable bounds. 

 A global and regional breakdown of Rib distributions (Tables 9 and 10) shows that certain 

regions contain striking differences in comparison to the global Rib distribution. Most notable are 

regions within the Southern hemisphere and also the ECT; Drake Passage stands out among these 

regions as containing ~90.4% near-neutral conditions, compared to ~79.56% globally; there is 

near equal weighting between weakly unstable and stable conditions at within the near-neutral 

range at Drake Passage; globally, more than two thirds of the near-neutral range consists of 

weakly unstable conditions. This greater percentage of near-neutral conditions within Drake 

Passage becomes more clearly understood when considering the persistence of relatively strong 
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winds over this region, where the high wind speeds act to limit the effects of thermal buoyancy 

through the effects of mechanical boundary layer mixing. The SW Indian and SW Pacific regions 

are under some similar influence of high wind speeds, although the influence is not as strongly felt 

due to some reductions in winds speed associated with continental boundaries and sub-tropical 

high pressure systems. The relatively cool SST characteristics of the ECT, coupled with the 

warm, moist tropical air that is typical of this region, help to minimize positive buoyancy within 

the air-sea boundary layer, thus resulting in the estimated ~82% near-neutral state; however, there 

is a very high contribution of weak instability within the near-neutral state, where ~71.68% of the 

total Rib distribution is weakly unstable. Finally, it is worth noting that the Kuroshio and Gulf 

Stream regions have a qualitatively similar Rib distribution. These two western boundary currents 

also contain the highest percentages of moderate and extreme instability compared to the global 

distribution and other regions that were examined; thus, it is highly anticipated that the role of 

stability parameterizations should have the greatest impact in these two regions. 

Although all six regions have undergone a thorough stability dependent analysis, only two 

specific regions are illustrated with PDF descriptions: the Drake Passage and the Gulf Stream. 

These two regions are selected based upon their strongly opposed stability characteristics, which 

will help to shed some light on whether the ‘Neutral’ assumption is practical to make under 

certain circumstances, provided it remains consistent with either the ‘Old’ or ‘New’ stability 

parameterizations. 

 

Table 9. The Rib stability contribution, relative a specific Rib stability range, expressed as a 

percentage of the total Rib distribution for a given region. 

 

 

SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 
Global* 

Extremely 

Unstable 
0.76 0.83 0.34 0.70 1.19 1.25 .96 

Moderately 

Unstable 
16.45 18.91 7.38 16.49 24.63 24.28 17.25 

Near 

Neutral 
80.95 79.67 90.40 82.16 71.61 70.83 79.56 

Moderately 

Stable 
1.72 0.55 1.76 0.57 2.26 3.34 1.95 

Extremely 

Stable 
.12 0.04 0.12 0.08 0.31 0.30 0.28 

*Global calculations take into account all oceanic regions from ~77° N to ~77° S 
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Table 10. The Rib near-neutral stability contribution, in terms of weakly stable or weakly unstable, 

expressed as a percentage of the total Rib distribution for a given region. Weakly stable 

corresponds to a stability range of b0.00 Ri 0.02.< ≤  Weakly unstable corresponds to a stability 

range of b0.02 Ri 0.00.− ≥ >  

 

 

SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 
Global* 

Weakly 

Unstable 
51.29 65.53 47.86 71.68 51.52 51.19 55.58 

Weakly 

Stable 
29.66 14.14 42.54 10.48 20.09 19.64 23.98 

*Global calculations take into account all oceanic regions from ~77° N to ~77° S 

 

4.4.1 Latent Heat Flux  

 Distributions of latent heat flux are provided for selected regions (Figure 10). The 

HEXOS parameterization produces the greatest extremes in latent heat flux in both the Gulf 

Stream and Drake Passage, and it is utilized for this PDF analysis. Compared to Drake Passage, 

the Gulf Stream shows the least modeled flux consistency (qualitatively speaking) between 

stability parameterizations within the tails of ‘moderate’ and ‘intense’ instability. For both regions, 

the ‘near-neutral’ condition provides the best modeled flux consistency between stability 

parameterizations; the relatively poor consistency within the ‘moderate’ and ‘intense’ instability 

conditions of the Gulf Stream reflects upon this region’s higher probability of strong events during 

‘intense’ and ‘moderate’ instability. The ‘New’ and ‘Old’ stability parameterizations are mutually 

consistent throughout all stability conditions for both regions. 

 Table 11 shows that the relative consistency of the ‘Neutral’ assumption with respect to 

the mean of the results from the ‘New’ and ‘Old’ parameterizations is about seven times better in 

Drake Passage during summer months and almost four times greater in Drake Passage during 

winter months when compared to the Gulf Stream. In summer, the least/most consistent region is 

the Kuroshio/Drake Passage; in winter, the least/most consistent region is the ECT/Drake 

Passage. 
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Figure 10. The stability dependence PDFs of latent heat flux for the Gulf Stream (left) and Drake 

Passage (right) using the HEXOS parameterization. The y-axis is the probability in logarithmic 

form. Colors denote a specific Rib stability condition (or range). Line types denote a stability 

parameterization. 

 

Table 11. Represents the percentage-difference (%) of the average of the ‘New’ and ‘Old’ results 

subtracted from the ‘Neutral’ results for four flux diagnostics. Results are based on previous 

tables representing a fractional RMS difference of +/- 5%. Percentage values are delineated by a 

‘/’ to denote relativity to a given season as: summer/winter. 

 
SW 

Indian 

SW 

Pacific 

Drake 

Passage 

Cold 

Tongue 
Kuroshio 

Gulf 

Stream 

Latent 

Heat Flux 
2.84/2.39 7.29/7.40 1.02/0.51 6.15/10.28 8.72/2.96 7.30/1.88 

Sensible 

Heat Flux 
4.20/4.99 4.65/6.91 3.02/3.32 2.16/4.50 5.41/5.16 4.70/3.65 

Stress 1.41/0.92 1.75/1.36 0.71/0.50 1.21/1.71 1.91/0.51 1.83/0.46 

Curl of 

the Stress 
0.33/0.20 0.26/0.18 0.21/0.17 0.11/0.12 0.47/0.10 0.45/0.09 

 

4.4.2 Sensible Heat Flux  

 Distributions for sensible heat flux are provided for selected regions (Figure 11). The 

Bourassa (2006) parameterization produces among the largest estimates of sensible heat fluxes for 

both regions, and it is utilized for this PDF analysis. The modeled flux consistency between 

regions is more difficult to discern graphically, as Drake Passage contains substantially greater 

inconsistencies when compared to latent heat flux. Although these events are quite rare for Drake 

Passage, the ‘moderate’ and ‘intense’ instability conditions show slightly greater inconsistencies 

when compared to the Gulf Stream, suggesting that in the Drake Passage large wind speeds can 

occur with large air/sea temperature differences. Once again, both regions show that ‘near-

neutral’ conditions provide the best agreement among stability parameterizations, and the ‘New’ 
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and ‘Old’ stability conditions show good mutual consistency throughout all stability conditions for 

both regions. 

 

-350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 400 450 500 550 600
Bin Value (W m-2)

10-5

10-4

10-3

10-2

10-1

100

P
ro

b
ab

il
it

y

LEGEND: Bulk RI Stability:

Near Neutral

Moderate Stability

Intense Stability

Moderate Instability

Intense Instability

Stability Parameterization:

Neutral Assumption

New Calcs

Old Calcs

-350 -300 -250 -200 -150 -100 -50 0 50 100 150 200 250 300 350 400 450 500 550 600
Bin Value (W m-2)

10-5

10-4

10-3

10-2

10-1

100

P
ro

b
ab

il
it

y

LEGEND: Bulk RI Stability:

Near Neutral

Moderate Stability

Intense Stability

Moderate Instability

Intense Instability

Stability Parameterization:

Neutral Assumption

New Calcs

Old Calcs

 

Figure 11. The stability dependence PDFs of sensible heat flux for the Gulf Stream (left) and 

Drake Passage (right) using the Bourassa (2006) parameterization. Layout as for Figure 10. 

 

Table 11 shows that the relative consistency of the ‘Neutral’ assumption with respect to 

the mean of the results from the ‘New’ and ‘Old’ parameterizations is only marginally better in 

Drake Passage during summer and winter months when compared to the Gulf Stream. In summer, 

the least/most consistent region is the Kuroshio/ECT; in winter, the least/most consistent region is 

the SW Pacific/Drake Passage. 

4.4.3 Stress Magnitude 

 Distributions of stress magnitude are provided for selected regions (Figure 12). The 

Taylor and Yelland (2001) parameterization produces among the largest estimates of stress for 

both regions, and it is utilized for this PDF analysis. The Gulf Stream shows substantially higher 

stress estimates during the extreme episodic events, yet the modeled flux consistency between 

both regions is qualitatively similar. As seen with the heat flux PDFs, the ‘near-neutral’ conditions 

provide the best agreement among stability parameterizations. There is even better mutual 

consistency between the ‘New’ and ‘Old’ parameterizations when compared to the heat flux 

PDFs. 
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Figure 12. The stability dependence PDFs of stress magnitude for the Gulf Stream (left) and 

Drake Passage (right) using the Taylor and Yelland (2001) parameterization. Layout as for Figure 

10. 

 

 Table 11 shows that the relative consistency of the ‘Neutral’ assumption with respect to 

the mean of the results from the ‘New’ and ‘Old’ parameterizations is at least twice as good in 

Drake Passage during summer and marginally worse in winter when compared to the Gulf 

Stream. In summer, the least/most consistent region is the Kuroshio/Drake Passage; in winter, the 

least/most consistent region is the ECT/Gulf Stream. 

4.4.4 Curl of the Stress 

 Distributions of the curl of the stress are provided for selected regions (Figure 13). The 

HEXOS parameterization produces the largest estimates of stress for both regions, and it is 

utilized for this PDF analysis. The Gulf Stream shows substantially higher curl of the stress 

estimates during the extreme episodic events, yet the modeled flux consistency between both 

regions is qualitatively similar. The ‘near-neutral’ conditions provide the best agreement among 

stability parameterizations; this is visually better than any other flux diagnostic. Overall, the curl of 

the stress provides the best modeled flux consistency between the all stability parameterizations 

and for all stability conditions.  
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Figure 13. The stability dependence PDFs of the curl of the stress for the Gulf Stream (left) and 

Drake Passage (right) using the HEXOS parameterization. Layout as for Figure 10. 

 

 Table 11 shows that the relative consistency of the ‘Neutral’ assumption with respect to 

the mean of the results from the ‘New’ and ‘Old’ parameterizations is at least twice as good in 

Drake Passage during summer and about twice as bad in winter when compared to the Gulf 

Stream. In summer, the least/most consistent region is the Kuroshio/ECT; in winter, the 

least/most consistent region is the SW Indian/Gulf Stream. 
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CHAPTER 5 

CONCLUSIONS 

The consistency of a variety of air-sea flux parameterizations is shown to vary on both 

regional and global scales, depending upon the sea-state variability and departure from neutral 

atmospheric stability. This consistency worsens as conditions become more extreme: strong 

episodic forcing provides the greatest inconsistencies. Regions showing large inconsistencies 

between model’s IQR show even greater inconsistencies in the more extreme events that are 

outside the IQR. 

 When just considering stress-related parameterizations, the sea-state dependent 

parameterizations generally provide the greatest flux estimates during extreme episodic events. 

Among the sea-state dependent parameterizations, the HEXOS parameterization tends to show 

the greatest sea-state sensitivity, which is especially pronounced in the Gulf Stream and Kuroshio 

regions. In the extreme tails of the global latent heat flux PDF (Figure 3), Kara et al. (2005) 

provides an unexpected result in producing larger flux estimates than the sea-state dependent 

parameterizations. After thorough examination of this algorithm, it is concluded that this 

characteristic is likely caused by an overestimation of the moisture transfer coefficient (CE) for 

extremely large values of wind speed and the air/sea moisture difference. The air-sea moisture 

differences can be very large in mid-latitude regions (particularly in cold air outbreaks). The Kara 

et al. parameterization also presumes 100% saturation at the water surface, whereas 98% is 

considered to be a better estimate.   

Among the sea-state independent parameterizations, the Smith (1988) parameterization 

shows noticeably larger flux estimates than its MFT-based counterparts during certain periods of 

episodic events; this is most likely due to the fact that the stress that is derived from Smith (1988) 

accounts for atmospheric stability changes, where Large and Pond (1981) and Large et al. (1994) 

always assume a neutral stress, the non-neutral events that are coupled with episodic events 

produce this minor, yet noticeable inconsistency.  

 When comparing seasonal transition, it is clearly evident that the Gulf Stream and 

Kuroshio regions show the greatest sensitivity in terms of (1) the corresponding changes in the 

extreme flux estimates, and (2) the change in modeled flux consistency (when comparing the 
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absolute RMS consistency). The least sensitivity was most consistently observed in the ECT and 

Drake Passage regions, but this was also to some extent noticed in the SW Pacific region. 

Additionally, specific flux diagnostics respond differently to seasonal transition, depending upon 

the region. A good example of this is seen when comparing the seasonal response of latent heat 

flux versus sensible heat flux in Drake Passage, where latent heat flux has a very minimal response 

compared to sensible heat flux. 

 The stability analysis shows that near-neutral conditions provide the best ‘overall’ modeled 

flux consistency between stability parameterizations. It is also worth noting that in the episodic 

events where atmospheric mixing due to momentum transfer dominates the mixing due to heat 

fluxes, the near-neutral conditions dominate, thereby providing greater consistency between the 

‘Neutral’ assumption and the remaining stability parameterizations. This concept is important for 

modelers who are concerned about the importance to parameterize atmospheric stability under 

high wind speeds. Furthermore, stress and curl of the stress are the least sensitive flux diagnostics 

with respect to the parameterization of stability. The distribution of stability conditions is highly 

dependent upon regional characteristics such as the proximity to sea-ice, land, and either warm or 

cool SSTs. 

When just considering ‘near-neutral’ conditions, latent and sensible heat flux estimates 

show the most noticeable inconsistencies (and to a much lesser extent with stress and the curl of 

the stress) between the ‘Neutral’ assumption and the remaining stability parameterizations during 

the more rare and extreme events. The differences from the ‘Neutral’ assumption are largely 

attributed to weakly unstable conditions. For short time scale applications, where a small bias is 

tolerable, the inconsistencies produced by these weakly unstable events are arguably negligible, 

especially when considering the estimates of stress and the curl of the stress.  Since more than 

90% of the events examined within Drake Passage are ‘near-neutral’, the ‘Neutral’ assumption 

would be a sufficient approximation for the vast majority of events. In other regions such as either 

the Gulf Stream or Kuroshio, where ‘near-neutral’ stability conditions are substantially less 

prevalent, it would be more appropriate to account for such variation in the stability. Given the 

very consistent agreement between the ‘New’ and ‘Old’ parameterizations for all of the regions 

and the vast majority of conditions examined, the decision to choose the most suitable non-neutral 

stability parameterization is typically a minor issue; the rare exceptions occur in areas of 

substantial wind speeds and very large departures from neutral conditions.    
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The inconsistencies between stress-related parameterizations begin to show physical 

significance at around a 1% to 10% probability of occurrence. Exact probabilities vary by region, 

where sea-state characteristics coupled with the intrinsically variable wind conditions provide 

rather unique patterns of episodic events that are regionally-dependent. For example, the 

Kuroshio and Gulf Stream regions both share, qualitatively, very similar patterns of cold-air 

outbreaks, coupled with a heterogeneous mix of swell and wind-waves, where wind-waves begin 

to dominate the momentum roughness length when under direct influence of cold-air outbreaks. 

Contrastingly, the Drake Passage is highly influenced by a coupling of the eastward ACC and the 

climatologically persistent presence of relatively strong westerly winds; the resultant effect on the 

sea-state is a pronounced dominance of swell, as opposed to wind-waves.  

The consideration of physical significance depends on the application. One such 

application is in reference to the climatology of fluxes, where the long-term means can be 

influenced by episodic forcing. The mean difference (relative bias) is the sum of the product of the 

difference in probability times the magnitude of the event; or alternatively as the sum of the 

product of the difference in magnitude times the probability of an event. An excellent example can 

be observed using the wintertime stress PDF (Figure 7) within the Gulf Stream, where there is a 

one order of magnitude difference in probability for 2 N m
-2 

events; this difference only applies 

when comparing the HEXOS and Smith (1988) parameterizations. If one assumes that the Smith 

(1988) parameterization is the best representation of the eight year climatology for stress, the 

application of the HEXOS parameterization during the 2 N m
-2 

events would result in an 

approximate 0.011 N m
-2

 positive shift in the 8-year mean. It could be argued that such a shift in 

the mean of the stress climatology is physically significant, as this shift represents approximately 

0.23 % of the mean. It should be noted, however, that it is the aggregate effect of all episodic 

events that contribute to the total shift in the mean. A cumulative integration of all of the events 

would likely provide an even greater shift in the mean.  
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APPENDIX A 

PARAMETERIZATIONS IN DETAIL 

A.1 COAREv3 

The Grachev and Fairall (1997) Bulk Richardson number (Rib) is expressed as: 

 b 2

10

( 0.61 )
Ri ,

gz T q

T U

θ∆ + ∆
= −  (35) 

where z = 10 m is the reference height, T is the air temperature at height z, and ∆θ and ∆q are the 

vertical gradients of potential temperature and specific humidity, respectively, between the sea-

surface and 10 m. The M-O stability (ζ) is expressed as: 
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 (36) 

Since M-O theory breaks down during strong convection under low wind speeds, Grachev and 

Fairall decide to derive a secondary Bulk Richardson number to account for such extreme 

convective boundary layer (CBL) events. This alternative Bulk Richardson number, referred to as 

the convective Bulk Richardson number (Ribc), is expressed as: 

 bc 3
Ri ,

i H

z

z C β
=  (37) 

where zi is the CBL depth and β=1.25 is the gustiness term. Therefore, for unstable conditions, 

the “first guess” of M-O stability as defined by Grachev and Fairall and utilized by the COAREv3 

algorithm is provided as: 

 

1

b
b

bc

Ri
Ri 1 ,     ,

Ri

N

N

T

D

C
C C

C

κ
ζ

−

 
= + = 

 
 (38) 

where C is a function of the neutral temperature and momentum transfer coefficients. For stable 

conditions, Grachev and Fairall recommend the M-O relationship from Businger et al. (1971), 

which is expressed as: 

 b

b

Ri
.

1 Ri

C
ζ

α
=

−

 (39) 
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The original recommendation for α is 5.0, yet this results in a limited range of applicability where 

Rib may not exceed 0.2. Fairall (2007, personal communication) came up with a better “first 

guess” calculation (Eq. 40) that avoids this singularity. COAREv3 incorporates this 

undocumented relationship as follows: 

 ( )b bRi 1 *Ri / ,C Cζ α= +  (40) 

where α is 3.0. 

The previous versions of COARE assumed a value of zero as the “first guess” for the 

initial stability, requiring up to 20 iterations. On the other hand, the MFT dynamically adjusts the 

number of these iterations, mostly based upon vertical gradients of temperature and moisture (i.e. 

larger gradients result in more iterations). The range of iterations related to stability in the MFT is 

6:1200, where 6 assumes that the atmospheric stability is ‘near-neutral’ and 1200 represents the 

most extreme case of non-neutrality. 

The Grachev et al. (2000) stability relationship is expressed as: 

 

2

2
,    = u,t,q ,

1

B D Convα α

α

φ ζ φ
φ α

ζ

−

−

=

+

 (41) 

where 
B Dα
φ

−

is the Businger-Dyer formulation (section 2.1) for the stability profile, 
Convα
φ is the 

Grachev et al. formulation (Eq. 41) for the stability profile during free convection, and α denotes 

the stability profile calculations for momentum (u), temperature (t), and moisture (q). The 

relationship for free convection is expressed as: 

 ( )
2

1/ 31

G

1 1 2
1.5ln 3 tan ,     = 1 a ,

3 3 3Conv

x x x
x

α

π
φ ζ

−

 + + + 
= − + −   

  
 (42) 

where aG is the Grachev et al. suggested constant. For 
u
φ , aG = 10.15; for ,t q

φ , aG = 34.15. The 

1/3 power dependency of x is based on M-O theory, which suggests a -1/3 power asymptotic limit 

during free convection. 

A.2 Kara et al. (2005) 

 Kara et al. obtained a single set of equations for CD and CE that applies to all wind speeds 

between 1-40 m s
-1

. They acknowledge that exchange coefficients do exist in wind speeds below 1 

m s
-1

, yet they decide not to calculate these coefficients using such low wind speeds on the basis 

that air-sea fluxes at nearly calm wind speeds are negligibly small; rather than simply setting these 
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exchange coefficients to zero, they decide to round the near-zero winds to 1 m s
-1

, which are used 

in providing a non-zero minimum boundary for CD and CE. To account for atmospheric stability, 

they assume that a quadratic polynomial is suitable for unstable and stable cases, and a linear fit is 

suitable for the neutral case. The generalized equations for CD are: 

 

2( ) ( )( ) ( )( ) for   8.00 0.750 10 1 10 2 10

( ) ( )( )      for    0.75 0.750 10 1 10

2( ) ( )( ) ( )( ) for   0.75 7.0010 1 10 2 10

C U C U T T C U T T C T T CD D s D S s

C C U C U T T C T T CD D s sD

C U C U T T C U T T C T T CD D s D S s

 + − + − − ° ≤ − <− °
 
 

= + − − ° ≤ − < ° 
 

+ − + − ° ≤ − < ° 
 

, (43) 

Similarly, the equations for CH and CE are: 

 

 

2( ) ( )( ) ( )( ) for   8.00 0.750 10 1 10 2 10

( ) ( )( )      for   0.75 0.750 10 1 10

2( ) ( )( ) ( )( ) for   0.75 7.001 10 1 10 2 10

C U C U T T C U T T C T T CE E s E S s

C C C U C U T T C T T CE E s sH E

C U C U T T C U T T C T T CE E s E S s

 + − + − − ° ≤ − <− °
 
 

= = + − − ° ≤ − < ° 
 

+ − + − ° ≤ − < ° 
 

. (44) 

The sub-coefficients of CD, CE, and CH are provided by Kara et al. in a look-up table, which can 

be found at http://www7320.nrlssc.navy.mil/nasec/nasec.html.  
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