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Abstract

:

The drag coefficient is essential for calculating the aerodynamic friction between air and sea. In this study, we regress a set of relationships between the drag coefficient and the wind speed for different wind ranges using an observational dataset that consists of 5941 estimates of the mean flow and fluxes from 11 aircraft turbulent measurements over the sea surface. Results show that: (1) the drag coefficient is a power function of wind speed over smooth sea surface when it is no greater than 4.5 ms−1, and the drag coefficient decreases with the increase of wind speed; and (2) for rough sea surface, when the wind speed is greater than 4.5 ms−1 and less than or equal to 10.5 ms−1, the drag coefficient increases linearly with the increase of horizontal wind speed; when the wind speed is greater than 10.5 ms−1 and less than or equal to 33.5 ms−1, the drag coefficient changes parabolically with the increase of wind speed; when the wind speed is greater than 33.5 ms−1, the drag coefficient is constant. Additionally, regressed from drag coefficient, the saturated wind speed threshold is 23 ms−1. Parameterizations of turbulent heat transfer coefficient (   C h   ) and water vapor transfer coefficient (   C e   ) are also investigated.
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1. Introduction


The wind stress acting on the sea surface is important for both the structure of the atmospheric boundary layer over the sea as well as the movements of ocean mixed layer and ocean currents [1]. The wind stress depends not only on the wind speed, but also on the drag coefficient (   C d   ) or the aerodynamic roughness length (   z 0   ) [2,3]. Over the years, there has been great interest and effort in the community to parameterize    z 0    for a wide range of wind conditions [4]. Traditionally, in very low wind environments, sea surface is aerodynamically smooth, and the roughness Reynolds number is approximately 0.11, so that    z 0    is given by Equation (1).


   z 0  = 0.11 υ /  u *   



(1)




where υ is the kinematic viscosity of air, and    u *    is the surface friction velocity,    u *  =   [   (    w ′   v ′   ¯  )  2  +   (    w ′   u ′   ¯  )  2  ]   1 / 4    , where   w ′  ,   v ′  , and   u ′   are the perturbations in vertical velocity, meridional wind, and zonal wind. The roughness Reynolds number     Re  ∗  ≡  u ∗   z 0  / υ  . When the 10-m wind speed    u  10     is greater than 5.5 ms−1, correspondingly,    u *    is greater than 0.23 ms−1, and     Re  *    is greater than 2, and sea surface becomes fully rough flow while    z 0    is given by Equation (2).


   z 0  =  a c   u ∗ 2  / g  



(2)




where    a c    is the Charnock’s constant, and    a c    = 0.012, and g is the acceleration due to gravity, which characterizes the equilibrium between wind and waves, with the spectrum of gravity waves acting as roughness elements. The transitional regime between smooth and fully rough sea surfaces corresponds to the 10-m wind speed ranging from 2.5 to 5.5 ms−1. Once    z 0    is determined from    u *   , the neutral drag coefficient (   C  d n    ) can be obtained for smooth surface by


   C  d n   =  k 2  /    [  ln  (   u ∗   z /  0.11 υ  )   ]   2   



(3)




and for rough surface by


   C  d n   =  k 2  /    [  ln  (   z g /   a c   u ∗ 2   )   ]   2   



(4)




where k is the von Karman constant, and z is the measurement height.



Much effort has also gone into investigating the variation of    C  d n     with 10-m wind speed, particularly under high wind speed regime. Recently, it was found that drag coefficient increases with the 10-m wind speed under moderate wind speed and decreases with the 10-m wind speed under high wind speed (Table 1). However, the saturated wind speed thresholds obtained by different studies vary greatly, as summarized in Table 1. The lack of consensus on the magnitude of the saturated wind speed poses a challenge in modeling applications.



Following Gao et al. [5], we directly used the wind speed measured by aircraft in Equations (3) and (4), and did not convert the wind speed measured by the aircraft to the wind speed at a height of 10 m, since the logarithmic wind profile hypothesis and the constant flux layer hypothesis over the layer may bring additional errors.



Previous studies usually used a single or fewer databases for regression tests where the wind speed usually could not cover the wind speed range from calm, light wind to high wind, and a limited number of samples usually reduce the representativeness of regression results. Unlike most of the prior studies, the motivation of this study is to use a large sample database to obtain more convincing regression results, and to provide a simple parameterization that is more representative and may be used in a fully coupled (atmosphere–wave–ocean) hurricane prediction model. To achieve this goal, we developed a new set of equations of the sea surface drag coefficient (   C d   ) that are solely dependent on wind speed and over a full range of wind speeds. We also used a large dataset of eddy-covariance turbulence flux measurements over the sea surfaces, which are collected from 11 different experiments from 1992 to 2008 on four different aircrafts. There are 5941 sample data in total.




2. Database


The Oregon State University aircraft marine boundary layer air-sea dataset described in detail by Vickers et al. [14] is used in this study, and the locations of the 11 aircraft experiments are shown in Figure 1. The horizontal averaging segment is 4 km at the typical aircraft speed, and the maximum (4 km average) aircraft altitude is 50 m. This dataset consists of turbulent wind speed, air temperature, and water vapor collected by the following:



	(1)

	
The Long-EZ aircraft of the National Oceanic and Atmospheric Administration (NOAA) during the four experiments: (1) the pilot program of the Coupled Boundary Layers and Air Sea Transfer experiment (CBLAST Weak Wind) conducted during July–August 2001 over the Atlantic Ocean south of Martha’s Vineyard Island, MA [15]; (2) the Shoaling Waves experiment (SHOWEX) over the Atlantic east of the Outer Banks near Duck, NC during November and December 1999 [16]; (3) the SHOWEX pilot study in November 1997; and (4) the SHOWEX pilot study in March 1999.




	(2)

	
The Naval Postgraduate School’s Center for Interdisciplinary Remotely-Piloted Aircraft Studies (CIRPAS) Twin Otter aircraft in five experiments: (1) outside Monterey Bay off the coast of California during the Cloud-Aerosol Research in the Marine Atmosphere IV experiment (CARMAIV) in August 2007; (2) outside Monterey Bay (Monterey) during April 2008 [17]; (3) the Rough Evaporation Duct experiment (RED) during August–September of 2001 to the east (windward side) of Oahu in the Hawaiian Islands [18]; (4) the Marine Atmospheric Boundary Layer Energy Budget (MABLEB) experiment during April 2007; and (5) the Physics Of Stratocumulus Top during July–August 2008 (POST).




	(3)

	
The C-130 Hercules aircraft of the National Center for Atmospheric Research (NCAR) in the Gulf of Tehuantepec Experiment (GOTEX) in February 2004 on the Pacific coast of the Isthmus of Tehuantepec, Mexico [19], and the data collected by the NCAR Electra aircraft in TOGA COARE during November 1992 to February 1993 in the Pacific warm pool [20].








3. Results


3.1. Variation of Friction Velocity (   u ∗   ) against Wind Speed


Figure 2 shows the friction velocity against the wind speed ( U ) for all 11 experiments.    u ∗    is derived from the fast measurements of three-dimensional wind speed. Overall,    u ∗    increased with increasing  U . Figure 2 shows that most of the data were collected with a wind speed of less than 17 ms−1 during the 11 experiments. Almost all of the data with wind speeds greater than 17 ms−1 were collected by the C-130 Hercules aircraft of National Center for Atmospheric Research (NCAR) in February 2004, in the Gulf of Tehuantepec Experiment (GOTEX) which took place near the coast area of Isthmus of Tehuantepec, Mexico [19]. The correlation coefficient between    u ∗    and  U  is 0.90.



Statistically, the non-uniformity of the sample distribution affects the statistical results, which means that if the data in Figure 2 are directly used to regress the relationship between the friction velocity and the wind speed, the relationship should be more representative when the wind speed is less than 17 ms−1. Meanwhile, we found that the changes in frictional speed with the changes in wind speed from the 11 experiments were consistent, so we combined the observational data from those experiments. With an interval of 1 ms−1, these data were categorized into 28 bins, and the number of samples in each bin was shown at the top of Figure 2.




3.2. Parameterizations of Turbulent Drag Coefficient (   C d   )


Figure 3I shows the drag coefficient (   C d   ) against wind speed ( U ) for all of the 11 experiments.    C d    is obtained by taking the square of the ratio    u ∗    over  U . If the wind speed is less than 4.5 ms−1, the air–sea interaction is mainly achieved by viscous motion. We regressed the relationship between    C d    and  U  for all of the 11 experiments in Equation (5). The standard error of the estimate (SEE) of    C d    is 1.4 × 10−7.


   C d  = 0.0113 /  U  1.785    



(5)




when the wind speed is higher than 4.5 ms−1,    C d    increased with increasing  U . By using the median numbers of these data bins, the relationship between the drag coefficient    C d    and  U  is regressed as


   C d  = a   ( U − b )  2  + c  



(6)




where a, b, and c are regression coefficients.    C d    is found to have a parabolic relationship with using these 11 different regression tests:



Test #1:  U  are median numbers of bins: 4–5 ms−1, 5–6 ms−1,…, and 27–28 ms−1;



Test #2:  U  are median numbers of bins: 5–6 ms−1, 6–7 ms−1,…, and 27–28 ms−1;



Test #11:  U  are median numbers of bins: 14–15 ms−1, 16–17 ms−1,…, and 27–28 ms−1.



The regression coefficients (a, b, and c) obtained during 11 different tests are shown in Figure 3II–IV, respectively. The value of (a) reflects the nonlinearity of the parabola. While the critical (or saturated) wind speed is indicated by the value of b in Equation (6), and at the critical wind speed    C d    reaches its local maximum. Figure 3III shows that the values of b range from 31.07 to 23.30 ms−1 and gradually converge as the lower limit of the wind speed range corresponding to the regression data continues to increase. The results of b obtained here are not only consistent with the results of many previous studies, but they also explain the great difference in the critical wind speeds from previous studies. The maximum critical wind speed we obtained (corresponding to test #1) is 31.07 ms−1, which is slightly smaller than those from previous studies [6,7,8]. A possible reason is that the data in this work have wind speed generally smaller than 28 ms−1, while the relatively lower wind speed range may affect the regression and bring in uncertainty. In this study, we calculated the drag coefficient directly from the wind speed measured by aircrafts, and we did not convert the wind speed measured by the aircrafts to the wind speed at a height of 10 m, since the conversion may introduce additional errors. Recently, some studies also mentioned the height conversion of wind speed. For example, Mahrt et al. [21] used the data collected during two Floating Instrument Platform field campaigns and the data collected at the Air–Sea Interaction Tower site, to investigate the relationship between the wind and sea surface stress for contrasting conditions. They found that the sea surface wind stress decreased significantly with height near the surface under thin marine boundary layers and/or enhanced stress divergence close to the sea surface conditions. It is worth noting that b converges when the lower limit of the wind speed range corresponding to the regression process is about 10.5 ms−1. Therefore, 10.5 ms−1 may be a threshold value, that is, when the wind speed is less than 10.5 ms−1,    C d    is a linear function of wind speed; when the wind speed is greater than 10.5 ms−1,    C d    is a parabolic function of wind speed. Figure 3IV shows that the value of c ranges from 1.715 × 10−3 to 1.655 × 10−3. It is lower than previous values because we calculated the drag coefficient directly from the wind speed measured by the aircraft rather than using the 10-m wind speed. In summary, when the wind speed is less than 10.5 ms−1, we recommend using a linear equation to approximate the relationship between    C d    and  U . Following Garratt [1], we regressed the relationship between    C d    and  U  for case: 4.5 ms−1<  U  ≤10.5 ms−1 for all of the 11 experiments in Equation (6). The standard error of the estimate (SEE) of    C d    is 5.3 × 10−9. We plotted the values of    C d    estimated by Equations (5) and (7) onto Figure 3I (red line with circles).


   C d  = 3.5 ×   10   − 5   × U + 0.6 ×   10   − 3    



(7)







For wind speeds greater than 10.5 ms−1, we recommend using the following equation to approximate it.


   C d  = − 4.4 ×   10   − 6   ×   ( U − 23 )  2  + 1.7 ×   10   − 3    



(8)







Equation (8) implies that    C d    will be negative when  U  > 43 ms−1. Unfortunately, we have never observed such high wind speeds, so it is difficult to define the upper limit of the applicable wind speed scope of Equation (8). For the sake of brevity, and considering the symmetry of parabola, we recommend that modelers use the    C d    value (1.20 × 10−3) when the wind speed is 10.5 ms−1 as the    C d    value when the wind speed is greater than or equal to 33.5 ms−1. It is obvious that, since the maximum wind speed in the database we used is 27.05 ms−1, the Equation (8) under conditional wind speed greater than 27 ms−1 is purely mathematical, lacking the support of observational data.




3.3. Parameterizations of Turbulent Heat Transfer Coefficient (   C h   ) and Water Vapor Transfer Coefficient (   C e   )


We regressed the relationship between    C h    and  U  for the wind speed less than or equal to 4.5 ms−1 for all of the 11 experiments in Equation (9). SEE of    C h    is 6.78 × 10−8.


   C h  = 0.00229 /  U  0.96    



(9)




and a linear relationship between    C h    and  U  for the wind speed higher than 4.5 ms−1 and less than or equal to 10.5 ms−1 for all of the 11 experiments is expressed in Equation (10). SEE of    C h    is 6.36 × 10−8.


   C h  = 7.35 ×   10   − 5   × U + 0.19 ×   10   − 3    



(10)







We plotted the values of    C h    estimated by Equations (9) and (10) onto Figure 4a (red line with circles). When 10.5 ms−1 <  U  ≤ 23 ms−1,    C h    is almost a constant (9.39 × 10−4) and When  U  > 23 ms−1,    C h    is almost a constant (3.25 × 10−4). We also plot these two values onto Figure 4a.



The variation of turbulent heat transfer coefficient (   C h   ) and water vapor transfer coefficient (   C e   ) along with wind speed ( U ) are presented in Figure 4. It can be seen from Figure 3I and Figure 4a that    C h    is distributed more dispersedly than    C d   . This is because that not only the dynamic process but also the thermal process affect the turbulent heat transfer, which lead to more complexity and uncertainty. We plotted the values of    C h    estimated by Equation (9) onto Figure 4a (red line with circles). Unlike Figure 4a,b shows a more concentrated distribution of turbulent water vapor transport coefficients, which is also a result of the assumed saturated surface water vapor in the    C e    calculation. We also regressed the relationship between    C e    and  U  for the wind speed less than 4.5 ms−1 for all of the 11 experiments in Equation (10). SEE of    C e    is 2.66 × 10−9. We plotted the values of    C e    estimated by Equation (11) onto Figure 4b (red line with circles)


   C e  = 0.0008 /  U  0.76    



(11)







When  U  > 4.5 ms−1,    C e    is almost a constant (3.4 × 10−4), which is also shown in Figure 4b.



Alamaro et al. [6] concluded that the value of    C k  /  C d    strongly affected hurricane intensity. Strictly speaking,    C k    is not the sum of    C h    and    C e   , but since we only have sensible heat flux and latent heat flux data, and lack turbulence original observation data, here, we roughly take    C k    as the sum of    C h    and    C e   . We illustrate enthalpy transfer coefficient    C k    (≡   C h    +    C e   ) and    C d    in Figure 5a, and the variations of    C k  /  C d    with wind speed are shown in Figure 5b. It can be seen from Figure 4 and Figure 5 that when  U  reaches at 23 ms−1    C h    suddenly decreases and keeps almost invariant after. However, variations of    C h    with wind speed (especially a sudden drop) under strong wind conditions are rarely shown in previous studies. Figure 5b shows    C k  /  C d    > 1 under moderate wind speed and    C k  /  C d    < 1 under low and high wind speed.





4. Conclusions


We derived a suite of functions of drag coefficient, heat transfer coefficient, and water vapor transfer coefficient with respect to wind speed under all wind conditions as follows:


   C d  =  {      0.0113 /  U  1.785         3.5 ×   10   − 5   × U + 0.6 ×   10   − 3         − 4.4 ×   10   − 6   ×   ( U − 23 )  2  + 1.7 ×   10   − 3         1.20 ×   10   − 3                U ≤ 4.5    ms  − 1         4.5    ms  − 1    < U  ≤ 10.5    ms  − 1         10.5    ms  − 1    < U  ≤ 33.5    ms  − 1         U ≥ 33.5    ms  − 1         











We also found a power relationship between heat and water vapor transfer coefficients and wind speed using the turbulent data collected from aircraft measurements conducted in 11 experiments. A saturated wind speed of 23 ms−1 is found based on the regression of wind speed and drag coefficient. Since the maximum wind speed in the database we used is 27.05 ms−1, the expression of    C d    under conditional wind speed greater than 27 ms−1 is only the product of mathematical derivation, lacking the support of observational data. Therefore, we provide the expression of    C d    for the full wind speed range for use in models. In this study, since these 11 experiments did not measure these parameters, we did not consider the dependence of    C d    on wave parameters (such as wave age and wave height). Therefore, the equations we have derived in this study are useful for atmospheric models, and they could be further improved in the future with advanced measurements of other parameters. Parameterizations of turbulent heat transfer coefficient (   C h   ) and water vapor transfer coefficient (   C e   ) are also investigated. It is found that they are almost independent of wind speed under strong wind conditions:    C h    is 9.39 × 10−4 when 10.5 ms−1 <  U  ≤ 23 ms−1; while    C e    is 3.4 × 10−4 when  U  > 4.5 ms−1.
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Figure 1. The 11 aircraft experiments’ locations. 
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Figure 2. The scattered plot of friction velocity (   u ∗   ) against wind speed ( U ) measured during the 11 aircraft experiments. The black line with circle is the median and the number of samples for each group of data is labeled in blue. 
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Figure 3. (I) Similar to Figure 2, but for drag coefficient. The black line with circles is the median number line. The red lines are the parabolic regression lines for all for all 11 tests. (II–IV) are variations of parabolic regression coefficients (a, b, and c) against the lower limit of wind speed in the regression process. The red line with dots is regression line segments. 
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Figure 4. Similar to Figure 3I, but for turbulent heat transfer coefficient (a) and turbulent water vapor transfer coefficient (b). The red line with circles is regression results. 
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Figure 5. (a) The median number variations of drag coefficient (   C d   ) and enthalpy transfer coefficient    C k    against wind speed ( U ) measured during the 11 aircraft experiments; (b) The value of    C k  /  C d    against wind speed ( U ) measured during the 11 aircraft experiments. 
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Table 1. Values of the saturated 10-m wind speed (ms−1) from the literature.
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	Reference
	Saturated Wind Speed (ms−1)
	Comments





	Alamaro et al. [6]
	35
	Laboratory annular wind wave tank.



	Powell et al. [7]
	33
	Global Positioning System sonde observations in tropical cyclone environments.



	Donelan et al. [8]
	33
	Laboratory extreme wind experiments.



	Makin [9]
	30–40
	Solving the turbulent kinetic energy balance equation for airflow under the limited saturation (by suspended sea-spray droplets) regime.



	Black et al. [10]
	23
	The Coupled Boundary Layer Air-Sea Transfer (CBLAST) Experiment.



	Troitskaya et al. [11]
	25
	Theoretically and laboratory experiment.



	Soloviev et al. [12]
	30
	The unified wave-form and two-phase parameterization model.



	Donelan [13]
	30
	Laboratory extreme wind experiments.



	Gao et al. [5]
	22–23
	Mathematical regression for aircraft eddy-covariance measurements over the tropical Eastern Pacific.
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