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Parameterization scheme of the
sea surface drag coefficient
considering the influence of
wave states and sea spray stress
Zeqi Zhao, Jian Shi*, Hanshi Wang*, Zhenhui Yi*,
Wenjing Zhang and Xueyan Zhang

College of Meteorology and Oceanography, National University of Defense Technology,
Changsha, China
The drag coefficient of the sea surface is crucial for the exchange of momentum

between the ocean and atmosphere. The wave state significantly influences the

variability of the drag coefficient. In the past, researchers commonly employed

single-parameterization methods to describe this influence. However, the

influence of wave conditions on drag coefficient is complex and variable, and

it is difficult to accurately describe it with a single parameter alone. Wave age

represents the ability of wind-induced waves to input energy, while wave

steepness reflects the stability of the waves. By simultaneously considering

wave age and wave steepness, a more accurate characterization of the

dynamic nature of waves can be achieved. Additionally, the presence of sea

spray profoundly impacts the distribution of the momentum flux between the

ocean and atmosphere, thereby influencing the drag coefficient of the sea

surface. In this study, we established a novel sea spray generation function that

bases on both the wind speed and wave states (wave steepness and wave age).

Considering this function, themomentum flux of sea spray droplets was analyzed

under different wave states. Moreover, with increasing wave age or wave

steepness, the effective sea surface drag coefficient is attenuated at low to

moderate wind speeds. Considering the challenge of simultaneously obtaining

wave age and wave steepness data, this paper proposes a relationship equation

between the two wave state parameters. When the wave age is greater than 0.4,

the correlation between the wave age and the wave steepness is strong. As the

wind speed increases from low to high, there is a noticeable decrease in the

effective sea surface drag coefficient with the corresponding increase in wave

age. When the wave age is less than 0.4, the wave steepness reaches a maximum

value, and the effective sea surface drag coefficient increases with the increase of

the wave age at medium and low wind speed. With further increases in wind

speed, the momentum flux derived from the air also increases. Simultaneously,

the effective sea surface drag coefficient exhibits a decrease as wave

age increases.
KEYWORDS

sea surface drag coefficient, sea spray generation function, sea spray stress, wave state,
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1 Introduction

The investigation of the fundamental characteristics of

typhoons, one of the most intense and catastrophic weather

phenomena occurring over the ocean, and their accurate

forecasting have long been significant topics and research

hotspots in the fields of oceanography and atmospheric science.

The sea surface drag coefficient serves as a key factor in accurately

representing the interaction between the atmosphere and the

ocean, influencing the transfer of momentum across their

interface. Therefore, the selection of an appropriate drag

coefficient value directly influences the precision of typhoon

numerical predictions.

Within the interaction between the ocean and atmosphere, the

momentum flux at the sea surface is one of the primary driving

forces of wave generation. The momentum flux between the ocean

and atmosphere is typically characterized by the sea surface drag

coefficient. Hence, investigating the aforementioned aspects is

crucial for enhancing our understanding of typhoons and

accurately predicting their behavior, thereby aiding in the effective

mitigation of the impacts of these severe weather events. Moreover,

comprehending the dynamic interactions between the ocean and

atmosphere, including the sea surface drag coefficient, is vital for

improving numerical modeling and forecasting capabilities

pertaining to typhoon activity.

Initially, it was commonly assumed that the sea surface drag

coefficient remained constant. However, with further advancements

in research based on initial atmospheric boundary layer theory,

researchers have gradually discovered a mathematical relationship

between the sea surface drag coefficient and wind speed, leading to

the parameterization of the sea surface drag coefficient based on

wind speed (Large and Pond, 1981; Geernaert et al., 1986; Yelland

and Taylor, 1996).

In recent years, mounting evidence has highlighted the crucial

role of sea wave conditions in investigating the interaction between

the ocean and atmosphere (Donelan et al., 1990; Toba et al., 1990;

Shi et al., 2011). According to Guan and Xie (2004), the drag

coefficient and the wind speed have a linear relationship with

respect to the wave slope parameter (d). Shi et al. (2019)

parameterized the drag coefficient using wave age (b). The RB
parameter, as opposed to the 10-m wind speed or friction

velocity, was proposed to provide a better characterization of the

variability of the sea surface drag coefficient (Toba and Koga, 1986).

Originally utilized as an indicator of the wave breaking intensity on

the sea surface, RB has been extensively applied in the study of the

ocean-atmosphere boundary layer, encompassing investigations

into air-sea gas exchange, momentum transfer, and sea spray

generation (Rizza et al., 2018). Recently, researchers elucidated

that both the wave age and wave steepness impact the air-sea

momentum flux (Zhao and Li, 2019). The wave steepness is an

internal parameter denoting the wave stability. The wave age is an

external parameter representing the ability of wind to input energy

into waves.

As research has advanced, it has been revealed that the sea

surface drag coefficient does not exhibit linear growth at high wind

speeds. Instead, its increase becomes suppressed or even attenuated
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beyond a certain threshold (Powell et al., 2003). Laboratory

observations have further confirmed the occurrence of this

phenomenon (Donelan et al., 2004; Takagaki et al., 2012).

However, discrepancies in the attenuation level of the drag

coefficient at high wind speeds exist among different studies. One

key contributing factor to this variation is the unclear identification

of the underlying mechanisms of the observed attenuation. Moon

et al. (2007) proposed that wave presence leads to drag coefficient

attenuation at high wind speeds. However, in reality, the sea surface

comprises not only waves but also spray droplets that are generated

from wave breaking and remain suspended above the sea surface

with increasing wind speed. At high wind speeds, sea spray droplets

significantly affect momentum exchange at the sea surface,

identifying them as one of the primary causes for drag coefficient

attenuation (Andreas and Emanuel, 2001; Xu et al., 2021).

Observations and experiments have provided evidence supporting

the role of sea spray droplets in the attenuation of the sea surface

drag coefficient at high wind speeds (Donelan et al., 1990; Powell

et al., 2003).

With increasing wind speed, waves under high-wind conditions

experience breaking, resulting in the generation of numerous small

spray droplets. These droplets, which are abundant and remain

suspended above the sea surface, contribute to a significant

momentum flux referred to as the sea spray flux. The

considerable impact of the sea spray flux originating from sea

surface spray at high wind speeds on the overall momentum

exchange at the ocean–atmosphere interface was also highlighted

(Shi et al., 2009). As described above, it is clear that sea spray

droplets play a role in attenuating the sea surface drag coefficient at

high wind speeds in the ocean-atmosphere boundary layer.

Andreas (2004) proposed an explanation, suggesting that the

attenuation of the sea surface drag coefficient at high wind speeds

can be attributed to the presence of the sea spray flux. As sea sprays

enter the air, they undergo immediate acceleration by local winds, a

process referring to the movement of air on a small scale within a

specific region or localized area. Consequently, there is a decrease in

the wind speed due to the dissipation of this energy. Upon re-

impacting the sea surface, spray droplets transfer their momentum

back to the water, thereby facilitating momentum redistribution

between the atmosphere and ocean at the air–sea interface. This

phenomenon is referred to as momentum transfer induced by spray

droplets (Munk, 1955). Near the sea surface, when wind speeds

exceed 30-35 m/s, the momentum flux from sea spray becomes

comparable to the total momentum flux at the air–sea interface. At

wind speeds exceeding 60 m/s, the atmospheric momentum flux is

completely transformed into the momentum flux from sea spray

(Andreas, 2004). Previous drag coefficient derivations at high wind

speeds corresponded to the wind-induced total momentum flux.

However, the analysis of Andreas (1998) demonstrated that the

momentum flux from sea spray functions as a correction term to the

total momentum flux generated by wind. Consequently, the drag

coefficient at high wind speeds cannot be derived solely from the

total momentum flux, and the correction of the momentum flux

from sea spray should be considered. There are already analytical

expressions for the drag coefficient at high wind speeds that can

describe this attenuation phenomenon (Andreas, 2004; Makin,
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2005). The correction effect of the momentum flux from sea spray

on the total momentum flux at the air–sea interface was considered

in deriving the drag coefficient at high wind speeds, explicitly

incorporating the representation of the sea spray flux in the drag

coefficient relationship (Andreas, 2004). Ultimately, it was

concluded that the drag coefficient at high wind speeds ceases to

increase with increasing wind speed and eventually becomes

attenuated. Consequently, it was recommended to investigate the

influence of sea spray droplets on the drag coefficient at high

wind speeds.

The assertion that sea spray droplets cause attenuation of the

drag coefficient at high wind speeds is well established. However,

there has been ongoing debate regarding the formulation of the sea

spray generation function (SSGF), which quantifies the production

rate of spray droplets per unit area and time (Wu, 1973; Monahan,

1986; Andreas, 1992; Wu, 1993; Fairall et al., 1994; Lafon et al.,

2004). This ambiguity causes difficulty in determining the precise

degree to which sea spray droplets contribute to the attenuation of

the drag coefficient. After analyzing previously proposed SSGFs, the

SSGF calculation results should approximately exhibit a fourth-

power dependence on the friction velocity (Andreas et al., 1995;

Andreas and Decosmo, 2002). They identified the order of

magnitude for the various SSGFs and identified three potential

functions (Andreas, 1992, Fairall et al., 1994; Andreas and

Decosmo, 2002) that conform with the observed characteristics of

sea spray generation. However, it is important to highlight that

these three functions do not account for the influence of waves.

Waves are a ubiquitous phenomenon at the ocean–atmosphere

interface and significantly impact the energy exchange between

these two media. Meanwhile, the generation of sea spray droplets is

not only related to the wind, the wave states also play a close role

(Nilsson et al., 2021; Xu et al., 2021). At sufficiently high wind

speeds, the energy of breaking waves increases, resulting in the

generation of sea spray droplets. These droplets are forcefully

ejected from the wave crests, while the crashing breakers produce

spray as they collide with the surface below (Lenain and Melville,

2017; Song et al., 2023). Consequently, SSGFs that neglect wave

effects are incomplete. Adopting a parameterization approach, Zhao

et al. (2006) introduced wave information into the SSGF,

partitioning it into two components: the generation rate of spray

droplets dependent on wave conditions and the spray size spectrum.

Through empirical data fitting, they derived an SSGF that yielded

results consistent with the magnitude range proposed by Andreas

et al. (1995) for the three previously identified functions conforming

with sea spray generation characteristics. However, it should be

noted that the formulation of Zhao et al. (2006) is valid for spray

droplets with a certain radius range. Building upon the work of it,

Shi et al. (2009) presented a novel SSGF that incorporates the

impact of wave conditions on the flux of spray. They emphasized

the significance of considering wave conditions when calculating

the momentum flux generated by sea spray, underscoring their

nonnegligible impact. In summary, existing SSGFs do not fully

consider the combined effect of wind and waves in the process of sea

spray generation. Further refinement of these functions is necessary

to encompass a broader range of spray droplet radii under the

combined influence of wind and waves.
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The wave age b (b*), wave steepness d, and wind-wave Reynolds
number RB are all referred to as wind-wave parameters. The

relationship between wave conditions and drag coefficients is

intricate and diverse, making it challenging to capture their

complexity solely with a single parameter. Wave age represents

the capacity of wind to transmit energy, while wave steepness

indicates the stability of the wave itself. Both factors effectively

capture wave characteristics. In this study, we propose utilizing the

wind-wave Reynolds number RB as a metric and develop a novel sea

spray generation function based on the wave age and wave

steepness. By considering various growth relationships among

these wind-wave parameters, we aim to derive a comprehensive

parameterization scheme that incorporates the influences of wave

age, wave steepness and sea spray on the sea surface drag coefficient.
2 Data and methods

2.1 Relationship between the wave states
and the growth of wind waves

To validate the growth relationship of wind waves indicated by

observation data (Hamada, 1963; Kunishi, 1963; Kunishi and

Imasato, 1966; Toba, 1972; Kawai et al., 1977; Katsaros and

Ataktürk, 1992; Dobson et al., 1994; Janssen, 1997; Johnson et al.,

1998), we determined the mutual relationship between the

dimensionless wave height and wave age, as shown in Figure 1.

By employing the least squares method, the optimal fitting equation

for the data can be expressed as:

H*
S = 2:02� 10−1 � b1:76, r = 0:99 (1)
FIGURE 1

Relationship between the dimensionless wave height and wave age.
The scatter points in this figure are laboratory and offshore
observation data, and the orange solid line is the least squares fitting
result. Hs* is the expression of dimensionless wave height.
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The correlation coefficient (r) is 0.99, which is close to 1.0. The

growth relationship of waves can be obtained through

measurements made in the field and in the laboratory. A

significant correlation has been observed between the wind-wave

parameter and wave height, which aligns with the widely recognized

3/2 power law (Toba, 1972). This relationship is attributed to the

local equilibrium that exists between wind and waves.
2.2 Calculation of the drag coefficient

The evaporative layer of sea spray droplets, with a thickness

approximately equal to one significant wave height, is where

momentum exchange between droplets and the surrounding

environment primarily happens (Andreas and Decosmo, 2002).

The sea spray droplets in the evaporative layer absorb momentum

from the surrounding air, resulting in a reduction of momentum

transfer at the air-sea interface compared with the situation of

without sea spray. That is, considering the effects of sea spray, the

“effective” momentum flux teff should be:

teff = tT − tsp (2)

where tT is the total momentum flux and tsp is the sea spray

momentum flux.

tT can generally be obtained as follows:

tT = rau
2
* = raCDU

2
10 (3)

where ra represents the air density and u* represents the friction
velocity. Meanwhile, CD represents the sea surface drag coefficient

and U10 represents the wind speed at a height of 10m above the sea

surface. Based on Equation (3), the expression for the effective

momentum flux at the air-sea interface teff is also given as follows:

teff = raCD,eff U
2
10 (4)

where teff depends on the effective drag coefficient CD,eff that

takes the impact of sea spray into account.

By combining Equations (2) and (4), we can get:

CD,eff = CD −
tsp

raU2
10

(5)

The given equation above represents the expression of CD,eff, that

considers the influence of sea spray droplets. It indicates that the CD,eff

is influenced by sea spray. The impact of sea spray droplets causes a

decrease in the sea surface drag coefficient as the sea spray droplet

effect increases. The effect of sea spray droplets is primarily reflected

in the ratio of the sea spray momentum flux to the square of the sea

surface wind speed. Therefore, accurate estimation of the sea spray

momentum flux is crucial for the appropriate utilization of Equation

(5) in calculating the effective sea surface drag coefficient.
2.3 Calculation of the sea spray
momentum flux

The sea spray momentum flux tsp can be calculated using the

scheme as follows (Andreas, 2004):
Frontiers in Marine Science 04
tsp =
4p
3

rw
Z rhi

rlo
usp(r0)r

3
0
dF
dr0

dr0 (6)

where dF
dr0

represents the sea spray generation function and rw
represents the density of seawater. Meanwhile, rlo and rhi represents

the minimum and maximum droplet radii respectively. r0 is the

formation radii of the droplet, and usp(r0) denotes the horizontal

velocity of a specific sea spray droplet before it returns to the

sea surface.

The sea surface wind speed can be represented by the following

expression:

uz =
u*
k

ln  
z
z0

� �
(7)

where uz indicates the wind speed above the sea surface, k is

the von Karman constant (k = 0.4) and z0 represents the length of

sea surface roughness. All droplets are supposed to be subjected to

local winds during the brief flight over the sea surface before

falling back. Hence, usp(r0) is independent of the formation radii

and instead relies on the height of the droplet zs (Andreas, 2004).

According to Equation (7), the relationship can be represented as

follows:

uzs = usp(r0) =
u*
k

ln  
zs
z0

� �
(8)

where uzs is the wind speed at zs above the sea surface.

Therefore, Equation (8) can be used to calculate the horizontal

velocity of a specific sea spray droplet before it returns to the sea

surface. According to Iida et al. (1992), the relationship between zs
and Hs can be expressed as zs = 0.635Hs, where Hs represents the

significant wave height. This empirical relationship provides a

parameterization method for estimating Hs (Toba, 1972; Hanson

and Phillips, 1999):

Hs = 0:018U2
10b

3=2 (9)

z0 can be calculated as follows (Zhao and Li, 2019):

z0 =
3:5153� 10−5b−0:42U2

10=g  for b > 0:4

2:1583� 10−4b1:56U2
10=g for b ≤ 0:4

(
(10)
2.4 Sea spray generation function

Based on Equation (6), the SSGF is commonly regarded as a

function of the formation radii r0 and the wind speed U10, as shown

in Equation (11). If the scale spectrum of sea spray droplets is not

influenced by the wind speed, the SSGF can be separated into two

distinct components. One component solely depends on the wind

speed, while the other component exclusively relates to the droplet

size. This can be expressed as follows:

dF
dr0

= f1(U10)f2(r0) (11)

where fi and f2 represent distinct functions that are independent

of each other within the SSGF.
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Andreas (2004) made simplifications to the calculation of sea

spray momentum flux and proposed an assumption shown as

follows:

tsp ∼ u4* (12)

It has been demonstrated that different SSGFs exhibit varying

relationships with wind speed, showing significant differences in

magnitude (Cavaleri et al., 2007). It is important to note that wind

does not solely impact the formation of sea spray droplets; the

presence of waves also plays a crucial role. Waves influence the

exchange of air-sea fluxes. Researchers have pointed out that

neglecting the influence of wave conditions leads to uncertainties

in calculating the spray momentum flux. They suggest that the

droplet generation function should incorporate both wind and wave

conditions (Zhao et al., 2006). By assuming that the influence of

droplet radius and wave state remains independent, the sea spray

generation function can be divided into two distinct functions:

dF
dr0

= f1(RB)f2(r0) (13)

where RB =
u2*
wpn

is the wind-wave Reynolds number, v is the air

viscosity coefficient, at 1.5×10-5m2/s and wp = 2p/Ts represents the
circular frequency that corresponds to the peak of the wave

spectrum. The air-sea boundary layer commonly employs the

wind-wave Reynolds number to investigate the impact of wave

conditions on gas and momentum transfer at the ocean surface.

Combined with Equations (3), RB can also be expressed in the

following form:

RB =
U3
10

gn
CDb (14)

It was indicated that the drag coefficient can be represented as a

linear function of the wind speed with the slope being associated

with d (Guan and Xie, 2004):

CD � 103 = 0:78 + 0:475d 1=2U10   (15)

Equation (15) performs well within the commonly measured

range of drag coefficients (1.0-2.3×10-3) (Guan and Xie, 2004).

Substituting Equation (15) into Equation (14), the expression of RB
that depends on both the wave age and wave steepness can be

written as follows:

RB =
U3
10

gn
(0:78 + 0:475d 1=2U10)b � 10−3   (16)

Applying this theory to measured laboratory data, Equation

(13) can be expressed by (Zhao et al., 2006):

dF=dr0 =

7:84� 10−3R1:5
B r−10 , 30 ≤ r0 < 75mm

4:41� 101R1:5
B r−30 , 75 ≤ r0 < 200mm

1:41� 1013R1:5
B r−80 , 200 ≤ r0 ≤ 500mm

8>><
>>: (17)

The results obtained from Equation (17) adequately encompass

the calculated values range of mainstream droplet generation
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functions (Zhao et al., 2006). However, it should be noted that

this equation is limited to sea spray droplets with a radius ranging

from 30 ≤ r0 ≤ 500mm, and thus does not account for droplets

generated by bubbles.

Monahan (1986) developed an SSGF specifically designed for

droplets generated by bubbles, based on the whitecap coverage rate

(W). This particular SSGF is applicable to sea spray droplets within

a relative humidity range of 80% with radii ranging from 0.8-10mm:

dF
dr80

=
W
td

dE
dr80

= W
1
td

dE
dr80

(18)

where r80 represents the sea spray droplet radius at a reference

relative humidity of 80%, td = 3.53 s denotes the typical decay time

of whitecap. It is suggested that W is solely dependent on the wind

speed. Meanwhile dE
dr80

signifies the number of droplets generated

per unit whitecap area and unit time during the decay stage, within

the increment range of the unit radius corresponding to r80.

The source function of dE
dr80

is given by (Monahan, 1986):

dE
dr80

= 1:262� 106r−380 � 101:19exp(−B
2)

dE
dr80

= 1:262� 106r−380 (1 + 0:057r1:0580 )� 101:19 exp (−B
2)

B = (0:380 − log r80)=0:650

(19)

The SSGF developed by Equation (19) has been extensively

validated as highly useful in subsequent research (Stramska, 1987;

Gong, 2003). Then, the SSGF was revised based on simulated

observations from a wave tank experiment that aimed to simulate

whitecap events (Woolf et al., 1988). They specifically focused on

improving the representation of foam droplets generated by bubbles

and obtained the following revision result:

dE
dr80

= exp½16:1 − 3:43logr80 − 2:49(logr80)
2 + 1:21(logr80)

3� (20)

Myrhaug et al. (2016) estimated long-term Marine aerosol flux

based on long-term changes in wind statistics from the northern

North Sea to obtain a new SSGF:

dE
d( log r80)

= 29419(1 + 0:057r 3:45
80 )expf3:68exp½−5:33(0:433 − logr80)

2� −

4:7lnr½1 + 30r80�−0:017r
−1:44

80 g

(21)

Subsequently, we performed a least square fitting analysis of

Equations (19–21), resulting in a simplified expression of dE
dr80

:

dE
dr80

= 6:11� 106r−3:580     r = 0:98 (22)

Additionally, accounting for the relationship between r80 and r0,

the following applies (Andreas, 1992):

r80 = 0:518r0:9760 (23)

Accounting for Equations (18), (22) and (23), the sea spray

droplet size spectrum mentioned above (Andreas, 1998) and SSGF

continuity, Equation (17) was modified, resulting in the following

revised expression:
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dF=dr0 =

1:40� 101R1:5
B r−3:50 , 2 ≤ r0 < 20  mm

7:84� 10−3R1:5
B r−10 , 20 ≤ r0 < 75  mm

4:41� 101R1:5
B r−30 , 75 ≤ r0 < 200  mm

1:41� 1013R1:5
B r−80 , 200 ≤ r0 ≤ 500  mm

8>>>>><
>>>>>:

(24)

By incorporating Equations (16, 24), we can derive the SSGF

that accounts for both wind speed and wave conditions (wave age

and wave steepness):

dF=dr0 =

1:40� 101(6:67U3
10b(0:78 + 0:475d 1=2U10))

1:5r−3:50 , 2 ≤ r0 < 20mm

7:84� 10−3(6:67U3
10b(0:78 + 0:475d1=2U10))

1:5r−10 , 20 ≤ r0 < 75mm

4:41� 101(6:67U3
10b(0:78 + 0:475d1=2U10))

1:5r−30 , 75 ≤ r0 < 200mm

1:41� 1013(6:67U3
10b(0:78 + 0:475d1=2U10))

1:5r−80 , 200 ≤ r0 < 500mm

8>>>>><
>>>>>:

(25)

The above SSGF illustrates the dynamic characteristics of spray

generation in the marine environment. Based on physical principles

and empirical observations, we incorporated wave parameters,

including the wave age and wave steepness, to establish the

relationship between the wind speed, wave conditions, and sea

spray momentum flux. Primarily, the spray generation function

encompasses rate coefficients that vary with spray radius, reflecting

the varying influences of the droplet size. Smaller droplets are more

susceptible to wind forcing and wave effects in the generation

process, while larger droplets exhibit increased resistance to both

wind and wave forces. Additionally, the wave state, as represented

by the wave age and wave steepness, plays an important role in

spray generation. According to Equation (25), this suggests that

under similar wind and wave conditions, a higher wave age and a

greater wave steepness contribute to enhanced spray production.

Furthermore, the wind speed (U10) constitutes another key factor in

the spray generation function. Strong wind causes high air

turbulence above the waves, leading to fluctuating vertical

velocities that facilitate droplet detachment from wave crests,

thereby promoting spray formation.

In conclusion, the spray generation function integrates wave

parameters such as wave age, wave steepness, and wind speed to

describe the dynamic characteristics of spray generation in the

marine environment. This mathematical model offers insights into

the underlying physical mechanisms governing spray generation

at the ocean surface and can be employed for predicting

and investigating the spray distribution and evolution in

marine environments.
3 Result

The calculation of the sea spray momentum flux, based on

Equation (6), critically depends on the SSGF. However, the

influence of waves has often been neglected in prior SSGFs. After

comparatively analyzing laboratory and field observation data, the

wave steepness primarily ranged from 0.01 to 0.14 when

considering the application of Stokes wave theory (Zhao and Li,

2019). As shown in Figure 2 (Monahan, 1986; Iida et al., 1992;

Fairall et al., 1994; Clark et al., 2006; Demoisson et al., 2013; Zhu

et al., 2014; Myrhaug et al., 2016), the proposed SSGF [Equation

(25)] exhibits distinct values under different wave ages and wave
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steepness conditions. This further emphasizes the importance of

considering the impact of wave conditions in the SSGF.

Figure 2A illustrates that the SSGF displays an increasing trend

with increasing wave age, deviating from the variation pattern of the

surface roughness described by Equation (10). The change in the

SSGF varies across the different wave age ranges. This divergence

occurs because the effective wave height, as described by Equation

(9), increases with increasing wave age, resulting in an overall

increase in the SSGF. Notably, the SSGF demonstrates a more

rapid increase for wave ages below 0.4, while the increase rate

declines for wave ages above 0.4. Figure 2B reveals that the SSGF

exhibits an increasing trend with increasing wave steepness.

Simultaneously, with increasing wave steepness, the magnitude of

the increase in the SSGF gradually decreases. This can be attributed

to the fact that under high-wind conditions, intense wave breaking

reaches a saturation point where the wave steepness attains its

maximum limit, impeding further development of wind waves.

The influence of wind on sea spray droplets results in their

movement above the sea surface for a certain period. In this process,

the spray droplets interact with the surrounding environment,

exchanging momentum and the change in momentum transfer

between the air and sea caused by sea spray (Andreas, 2004).

According to his explanation, close to the sea surface, the

acceleration of spray droplets by wind leads to partial loss of the

air-sea momentum flux. This lost momentum is converted into

the spray momentum flux, thereby causing a deceleration in

the wind speed.

Figure 3A shows the variations in the spray momentum flux

and the total momentum flux with wind speed under various wave

age conditions. The spray momentum flux differences can exceed

several orders of magnitude. Furthermore, with increasing wave

age, the spray momentum flux shows an increase. This indicates a

significant impact of wave conditions on the spray momentum flux.

In comparison, the changes in the total momentum flux with wind

speed are less pronounced. At wind speeds ranging from

approximately 25-55 m/s, the spray momentum flux under the

different wave age conditions can even reach the same order of

magnitude as the total momentum flux. This highlights the

substantial influence of wave conditions on the magnitude of the

spray momentum flux. Higher wave ages lead to earlier attainment

of comparable levels between the spray momentum flux and the

total momentum flux. Figure 3B shows the variation in the spray

momentum flux with wind speed under different wave steepness

conditions. Overall, a higher wave steepness tends to result in a

higher spray momentum flux. However, compared to Figure 3A, the

changes in the spray momentum flux caused by the wave steepness

are smaller, particularly at low to moderate wind speeds. At high

wind speeds, the increase in the spray momentum flux becomes

relatively limited with increasing wave steepness. This phenomenon

can be attributed to the fact that the wave age, which describes the

ability of wind to transfer energy into waves and is directly related to

the wind speed, exerts a more notable influence. In contrast, the

wave steepness is controlled by wave breaking and is directly related

to the wave stability.

Figure 4 shows the variation in the spray momentum flux under

different wave states, providing further insights into the relationship
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between wave conditions and the spray momentum flux. Consistent

with the findings in Figure 3, it is clear that with increasing wave age

and wave steepness, the spray momentum flux also increases. By

parameterizing the spray momentum flux using the wave age,

Figure 4A demonstrates that with increasing wave steepness, the

magnitude of the difference in the spray momentum flux between

the different wave steepness conditions gradually decreases.

Figure 4B shows the parameterization process of the spray

momentum flux using the wave steepness. Similar to Figure 4A,

with increasing wave age, the magnitude of the difference in the

spray momentum flux between the different wave ages also
Frontiers in Marine Science 07
gradually decreases. Moreover, the magnitude of the difference in

the spray momentum flux between the different wave age

conditions is notably larger than that depicted in Figure 4A. This

observation indicates that both the wave age and wave steepness

notably impact the spray momentum flux. Therefore, integrating

wave state information with wind speed measurements could

enhance our comprehension of the intricate dynamics involved in

air-sea momentum exchange mediated by spray.

Figure 5 shows the variation in the ratio of the droplet

momentum flux to the total momentum flux under different wave

conditions. The findings indicate that given the same wave

steepness (wave age), with increasing wave age (wave steepness),

a higher ratio of the droplet momentum flux to the total momentum

flux is observed. At a wind speed of 30 m/s, as both the wave age and

wave steepness approach 1, the ratio of the droplet momentum flux

to the total momentum flux approaches 1, suggesting comparable

magnitudes. Furthermore, with further increase in the wave age or

wave steepness, the flux ratio gradually increases.

The above analysis demonstrates that considering the wave state

provides a better characterization of the droplet momentum flux. As

previously mentioned in Equation (12), the droplet stress should be

proportional to the fourth power of the friction velocity (Andreas,

2004). The calculation of the droplet momentum flux was simplified

and obtained the following equation:

tsp = 6:2� 10−5rwu
4
* (26)

According to Figures 6, 7, it has been observed that the sea spray

generation function proposed in this study [Equation (25)]

successfully encompasses and accounts for the results obtained

from Equation (26) and previous results (Fairall et al., 1994;

Andreas, 2004; Clark et al., 2006; Shi et al., 2021). This finding

serves to validate the accuracy of Equation (25) while also

demonstrating the influence of wave age on sea spray momentum

flux. Moreover, it unequivocally demonstrates the substantial

impact of wave conditions on the droplet momentum flux. By

explicitly considering the wave state in the calculation of the droplet

momentum flux, the proposed model captures the intricate

interplay between wave characteristics and droplet dynamics,

providing a more comprehensive and accurate representation of

this phenomenon. Neglecting the wave state in such calculations

could lead to an incomplete understanding of the underlying

processes and potentially result in erroneous estimations.

Therefore, incorporating the characterization of wave conditions

is crucial for more robust and precise assessment of the spray

momentum flux.
4 Discussion

4.1 Variation in the drag coefficient with
wind speed without the effect of sea spray

To examine the impact of droplets on the drag coefficient at

high wind speeds, we initially explored the relationship between the
A

B

FIGURE 2

(A, B) SSGF under different wave states. The solid lines in this figure
show the variation trend of the droplet generation function derived
in this paper with the formation radius under different wave states,
and the dashed lines are the result of previous studies.
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drag coefficient and wind speed in the absence of droplet influence.

According to Makin (2005), the sea surface drag coefficient can be

calculated by:

CD =
k

ln (10=z0)

� �2

(27)

Figure 8 shows the variation in the surface drag coefficient with

wind speed under different wave conditions, assuming no influence

from oceanic droplets. The black line indicates the linear

relationship between the drag coefficient and wind speed

proposed by Wu (1980). Figure 8 shows that there exists a

positive correlation between the drag coefficient and wind speed.

When considering the effect of the wave age, it is observed that for

wave ages less than 0.4, the drag coefficient increases with increasing
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wave age. However, for wave ages greater than 0.4, the drag

coefficient decreases with increasing wave age. This trend agrees

with the changes in wave age.

At low to moderate wind speeds, specifically at wind speeds

below 25 m/s, the calculated values of the surface drag coefficient

adequately capture the results obtained by Wu (1980). This

indicates the validity of this calculation method at low to

moderate wind speeds. As the wind speed is further increased, the

calculation results gradually fall down. This discrepancy occurs

because the linear relationship of the surface drag coefficient with

the wind speed proposed by Wu (1980) overestimates the drag

coefficient at high wind speeds (Moon et al., 2003). Recent studies

have indicated a decay in the surface drag coefficient at high wind

speeds (Chen et al., 2022; Kuznetsova et al., 2023). To elucidate the
A

B

FIGURE 3

(A, B) Variations in the sea spray momentum flux and total momentum flux under different wave states. The solid lines in the figure show the change
trend of sea spray stress with wind speed under different wave states, and the dashed lines show the change trend of total stress with wind speed
under different wave states.
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attenuation mechanism of the sea surface drag coefficient

influenced by droplets at high wind speeds, an analysis was

conducted based on Equation (5), considering the influence of

droplets on the surface drag coefficient.
4.2 Variation in the drag coefficient with
wind speed under the effect of sea spray

By employing Equation (5), we can analyze the impact of

droplets on the surface drag coefficient, denoted as CD,eff. As

shown in Figure 9A, the drag coefficient under the different wave

states exhibits attenuation with increasing wind speed, which is the
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same as the results obtained by previous studies (Andreas, 2004).

Based on Equation (24), a large number of sea spray droplets

generated at high wind speed are considered to reduce the drag

coefficient (Wan et al., 2017). However, the wind speed at which the

drag coefficient initially decays varies depending on the wave

conditions. Generally, at higher wave ages, the surface drag

coefficient tends to attenuate at lower wind speeds. At wave ages

below 0.4 and low to moderate wind speeds, the surface drag

coefficient increases with both wave age and wind speed.

Nevertheless, as the wind speed is further increased, the surface

drag coefficient gradually decreases with increasing wave age. This

observation can be attributed to the fact that, based on Figure 3A,

only under high-wind speed conditions can droplets acquire a higher
A

B

FIGURE 4

Variations in the sea spray droplets momentum flux under different wave states. The solid lines in (A) respectively represent the variation trend of sea
spray stress with wave age under different wave steepness conditions, and the solid lines in (B) respectively represent the variation trend of sea spray
stress with wave steepness under different wave age conditions.
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momentum flux from the atmosphere. At wave ages surpassing 0.4,

irrespective of the wind speed conditions, the surface drag coefficient

decreases with increasing wave age. According to Figure 4A, the

droplet momentum flux increases with the increase of wave age,

making it more obvious that the effective sea surface drag coefficient

decreases with the increase of wave age.

Figure 9B shows the relationship between the sea surface drag

coefficient and wind speed under varying wave steepness
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conditions. At low to moderate wind speeds, a positive

correlation can be observed between the sea surface drag

coefficient and wind speed. With increasing wind speed, the sea

surface drag coefficient demonstrates a certain level of attenuation

under the different wave steepness conditions, which is particularly

evident at high wind speeds. Moreover, larger wave steepness values

amplify the susceptibility of the sea surface drag coefficient to decay

at lower wind speeds, exhibiting a higher attenuation rate.
A

B

FIGURE 5

Variations in the ratio of the sea spray droplets momentum flux to the total momentum flux under different wave states. The solid lines in
(A) respectively represent the changing trend of the ratio of droplet stress to total stress with wave age under different wave steepness, and the solid
lines in (B) respectively represent the changing trend of the ratio of droplet stress to total stress with wave steepness under different wave age.
frontiersin.org

https://doi.org/10.3389/fmars.2024.1336709
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Zhao et al. 10.3389/fmars.2024.1336709
According to Figures 3B, 4B, this is because under different wind

and wave conditions, the increase of wave steepness can increase the

droplet flux (Xu et al., 2023), that is, the momentum flux obtained

from the air increases with the increase of wind speed at high wind

speed. Importantly, it should be noted that once the wave steepness

reaches a relatively high value, a further increase in the wave

steepness exerts a negligible impact on the attenuation of the sea

surface drag coefficient.
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4.3 Variation in the drag coefficient with
wind speed considering the interrelation
between wave age, wave steepness, and
effect of droplet transmission at high
wind speeds

According to the dispersion relationship of surface waves in

deep water, the relationship between b and d can be given as:
FIGURE 6

Spray momentum flux under different wave ages compared to Equation (28). The solid lines in the figure show the variation trend of sea spray stress
with friction velocity under different wave age, and the dashed lines show the previous research results.
FIGURE 7

Spray momentum flux under different wave steepness values. The solid lines in the figure show the variation trend of sea spray stress with friction
velocity under different wave slope.
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d =
1
2p

b−2 gHs

U2
10

(28)

The mature wind waves correspond to b* > 14.29 (Hara and

Belcher, 2004), which is roughly equivalent to b = 0.4. By

substituting Equation (1) into Equation (28), we can obtain the

following:

d =
3:21� 10−2b−0:24 for b > 0:4

0:040 for b ≤ 0:4

(
  

(29)

The value of d decreases as b increases in situations with b > 0.4.

If the growth relationships of wind waves are valid at low and

moderate wind speeds, the two parameters can be interchanged. It is

emphasized that at high wind speeds, d cannot continuously

increases as b decreases. This limitation exists due to the intense

wave breaking, which sets an upper limit on the value of d.
According to Stokes wave theory, the maximum theoretical value

of d is 1/7 However, according to the calculation results of Equation

(29) and the integration of laboratory and outer sea wave steepness

data by Zhao and Li (2019), only the ideal wind wave prepared in

the laboratory can reach the theoretical maximum of wave

steepness, and the change range of actual measured wave

steepness in outer sea is between 0.01 and 0.05, which further

proves the rationality of Equation (29). In general, we may lack

wave steepness data. As such, Equation (29) can be used to calculate

the wave steepness from the wave age.

Figure 10 shows the variation of effective drag coefficient with

wind speed considering the relationship between wave age and wave

steepness. The observed trend of drag coefficient attenuation in this

figure resembles that depicted in Figure 9. The notable difference is

the fact that under the same wave age conditions, the wind speed
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corresponding to the onset of drag coefficient reduction varies.

Accounting for the interplay between the wave age and wave

steepness at high wind speeds, it can also be observed that the

continuous increase in the wave steepness declines. Consequently,

the influence of the wave steepness on the spray momentum flux

gradually stabilizes, leading to an overall higher wind speed at

which the drag coefficient begins to decline. Notably, under high-

wave age conditions, the drag coefficient starts declining at

approximately 25 m/s, a finding that better conforms with real-

world conditions and corroborates the research outcomes reported

by Troitskaya et al. (2012) and Powell et al. (2003).
5 Conclusion

In this research, we mainly investigated the influence of wave

states on the sea spray generation function and the drag coefficient

under high-wind conditions. With experimentation and

computation, it was found that the SSGF varies in magnitude

under different wave age and wave steepness conditions,

indicating that the influence of wave states should be considered

in the SSGF. The SSGF increased with wave age and showed an

upward trend with increasing wave steepness. Wave states

substantially influence the spray momentum flux, which gradually

increases as waves develop and can ultimately attain a comparable

magnitude to that of the total momentum flux. At high wind speeds,

the influence of sea spray on the sea surface drag coefficient should

also be considered. A new sea surface drag coefficient under high-

wind conditions was established with a SSGF considering the

influence of wave states. We revealed that the sea surface drag

coefficient under the different wave conditions exhibits attenuation

at high wind speeds. Moreover, it was found that with increasing
FIGURE 8

Changes in the drag coefficient with wind speed without considering the influence of sea spray droplets. The solid lines in the figure shows the
change curve of drag coefficient with wind speed under different wave ages, and the dashed line shows the calculation of Wu (1980).
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wave age or wave steepness, the sea surface drag coefficient is more

prone to decay at low to moderate wind speeds. Finally, considering

the interrelation between the wave age and wave steepness at high

wind speeds, the obtained relationship between the drag coefficient

and wind speed yielded a more realistic decay pattern.

In summary, this research emphasizes the notable influences of

the wave age and wave steepness on the spray generation function

and the drag coefficient, providing a new perspective to better

understand the complex dynamics of air-sea momentum exchange.

When studying the changes in the spray momentum flux, the effects

of wave states and wind speed should be comprehensively

considered. Furthermore, combining wave state information with

wind speed measurements could enhance our understanding of the
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complex dynamic process of air-sea momentum exchange.

Additionally, in this paper, we proposed equations for calculating

the spray generation function and describing the drag coefficient,

and we verified their accuracy. We reveal the effect of wave age and

wave steepness on the attenuation of drag coefficient at high wind

speed, and the influence of wave state on drag coefficient cannot be

ignored. Although wave age and wave steepness both have an effect

on the attenuation of the drag coefficient at high wind speed, the

attenuation of the drag coefficient at high wind speed is dominated

by wave age because wave steepness cannot continue to increase

under actual conditions due to the limitation of wave stability. The

research results are important for further exploring aerosol

transport and air–sea interactions in marine environments.
A

B

FIGURE 9

Variation in the sea surface drag coefficient influenced by sea spray with wind speed. The dashed lines in (A) represent the variations of effective
drag coefficient with wind speed under different wave age states when the wave age is less than or equal to 0.4. The solid lines represent the
variations of effective drag coefficient with wind speed at different wave age states when the wave age is greater than 0.4. The dotted line represents
the calculation of Wu (1980). The dashed lines in (B) represent the variations of effective drag coefficient with wind speed under different wave
steepness states when the wave steepness is less than or equal to 0.1. The solid lines represent the variations of effective drag coefficient with wind
speed under different wave steepness states when the wave steepness is greater than 0.1. The dotted line represents the calculation of Wu (1980).
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The study of sea spray droplets has encountered significant

challenges due to the lack of laboratory and offshore observation

data in high wind speeds. To overcome this hurdle, the next step

involves conducting droplet measurements in both laboratory and

marine settings to gain a deeper understanding of the droplet

generation process. In this study, novel advancements have been

made in the generation function of droplets within the 2 ≤ r0<

20mm. Moving forward, our attention will be directed towards

deducing a comprehensive droplet generation function that

encompasses all the typical particle size range, thereby ensuring a

smoother curve for the droplet generation function. Between the

ocean and the atmosphere, it is crucial to highlight that the drag

coefficient of the sea surface has a significant influence not only on

the momentum flux but also on the heat exchange. The exchange of

momentum and heat at the air-sea interface plays a vital role in the

genesis and evolution of typhoons. These processes serve as crucial

energy sources, driving the intense convective activity and vertical

motion within typhoon systems. Consequently, our future

endeavors will incorporate the examination of droplet dynamics

and using the ocean-atmosphere coupling model to investigate the

impact of the sea spray droplets on the simulation of

typhoon waves.
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Drag coefficient obtained by considering the changes in the wave age and wave steepness at high wind speeds. The dashed lines in Figure 10
represent the variations of effective drag coefficient with wind speed under different wave age states when the wave age is less than or equal to 0.4.
The solid lines represent the variations of effective drag coefficient with wind speed at different wave age states when the wave age is greater than
0.4. The dotted line represents the calculation of Wu (1980).
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