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Abstract　　Turbulent air flows over developing wind waves in the air2sea boundary layer are numerically simulated
without considering wave breaking. Influences of wind waves on air flows are considered using a model of significant
wave and surface roughness , with a formula proposed for calculating the surface roughness. k -εmodel is adopted to
simulate turbulent flows. The results of the drag coefficient and turbulence characteristics agree well with the observa2
tions.
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Momentum , energy and mass exchange between air and sea is a fundamental problem in

many fields of research , such as climate change , wave forecast and ocean circulation. In order to

determine the momentum flux through interface we should study small scale processes in the air2
sea boundary layer. It is a problem of air2sea interaction including complex waves resolution and

turbulence , so the quantitative description is still not satisfactory up to now. The momentum flux
τcan be calculated by a bulk formula :τ=ρCD U 2

10 , whereρis the air density , U 10 is the wind2
speed at 10 m above sea surface , and CD is named the drag coefficient on the sea surface.

There have been many marine observations and theoretical analyses to study the drag coeffi2
cient , but the results are sporadic substantially. The reason is that the momentum flux is related

with not only windspeed , but also other oceanic conditions , such as atmosphere stability , wave

developing degree and wave breaking. So the drag coefficient CD also varies with windspeed and
wave development when the atmosphere is neutrally st ratified. As wind blows over sea surface ,

momentum is transported to sea water and then waves are generated. Reversely , waves influence

air flows above it . Waves in different developing period have different st ructures , which make the
momentum flux on air sea interface change. Developing period of wind waves determined by fetch

and duration is represented by wave age Cp/ U 3 or CP/ U 10 , where CP is the phase velocity of

wave spectrum peak ; U 3 is the friction velocity. Analyzing the measured data on Lake Ontario ,

Donelan[1 ] concluded that the drag coefficient decreases with the developing of wind waves.

Measurement shows that vertical profile of windspeed is of logarithmic form. Then CD can be

calculated by the following equation : CD = [κ/ ln ( z / z 0) ]2 , whereκ is the Karman constant ,

and z 0 is the surface roughness of ocean. Charnock[2 ] proposed z 0 =α
U 2

3

g
, where g is the gravity

acceleration ,α is the Charnock constant determined by measurement . Maat et al. [3 ] proposed
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thatα is related to wave age by suggesting a formula : z 3
0 =

gz 0

U 2
3

=μ( Cp/ U 3 ) n , whereμ= 0.

8 ; n = - 1. Sea surface roughness z 0 represents the influence of surface waves on air flow. It is a

function of wave age , meaning that the developing of wind waves changes the air2sea momentum

exchange. From z 0 we can obtain the formula CD :
U 2

10

10 g
( Cp/ U 3 ) n =μ- 1 C

n
2 - 1

D exp ( - κ/ CD) .

It means that CD is related not only to U 10 , but also to the wave age CP/ U 3 .

Random and irregular wind waves usually are described by wave spectrum. Research on the
roles of different f requency parts of spectrum is important for understanding the mechanism of air2
sea interaction. Kitaigorodskii[4 ] found that the sea surface roughness is determined by high fre2
quency gravity and capillary waves. They play a dominant role in momentum transfer f rom wind
to waves. Donelan[1 ] considered both the shape drag induced by low frequency waves and the fric2
tion drag induced by high frequency waves. Geernaert [5—7 ] compared these roughness models and

concluded that Kitaigorodskii’s model simulates variation of CD N more accurately. This means

that the high frequency part of wind waves is dominant in momentum exchange. The result of
Makin et al. [8 ] agrees well with this conclusion. However , the theory about the role of different

f requency parts of wind waves in air2sea interaction is still not completed so far because of many

difficulties , such as wind2wave coupled interaction , wave2wave interaction and turbulence.

Since observations over sea are very difficult , the situation hinders further research. With the
development of CFD , numerical simulation is a useful tool for the research on air2sea interaction.

Chalikov[9 ,10 ] , Le Ngocly[11 ] , Maat and Makin[12 ] have done some researches , which are helpful

to understanding the momentum transfer and turbulence field near the air2sea interface. However ,

these numerical models are different f rom the real field of air2sea boundary layer : the influence of
waves on air flow is not considered ; turbulence model is too simple ; and there are few works of

numerical study on air2sea momentum exchange. Zhang and Li[13 ] studied the influence of devel2
oped wind waves on interface momentum exchange by applying the k -εturbulence model. Vari2
ation of the drag coefficient with windspeed was obtained , which is in good agreement with the

observational data. In order to study the influence of wave development on momentum exchange

and turbulence field above waves , this paper numerically simulates the turbulence air flow over de2
veloping wind waves , and k - εmodel is also adopted. Influence of wind waves on air flows is
considered by a model of significant wave and surface roughness. Variation of the drag coefficient

and turbulence flow due to windspeed and wave age is compared with the observations.

1　Mathematical model and numerical simulation

1. 1　Sea surface roughness and wind wave developing

Moderate and low frequency waves have larger wave height , wave length , wave speed and

smaller slope. Air turbulence structure is correlated with wave phase and shape ; that is to say ,
moderate and low frequency waves change the large2scale turbulent movement and also influence

the air2sea interaction. High frequency waves have smaller wave height , wave length , wave speed

and larger slope and they change the small2scale st ructure of turbulence and then influence the mo2
mentum exchange. Considering the influence of all kinds of waves , significant wave and wave
surface roughness are used in numerical simulation. The effective wave represents the influence of

large2scale wind waves , the wave surface roughness z s represents the influence of high frequency
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or small2scale part of wind waves. ω= 2ωp is taken as the critical f requency to demarcate the

wave spectrum. z s and z 0 are introduced by different meanings. z 0 is the effective roughness of
sea surface and represents the influence of sea wave condition on air flow.

The J ONSWAP spectrum describes the developing wind waves due to wind speed and fetch :

S (ω) =
αg2

2ω5
exp -

5
4
ωp

ω

4

·γ
exp

(ω-ω
p
)

2

2σ
2
ω

2

p , (1)

whereα= 0. 076 �x 0. 22 ; the nondimensional fetch �x =
gx

U 2
10

, ; x is the wind fetch ; U 10 is the 10 m

high windspeed ; the nondimensional peak frequency of spectrum �ωp =
U 10ωp

g
= 22 �x - 0. 33 , γ

= 3 . 3 ; whenω > ωpσ = 0 . 09 ; otherwiseσ = 0 . 07 . According to the J ONSWAP spectrum ,

the significant wave height , length and speed can be calculated : H1/ 3 = 4 ∫
∞

0
S (ω) dω,λ1/ 3 =

0 . 005 24 U 0. 68
10 x 0. 66 , C1/ 3 = 01090 5 U 0. 34

10 x 0. 33 .

The J ONSWAP spectrum was firstly obtained by observing the North Sea deep water waves

and the largest fetch is about 160 km. Because of the limited range , the spectrum is not accurate

enough to describe the large fetch wind waves and developed waves. So the P- M spectrum is
adopted to describe the developed waves :

S (ω) = 0 . 5αg2ω- 5exp - 0 . 74
g

Uω

4

, (2)

whereα= 8. 1×10 - 3 ; g is the gravity acceleration ; U is the 1915 m high windspeed ; the peak

frequency of P2M spectrum isωp = 01877 gU - 1 ; the significant wave height is H1/ 3 = 0 . 021

4 U 2 ; significant wave period is T1/ 3 = 0 . 937 Tp = 0 . 684 U . The wave slope is low , so the sig2
nificant wave can be regarded as the small wave. Far f rom the sea surface the windspeed is as2
sumed as the logarithmic profile. Then the significant wave height , length and speed can be cal2
culated : H1/ 3 = 01025 1 U 2

10 ,λ1/ 3 = 0 . 856 U 2
10 , C1/ 3 = 1 . 156 U 10 .

The mean2square2root wave amplitude of small2scale high frequency wind waves can be calcu2

lated :ση = 2∫
∞

2ωp

S (ω) dω
1/ 2

. Differing from the land surface roughness , the roughness over

moving sea surface is determined by not only the shapes of roughness elements , but also their

movement . The wave surface roughness z s represents the contribution of high frequency waves to
momentum transfer. It is related toσηand wave age Cp/ U 3 . After dimensional analysis the for2

mula is obtained : F
z s

ση
,

Cp

U 10
= 0 , or z s = f

Cp

U 10
ση. According to the observation and nu2

merical simulation , it is concluded that

z s = A e - B C
p
/ U

10ση , (3)

where A = 16. 0 , and B = 6. 5. As for developed waves , z s is only the function ofση:

z s =βση , (4)

whereβ= 7107×10 - 3 corresponding to the wave age Cp/ U 10 = 1 . 19 in formula (3) .

1. 2　Turbulence model

Generally speaking , air2sea boundary layer flows are turbulent . Therefore they can be de2
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scribed by the Reynolds averaged equations and the two2equation k -εmodel is used to approxi2
mate them. Although the lower boundary is curvilinear , k -εmodel can also be applied well be2
cause of the small curvature in this case. The numerical model of flow field is two2dimensional ,
x 1 is the horizontal coordinate , which is parallel with wind , x 3 is the vertical coordinate , and x 3

= 0 is the mean height of surface wave.

1. 2. 1　Governing equations. 　The Reynolds equation system looks like
5 u i

5 t
+ u j

5 u i

5 x j
= -

1
ρ

5 p
5 x i

+ν
52 u i

5 x j5 x j
-

5 u i′u j′
5 x j

, (5)

where u i is the mean velocity ; u i′is the perturbation velocity , i , j = 1 ,3 ; p = P0 +ρgx 3 .

The continuous equation can be written as
5 u i

5 x i
= 0 . (6)

And k2εmodel equations are

- u i′u j′=νt
5 u i

5 x j
+

5 u j

5 x i
-

2
3

kδij , (7)

νt = Cμ
k2

ε , (8)

5 k
5 t

+ u j
5 k
5 x j

=
5

5 x j
(ν+νt/σk)

5 k
5 x j

+ Gk - ε, (9)

5ε
5 t

+ u j
5ε
5 x j

=
5

5 x j
(ν+νt/σε)

5ε
5 x j

+ C1εGk/ k - C2ε
2/ k , (10)

Gk =νt
5 u i

5 x j
+

5 u j

5 x i

5 u i

5 x j
, (11)

where Cμ = 0 . 09 ,σk = 1 . 0 ,σε = 1 . 0 , C1 = 1 . 44 , and C2 = 1 . 92 .

1. 2. 2　Boundary conditions. 　The coordinate system is fixed on the wave surface , so the flow

field becomes steady. The lower boundary is the regular cosine wave , so the calculated domain is
regarded as a period of field ; thus the periodical boundary conditions can be imposed on two lateral
sides. Near the sea surface the influence of waves on flow field is apparent and decays rapidly with

the increasing height . So it can be neglected at the top of domain , which is at the height of half
wave length (the horizontal windspeed u is assumed to be constant) ; the pressure is also a con2
stant p0 ; the vertical windspeed w , turbulence kinetic energy k and dissipationεare invariant
with height , or their vertical derivatives vanish.

The sea surface velocity includes wave movement and water drift . The drift velocity is small
and can be neglected. The turbulence energy and velocity vary rapidly near the wall , so in numer2
ical simulation grids should be finer. Near wall turbulence is weak and the molecular viscosity is

important , so the assumption of high Reynold number is not proper there. In order to simulate
the turbulence near the wall , a wall function assumption is adopted : near the wall only the veloci2
ty parallel with the wall is in effect ; turbulence energy generation and dissipation are in balance ;
the Reynolds st ress equals wall st ress and is homogeneous. This wall function assumption is ob2
tained after studying turbulence field near the wall , and is available for turbulence near the rough
wall. Because the significant wave slope is very small , this assumption can also apply to turbu2
lence near the air2sea interface.
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The coordinate t ransformation is as follows : x = x 1 - C1/ 3 t , z = x 3 ; u = u1 - C1/ 3 , w

= u3 . Therefore the boundary conditions can be written.
(i) At the top of the field , the air pressure ,velocity , turbulence kinetic energy and dissipa2

tion at the height of half wave length are
p |λ/ 2 = P0 , (12)

u |λ/ 2 = Uλ/ 2 - C1/ 3 , (13)

5 w
5 z λ/ 2

=
5 k
5 z λ/ 2

=
5ε
5 z λ/ 2

= 0 . (14)

　　(ii) At the bottom of the field , the velocity on wave surface is

u | 0 =
H1/ 3

2
2πg

λ1/ 3
cos

2πx
λ1/ 3

- C1/ 3 , (15)

w | 0 = -
H1/ 3

2
2πg

λ1/ 3
sin

2πx
λ1/ 3

. (16)

　　A non2orthogonal body2fitted2coordinate system is adopted. Then the velocity near interface

parallels it . The boundary conditions of velocity are

u | w =
πgH2

1/ 3

2λ1/ 3
+ C2

1/ 3 - C1/ 3 H1/ 3
2πg

λ1/ 3
cos

2πx
λ1/ 3

, (17)

w | w = 0 . (18)

　　According to the wall function assumption we have , in the first grid point near the interface
( z = z 1) ,

u - uw = u 3
1
κln z + + 5 . 24 - Δu + ( r +) , (19)

k =
τw

C1/ 2
μρ

=
u2

3

C1/ 2
μ

, (20)

ε=
k3/ 2 C3/ 4
μ

κz 1
=

u3
3
κz 1

, (21)

where u 3 is the friction velocity ; uw is the velocity at the interface , uw = u | w ; z + = z u 3 /ν;

Δu + = 2 . 83ln r + - 4 . 56 , r + = z su 3 /ν, when r + < 5 ,Δu + = 0 ;κ= 0 . 4 is the Karman constant ;

τw is the wall shear st ress ; z 1 is determined from z +
1 = 11. 0 ; u 3 is unknown , so iteration is

needed in calculation. Assuming that the velocity of the first grid point u is known , u 3 can be
calculated from (19) , and so k ,εcan be obtained from (20) and (21) . Then u can be calculated

again after we solve the control equations. Iterate it for several times until ( un +1
3 - un

3 ) / un
3 <

10 - 3 . The distance of the first grid point f rom interface is obtained from z +
1 = z 1 u 3 /ν = 11 . 0 .

So after each iteration , new values of u 3 and z 1 are obtained until convergence.
(iii) Boundary conditions at two lateral sides are

pl = p r , 　u l = u r ,

w l = w r , 　k l = k r , 　εl =εr . (22)

1. 3　Computational scheme

The finite volume method is preferred in the numerical calculation. The calculated domain is

divided into finite number of control volumes by grids. According to the conservation laws of
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mass , momentum , energy or other scalar quantities in each control volume , the general equation

system of the fluid dynamics is obtained :
5 (ρ<)

5 t
+ div (ρu<) = div (Γgrad <) + S <. (23)

It can be discretized into an algebraic equation system. For two2dimensional field , it is

ap<p = ae<e + aw <w + an<n + as<s + b. (24)

Fig. 1. Calculating grids.

　　The non2orthogonal body2fitted coordinate grids are adopt2
ed (fig. 1) . Because of non2orthogonal nature , the equations

should be transformed into an appropriate form. All the deriva2
tion is omitted here for simplicity. For more details , see refer2
ence [13 ] .

1. 4　Calculation of the drag coefficient CD

The momentum flux can be calculated in the following
way :

τ =τwcosθ+ psinθ, (25)

whereτw is the friction stress at the interface ; p is the pres2
sure ;θis the angle between the wave surface and horizontal ori2

entation. According to the wall function assumptionτw can be calculated :τw = kρC1/ 2
μ , where k

is the turbulence kinetic energy in the first grid point f rom interface. The momentum flux at sea

surface can be obtained by intergrating them over a period of wave and making average. Then CD

can be calculated by CD =
τ
ρU 2

10
.

2　Results and discussion

The air turbulence field over wind sea has been calculated under different windspeeds. 10 m

high windspeeds are 5 , 7. 5 , 10 , 12. 5 and 15 m/ s. Under 5 and 7. 5 m/ s wind , calculated fetch2
es are 1 , 2 , 5 , 30 km , and 100 km fetch is also calculated for 7. 5 m/ s wind. When windspeeds

are 10 , 12. 5 , 15 m/ s , and the fetches are 2 , 5 , 30 , 100 and 200 km. In addition , the air flows

above the developed waves are also calculated.

The wave surface roughness z s and sea surface effective roughness z 0 are shown in fig. 2 , in

which curves 1—3 represent the results under 5 , 10 and 15 m/ s windspeed respectively. Fig. 2

shows that z s is about 10 times higher than z 0 . It can be explained by the different meanings of

them. High frequency waves are regarded as roughness elements moving on the significant wave

surface , so z s represents the contribution of the high frequency part of wind waves to air2sea in2
teraction. z 0 is the effective roughness of sea surface under the assumption of windspeed logarith2
mic dist ribution , so it represents the influence of sea surface status , including the whole part of

wave spectrum on air turbulence flows. With the increase of the wave age , z 0 decreases. This re2
flects the influence of sea waves on air flow and interface course. When the wind waves are devel2
oping , their st ructures are changing , thus affecting the interface course , and the momentum flux

decreases. The high frequency part of wind waves plays a significant role , so z s also decreases

with the wave age increasing. Approximately z s and z 0 decrease linearly with the wave age.

The change of air flow structure with wind wave developing is shown in fig. 3. The profiles
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Fig. 2. Variation of wave surface roughness z s and sea surface effective roughness z 0 with wind2wave developing.

Fig. 3. Variation of air turbulence structure above waves with wind2wave developing.

are the vertical dist ribution above the wave crest when the windspeed is 10 m/ s. Curves 1 ,2 ,3

and 4 represent the different fetches of 2 , 5 , 30 , 100 km. Fig. 3 (a) is the vertical profiles of
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windspeed. The profiles are of the logarithmic form at the large height , or far f rom the sea sur2
face , whereas the profiles deviate f rom the logarithmic form as they approach the sea surface.
This shows the influence of waves on large scale of air turbulence. Figs. 3 (b) —3 (d) are the pro2
files of turbulence eddy viscosity coefficient , turbulence kinetic energy and dissipation. With the

wind wave developing , the turbulence eddy viscosity increases and is much higher than the molec2
ular viscosity coefficient . This means that the turbulence exchange in air2sea boundary layer plays
a dominant role. The decrease in turbulence energy and dissipation shows that the turbulence in2
tensity becomes lower with the wave development . Because of the dominant role of turbulence ,

the reduction in turbulence intensity means the decreasing air2sea momentum exchange.

Fig. 4. Turbulence friction drag and wave shape drag over

sea surface.

Fig. 5. Variation of the drag coefficient CD with wave age

Cp/ U 3 .

Figure 4 shows the variation turbulence fric2
tion drag and wave shape drag with the wind2speed

and wave age. The dots , diamonds and triangles

represent the turbulence friction drag under the
windspeeds 5 , 10 and 15 m/ s ; the crosses , rectan2
gles and reversed triangles represent the wave shape

drag under the same windspeeds. Near the wind2
wave interface , turbulence plays a dominant role ,
and the shape drag due to significant wave is small.

The wave surface roughness z s represents short

wave contribution to the momentum exchange , so

the turbulence friction drag can be regarded as the
addition of interface friction and impact of short

waves. It is difficult to decompose surface friction ,

waves impact and turbulence from interface mo2
mentum flux. In fact , the three of them interact , and it is impossible to decompose them thor2
oughly from the physical aspect . According to fig. 4 the shape drag has a small value. Significant

wave represents the influence of long waves on momentum exchange , so the long waves change

the large2scale st ructure of turbulence but affect momentum exchange at the air2sea interface
weakly. In the figure the friction drag has larger

values , which means that the change of small scale

turbulence structure due to short waves has a larg2
er impact . The value of the shape drag even can be
negative when wind waves are developed because

the significant wave speed is a little bit larger than

the 10 m high windspeed.
The variation of the drag coefficient CD with

wave development is shown in fig. 5 , in which

curves 1—3 , diamonds and triangles represent

windspeeds of 5 , 10 and 15 m/ s respectively. It
can be concluded from fig. 5 that the drag coeffi2
cient CD decreases with the wind wave develop2
ment . In the initial period , most of the wind waves

are high frequency components which have large
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slope and low wave speed , so the drag coefficient has a larger value. With the development of

wind waves , the wave height , wave length and wave speed increase but the wave slope decreases ,
which implies the reduction of the drag coefficient . From the figure it can be concluded that CD

decreases linearly as wave age increases. The results are compared with the measurement by

Donelan[1 ] in fig. 6. The diamonds , dots , t riangles , crosses and multipliers , represent the ranges

of U/ Cp . They are 0. 8—1. 5 , 1. 5—2. 0 , 2. 0—3. 0 , 3. 0—4. 0 , 4. 0—6. 0 , respectively. The
two lines with circles and triangles mean the variation of CD when U 3 / Cp is 0. 2 and 0. 04 , re2
spectively. Donelan’s data were obtained in Lake Ontario , which only have finite fetches. How2
ever , during the initial period of wave developing , the scales of waves are not so large that the in2
fluence of the lake bottom and border can be neglected. Then the interaction of wind waves on

lake is almost the same as the deep sea. Although the dist ribution of observational data is not very

regular in the figure , it still can be concluded that the result of numerical simulation well fits in

with the observation.

Fig. 6. Comparison of calculating result with Donelan’s observing result .

3　Conclusion

In order to study the influences of wave development on air2sea interaction , a new model of

wind waves is used in numerical simulation. The significant wave and surface roughness represent
the influence of waves on air flow , k - εmodel is adopted for turbulence simulation. Then air

turbulence above waves with wave development is simulated. The variation of the drag coefficient

with wave age agrees well with the observations. The J ONSWAP spectrum is used to determine
the parameters of the interface model including significant wave and surface roughness. However ,

the adoption of different wave spectrum would change the values of the interface model. A formu2
la of wave surface roughness is obtained based on dimensional analysis and result comparison. The

accuracy should be testified by further theoretical study and measurement . When windspeed ex2
ceeds 15 m/ s , wave breaking which partly alters the process of momentum transfer will occur fre2
quently. Therefore , a further improvement of this model is absolutely needed.
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