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1.   Introduction


The influences of sea state on surface fluxes has been speculated upon and investigated for over 40 years. There are several aspects to the description of sea state. One consideration is the modification of the waves as a function of wind speed (or more accurately surface stress) assuming equilibrium between the wind and waves (Charnock 1955; Wu 1968; Bourassa 1999). Another consideration is how rising and falling seas (departures from this equilibrium) alter the wave characteristics (Smith 1988; Kusaba and Masuda 1988; Geernaert et al. 1990; Toba et al. 1990; Perrie and Toulany 1990; Maat et al. 1991; Smith et al. 1992; Dobson et al. 1994; Yelland et al. 1998; Bourassa et al. 1999). A third concern is related to departures from wind-wave equilibrium: the direction of wave propagation relative to the wind direction can have a substantial influence on surface fluxes (Geernaert et al. 1990; Donelan et al. 1997; Bourassa et al. 1999). A modeling study suggests that these directional considerations can be effectively modeled as largely due to wave-wave interaction (Bourassa et al. 1999). These considerations will be discussed, as will our ability to use observations of sea state in flux models.


Previous findings on the dependence of sea state on surface fluxes will be briefly summarized. Conflicts will be discussed, and it will be shown that a single model can account for the conflicts. New results will support modeled and observed dependencies of surface fluxes on sea state.   These recent breakthroughs in modeling air-sea interaction have improved our knowledge of how sea state influences fluxes.  This knowledge can be used to combine wind and wave observations to obtain more accurate surface fluxes.  The specific advances in modeling include the consideration of capillary waves (ripples) which have been demonstrated to dominate stresses for U10 < 7 ms-1. Secondly, the use of two horizontal dimensions allow winds, waves, and currents to be modeled as non-parallel.  Thirdly, the consideration of surface motion due to long waves explains observations of stresses that are dependent on the angle between the mean directions of wind and wave propagation.  The coupled flux and sea state model with these considerations is consistent with observations of the influence of non-directional wave characteristics (e.g., wave age, phase speed, period, wavelength, and significant wave height) as well as the influence of wave propagation direction relative to the mean wind direction.  This model is well documented on a web site (http://www.coaps.fsu.edu/ ~bourassa/BVW_html/bvw_docs.shtml), and code is publicly available through that site.


The impact of various wave characteristics on fluxes will be demonstrated.  These impacts are spatially and temporally systematic, and are likely to be significant in forcing ocean models for seasonal and greater time scales.  The influence of wave age (rising and falling seas) will be compared to the influence of differences in mean directions of wind and wave propagation. Wave data can be obtained from several sources: buoys, ships, and several satellites.  Wave and wind data sets can be used together to produce improved estimates of surface fluxes and reduce the biases in flux climatologies.

2. Surface Flux Background


Surface flux parameterizations for stress (), sensible heat (H), and latent heat (E) are similar in many models except for the relationships between roughness length (zo) and friction velocity (u). Most models consider a scalar stress; however, the BVW model considers two surface dimensions. These fluxes are defined as


 =  u* | u* | ,
(1)


  = Cp ( | u(eq | ,
(2)


E  =  Lvq( |u(| ,
(3)

where  is the density of the air, Cp is the heat capacity of air, Lv is the latent heat of vaporization, (( and q( are scaling terms for potential temperature and moisture analogous to u*, and bold type indicates a vector quantity.  


Friction velocity, ((, and q( are determined from the log-profile relations and observations wind speed, temperature and humidity of the air, and sea surface temperature. Vertical differences between near-surface values of mean wind-speed (U), potential temperature (), and specific humidity (q) increase approximately logarithmically with height (z), as given by:
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where zo is the momentum roughness length, ( is an atmospheric stability term, L is the MoninObukhov scale length, the subscript s indicates surface values.  The variables are similar to those in Eq. (4), except that terms with the subscript ( relate to potential temperature and those with a subscript q relate to moisture.  The von Kármán constants ((, ((, and (q) and stability parameterizations can vary considerably between flux models (reviews include Stull 1988). It is essential to choose von Kármán constants consistent with the stability functions and roughness length parameterizations.


The height over which (2) applies ranges from approximately three times the significant wave height (Large et al. 1995) to between 4% and 10% of the surface layer (Carl et al. 1973; Pielke 1984).  The surface current serves as the frame of reference for the wind velocity  (analogous to a stationary frame of reference over solid surfaces).  The consequences of this rather arbitrary choice of reference frame were discussed in detail in Bourassa et al. (1999) and are reviewed briefly herein.  The locally induced surface current is usually very small compared to U10 (Wu 1975), and it can be treated as negligible.  In contrast, the surface current induced by large scale circulations can be significant (Chou 1993), but it cannot be parameterized in terms of local variables.  Traditionally Us is dropped from Eq. (4), but it was retained because it provides a uniform frame of reference.

2.1 Wind-Wave Equilibrium


Key differences in flux models occur in the parameterization of the roughness lengths. One of the earliest and most widely referenced investigations is that of Charnock (1955), who applied dimensional analysis to show that, when gravity is the dominant restoring force (U10 > ~7 ms-1), zo is proportional to the kinematic surface stress (

).  


zo =  a 

 / g,
(7)

where a is an empirically derived constant. In nearshore environments a ( 0.0185 (Wu 1980); however, in open ocean observations a ( 0.011 (Smith 1988; Dobson et al. 1994) is usually found to be smaller than in the nearshore observations. 


For high winds, the momentum roughness length is well described with gravity waves as roughness elements: however, at low and moderate wind speeds (U10 < ~7 ms-1) or short fetches, capillary waves can dominate the generation of turbulence (Wu 1968; Bourassa et al. 1999).  These waves are much shorter than the gravity waves; however, they are much steeper and more densely packed. Wu's (1968) observations showed that roughness length associated with capillary waves decreases monotonically as wind speed increases.  On the basis of dimensional analysis, Wu suggested that the momentum roughness length for capillary waves was related to friction velocity and the kinematic surface tension ((/(w, where ( is the surface tension, (w is the density of water):




,
(8)

where b is an empirically derived constant. The value of b=0.019 was determined through wave tank observations and confirmed in a comparison of the modeled and observed fluxes (Bourassa et al. 1999). 


Models based on gravity waves and capillary waves fail for low wind speeds (U10 < ~2 ms-1), where the surface stress is too low to support capillary waves.  The wind speed separating these regimes is a function of water temperature (Mark A. Donelan and Willard Pierson, personal communication, 1997) and atmospheric stability (Bourassa et al. 1999), and it is known as the capillary cutoff. For wind speeds less than this cutoff, the surface is referred to as aerodynamically smooth. This type of surface is amenable to laboratory experiments, which have found different roughness lengths for momentum, potential temperature, and water vapor (Nikuradse 1933; Kondo 1975; Brutsaert 1982): 
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 is kinematic molecular viscosity. Smith (1988, 1989) suggests that waves have no direct effect on the functional form of roughness lengths for temperature and moisture; thus the above temperature and moisture roughness lengths apply to both aerodynamically smooth and rough surfaces.


Flux models are made applicable to a wider range of wind speeds by combining the various momentum roughness lengths. One form that is relatively widely used combines the roughness lengths for gravity waves and a smooth surface (Smith 1988):


zo =  
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This form works well for many applications, except for the range of wind speeds (~2 < U10 < ~7 ms-1) where capillary waves dominate the momentum roughness length.  All three types of roughness lengths have been combined in a single flux model (Bourassa et al. 1999), which is described in more detail in section 2.5. The consideration of capillary waves has been shown to improve the accuracy of modeled fluxes for low and moderate wind speeds.

2.2 Rising and Falling Seas


Charnock (1955) speculated that the constant of proportionality could be a function of sea state, meaning that it could vary for rising and falling seas. Recently, there have been several examinations of the dependence of Charnock’s constant on sea state (Kusaba and Masuda 1988; Geernaert et al. 1990; Toba et al. 1990; Perrie and Toulany 1990; Maat et al. 1991; Smith et al. 1992; Yelland et al., 1998). The HEXOS result (Smith et al.) was
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where wa = cp/u is the wave age, and cp is the phase speed of the dominant waves.  These analyses are restricted to the subset of observations without significant swell (long gently sloping waves generated by distant events).  The drag coefficients and stresses determined from this subset are approximately 20% larger than the open ocean results.  Yelland et al. (1998) did not find a dependence on wave age, and concluded that the HEXOS result does not apply in the open ocean. However, they examined all observations, rather than the subset without swell.  A simple inverse wave age relationship (13) does not adequately describe the variation in CD(U10) observed when swell is present (Smith et al. 1992; Dobson et al. 1994; Bourassa et al. 1999).  Nevertheless, based on a simple theoretical argument, the HEXOS result can be shown to be incomplete.  The HEXOS parameterization implies that the roughness length is independent of the direction of the wind relative to the direction of wave propagation, which conflicts with observations (Geernaert et al. 1990; Donelan et al. 1997).

2.3 Wave-Wave interaction


A simple model of wave-wave interaction provides a physical basis for a dependency of momentum roughness length on departures from local equilibrium. The bulk of momentum transfer from the atmosphere to the ocean occurs through waves that have very short wavelengths compared to the dominant waves. In the open ocean, capillary waves and short gravity waves are often superimposed on the dominant gravity waves.  Only those short waves that are elevated into the wind stream which is aerodynamically joined to the water surface (i.e., the areas where flow separation has not occurred) will contribute to the stress.  Therefore, the velocity frame of reference, typically considered to equal the surface current, is shifted by the mean horizontal motion of the surface of this elevated portion of the wave (Fig. 1).  This shift in velocity (Uc) cannot exceed the orbital velocity of the supporting gravity waves (i.e., the velocity of 'particles' moved by wave motion).  Correcting UUcUs to a Us frame of reference is equivalent to modifying a and b. This problem can be conceptually simplified by rewriting these 'constants' as variable due to this phase change multiplied by a new equilibrium value. For wind and waves moving in the same direction b becomes
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where B=0.05 is the new equilibrium value.  Theory (Bourassa et al., 1999) and comparisons to observations (Peter Taylor and Margaret Yelland, personal communication, 1999) indicate that the HEXOS roughness length will substantially overestimate fluxes for rising seas.  Bourassa et al. suggest that Charnock's constant should have a form similar to (14), which would reduce this overestimation.


The frame of reference correction (Uc) must be a fraction of the orbital speed. Observations covering a wider range of sea states than were available for Bourassa et al (1999) will be needed to accurately calculate this fraction and determine if it is a function of sea state.  Based on the available data it was assumed that Uc is equal to be half the orbital velocity of the dominant waves. The orbital speed of gravity waves (Uorb) is 
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where Hs is significant wave height (Hs) and Tp is the period of the dominant waves. This simple consideration of wave-wave interaction can be used in two dimensions to consider differences in the wind direction and the direction of wave propagation. 

2.4 Directional Considerations


Dobson et al. suggested that a model with two horizontal dimensions is required to resolve the complexities introduced by swell.  It is implied that the HEXOS restrictions on swell are nececary because swell rarely propagates in the wind direction. This suggestion is supported by recent observations that the angle between the mean directions of wind and swell propagation has a systematic influence on open ocean drag coefficients (Donelan et al. 1997). Similar results have been obtained in a flux model (Bourassa et al. 1999) by considering wave-wave interaction in two horizontal dimensions. The observed and modeled changes in stress due to swell direction are typically 15 to 25% increases relative to the case with parallel wave propagation and wind direction.  The increase in heat and moisture transfer should be approximately half the increase in stress.  These changes in fluxes are substantial, and will be systematic in many locations.  

2.5  BVW Roughness Length Parameterization


Most BVW improvements over previous models are incorporated in the momentum roughness-length parameterization.  The BVW roughness length considers all the above mentioned aspects of modeling sea state. The roughness length is treated as root-mean-square sum of weighted contributions from gravity waves, capillary waves, and an aerodynamically smooth surface (respectively indicated by subscripts of g, c, and v).  The weighting terms (' and ) consider whether or not the type of wave is present ('), as well as shifts in the velocity frame of reference due to swell (c).  
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where the unit vectors 
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e
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 are two perpendicular basis vectors (parallel and perpendicular to the mean direction of propagation of the dominant waves).  The friction velocity and wave age also become vectors with these axes.

3. Model Verification


The positive impact of capillary waves has been validated and the magnitude of directional considerations has been demonstrated (Bourassa et al. 1999). A new validation will show the accuracy of the model's neutral drag coefficient (CDN). The drag coefficient is 
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The drag coefficient is dependent on both atmospheric stability and the wind reference height (typically 10 m). The neutral drag coefficient corresponds to neutral atmospheric stability, and it can be estimated from non-neutral observations through a technique developed by Geernaert and Katsaros (1986). The observations used in this validation were taken during TropicalOcean GlobalAtmosphere (TOGA)Coupled Ocean Atmosphere Response Experiment (COARE) from the R/V Moana Wave (Fairall et al. 1996b).  The neutral drag coefficients are binned in 1 m s-1 bins and averaged (Fig. 2).  The error bars indicate one standard deviation, and demonstrate the very tight distributions within each bin.  Unfortunately, this data set does not contain information on sea state, which could account for several departures from the CDN value for wind-wave equilibrium.


The neutral drag coefficients are a very close fit to the model with capillary waves (Fig. 2). The calculated values of the neutral drag coefficients are dependent on the flux model used in the calculation; the small spread of values shown by the error bars is further indication of the high quality of the model.  The impact of capillary waves for U10 < ~6 ms-1 is emphasized in the large differences between the BVW (or observation based) CDN and that of the model without capillary waves (Smith 1988).  These wind speeds are typical of tropical oceans, suggesting that fluxes estimated by bulk formulas without capillary waves could substantially underestimate the fluxes.
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The impact of wind-wave non-equilibrium (i.e., (CDN/(wa) indicated in Fig. 2 must be validated.  This task is difficult because flux data sets that contain sea state observations are relatively rare, and those that contain wave age date rarely contain the direction of swell propagation. The validation is necessary in part because of recent claims (Yelland et al. 1998) that wave age has negligible impact on fluxes.  This claim lacks strength because Yelland et al. did not consider wind direction relative to the direction of swell propagation, which adds considerable noise to an analysis of CDN(U10, wa).  Furthermore, old swell (large wa) is typical of open ocean sea states.  The dependence of CDN on wa is relatively small for old seas than for young seas.  Consequently, the a poor signal to noise ratio could account for the lack of a wave age dependence in their results
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The flux observations the San Clemente Ocean Probing Experiment (SCOPE; Fairall et al. 1996a) dataset are used to demonstrate the dependency on wave age.  These observations were taken from the Scripps Institute Floating Instrument Platform, R/P FLIP, in deep water off the California coast.   The calculated neutral drag coefficients are sorted into three wave age categories (rising seas, wa < 22; near equilibrium, and 22 < wa < 40) and then binned in 1 ms-1 bins.  There are insufficient observations for more resolution of wave age. For U10 > 2 ms-1, and wa < 40, the observation based wa dependency (Fig. 3) is consistent with the modeled dependency (Fig. 2). For For U10 > 2 ms-1, CDN associated with small wa is greater than that associated with the larger wave ages. For these wind speed there is unlikely to be sufficient winds to produce capillary waves. Hence these seas cannot be referred to as rising or near wind-wave  equilibrium, and HS > 0 indicates swell. These observations are consistent with reference (i.e., surface) speeds modified by the orbital velocity of the swell.  Older swell has smaller orbital velocities, and hence a smaller reduction in the shear stress and drag coefficient. 


There is sufficient data to examine CDN(U10) associated with swell (falling seas).  However, the data for falling seas (not shown) has higher than expected CDN for wave propagating with the wind. The absence of wave directional data prevents this examination for falling seas. The more detailed flux model removes the need for the HEXOS restrictions (the absence of swell) in finding a wave age dependency for rising seas and those near wind-wave equilibrium.  Further observations which include more detailed sea states are required to verify these theories for falling seas.
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4. Impacts of Sea State


The sensitivity of CDN to wave age is a function of wave age and wind speed (fig. 4). This sensitivity decrease as either wave age or wind speed increases. For open ocean conditions in the tropics or sub-tropical highs, there is little dependence on wave age. An example of the impact of the direction of swell propagation relative to the wind direction (Fig. 5), with U10=3 m s-1 shows that directional difference can be far more important than very large changes in wave age.  The modeled stress increases 10 to 15 percent for angles of ~90( and up to 25% for wind and waves moving in opposite directions.  These change are consistent with observations (Donelan et al. 1997).  Clearly the directional considerations should be considered as well as the wave age.

5. Ingestion of Sea State DATA


The BVW coupled flux and sea state model is modified to widen the breadth of sea state variables that can be used as model input. Consequently, it is also easier to use the new model to examine fluxes associated with rising and falling seas.  A model for local-equilibrium was described by Bourassa et al. (1999b) and used in a flux model by Clayson et al. (1996); however, such a condition is quite rare and is a relatively impractical assumption in most flux models.  Observations of wave age are easily input into the BVW flux model; however, wave age is measure only during highly specialized flux observations (e.g., Fairall et al. 1996a).  The phase speed of the dominant waves is also easily input; and phase speed has the advantage of being observed as some buoys and remotely sensed through Synthetic Aperture Radar (SAR).  However, buoy observations are sparse, and SAR observations are relatively cumbersome to process.  Consequently SAR observations are sparse and untimely.  The most commonly observed wave parameter is significant wave height, which is recorded from many buoys and remotely sensed through altimetry.  Prior to this study, there have been no theory-based flux models that consider significant wave height.  


In this section, the focus is a means for using significant wave heights as sea state input.  To achieve this goal, the phase speed of the dominant waves must be expressed in terms of the significant wave height (Hs).  Strictly speaking, Hs provides only the magnitude of aspects of sea state, and directional information must be provided from other sources, such as SAR, buoys, and/or a wave prediction model.  The theory for using significant wave heights (or several other wave parameters) in a coupled flux and sea state model is shown below.


The phase relation for water waves describes how phase speed is related to period (Tp).  
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where (w is the density of water. This phase relation can be written as a third order polynomial in phase speed, for which there is only one real (physically meaningful) root:
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where
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where cm = (4gw is the minimum phase speed of water waves, and


= g Tp (2)-1.
(22)

The stress and wave age can be determined from an observed mean wind speed and period of the dominant waves by simultaneously iterating Eqs. (4), (5), (6), and (19).  The period can be determined (in terms of u and Hs) with Toba's (1972) well known relation for the significant wave height:
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where B = 0.062 is a dimensionless constant (Toba 1972; Toba et al. 1990).  Equation (23) coupled with the BVW flux model has been shown (Bourassa et al., 1999b) to predict realistic Hs(U10) for conditions of local equilibrium in comparison to Sverdrup-Munk theory which is based on observations of Hs and U10.  Equation (23) can be inverted, and coupled with Eqs. (46) and (19) to iteratively solve for u and cp in terms of Hs and U10.


The dependence of CDN on wind speed and wave height shows that biases greater than 10% can routinely be expected (Fig 7).  The percentage bias in latent and sensible heat fluxes is roughly half that of the stress. These biases will be spatially and temporally systematic, and can be expected to cause biases in ocean models.  

6. Conclusions


Both observations and models indicate that several aspects of sea state could cause substantial and systematic biases in fluxes of momentum. If this is true, then there must also be systematic biases in sensible heat and latent heat fluxes.  These biases could cause substantial biases in climatologies and fields used to force ocean models.  These problems will become increasingly important as shorter time-scale flux products are produced.  The wealth of satellite data now allows production of daily fields of winds.  It is reasonable to expect fields of fluxes to soon be produced on similar time scales.  As the time scale shortens, there will be less averaging, which allow more extreme deviations from assumed sea state conditions.  The importance of sea state in modeling fluxes is likely to become more important.


The BVW coupled flux and sea state model allows many different measures of sea state to be utilized in flux calculations.  Those variables that are currently observed by in-situ and satellite systems can be ingested.  It is expected that this model and these observations can be used to improve fields of fluxes.


The accuracy of sea state dependencies in flux models models requires further validation with observations.  This necessitates more thorough observations of sea state.
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Fig. 3. SCOPE neutral equivalent drag coefficients as functions of wind speed and wave age.  Error bars show one standard deviation, and a lack of error bars indicates only two observations in the bin. 
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Fig. 2.  BVW modeled drag coefficients for various wave ages (wa) and for wind-wave equilibrium (heavy solid line) are compared to binned neutral drag coefficients determined from observations.  Also shown are the Smith (1988) drag coefficients (dashed line). 





� EMBED MSPhotoEd.3  ���


Fig. 4.  Dependence of CDN on wa and U10.
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Fig. 1. Influence of wave orbital motion (a) on 'surface' velocity for swell propagating (b) parallel to the wind, and (c) antiparallel to the wind. 
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Fig. 5. Modeled change in stress (dashed line) as a function of the angle (() between the direction of wave propagation and the wind direction. The solid lines show stresses of 1, 3, and 5 cN m-2. The wind speed is 3 ms-1, and the swell has cp = 20 ms-1.  
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Fig. 7.  CDN as a function of U10 and HS.  The faint dotted line indicates HS(U10) for wind-wave equilibrium. The gray area indications questionable results due to suspected short comings in the HEXOS roughness length for gravity waves.
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