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Abstract Turbulent ar flows cver developing wind waves i: tiie ar-sea boundary layer are numericdly smulated
without consdering wave breaking. Influencescf wind waveson ar flows are consdered usng a mode of sgnificant
wave and surface roughness, with aformula proposed for caculating the surface roughness. k - € modd is adopted to
dmulate turbulent flows. The resultsof the drag coefficient and turbulence characteristics agree well with the observer
tions.
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Momentum , energy and mass exchange between air and sea is a fundamenta problem in
many fields of research, such as climate change, wave forecast and ocean circulation. Inorder to
determine the momentum flux through interface we should study small scale processesin the air-
sea boundary layer. It isaproblem of air-seainteraction including complex waves resol ution and
turbulence , 9 the quantitative description is till not satidactory up to now. The momentum flux
T can be calculated by a bulk formula:T =p Cp U, wherep istheair dendty, Ujpisthe wind-
geed at 10 m above sea surface, and Cp is named the drag coefficient on the sea surface.

There have been many marine observations and theoretical analyses to study the drag coeffi-
cient , but the results are oradic subgtantially. The reaon isthat the momentum flux is related
with not only windspeed, but as other oceanic conditions, such as atmogphere stahility , wave
developing degree and wave breaking. S the drag coefficient Cp a9 varies with windgeed and
wave development when the atmoghere is neutrally gratified. As wind blows over sea surface,
momentum is trangoorted to sea water and then waves are generated. Reversaly , waves influence
air flowsabove it. Wavesin different developi ng period have different structures, which make the
momentum flux on air seainterface change. Developing period of wind waves determined by fetch
and duration is represented by wave age Cy/ U « or Cp/ Ui, Where Cpisthe phase velocity of
wave ectrum peak ; U « isthefriction velocity. Anayzing the measured dataon L ake Ontario
Donelan'™ concluded that the drag coefficient decreases with the developing of wind waves.

Measurement shows that vertical profile of windgeed isof logarithmicform. Then Cp can be

calculated by the following equation: Cp = [K/In(z/ zp) ]?, whereK isthe Karman constant ,
2

. U . .
and z isthe surface roughnessof ocean. Charnock!?! proposed zp = O _g , Where gisthe gravity

acceleration, O is the Charnock constant determined by measurement. Maat et .l proposed
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* Z
that 0 isrelated to wave age by suggesting aformula: zo = ‘quzl =M (C/ U+)", wherep =0.
8; n= - 1. Seasurface roughness z, represents the influence of surface waveson air flow. Itisa

function of wave age, meaning that the developing of wind waves changes the air-sea momentum
2

exchange. From zowe canobtain theformula Cp: %l;( Co/ Us)"=p '1C§'1exp(- K/ JED) )
It meansthat Cpisrelated not only to Uig, but d< to the wave age Co/ U - .

Random and irregular wind waves usualy are described by wave spectrum. Research on the
roles of different frequency partsof sectrum isimportant for understanding the mechanism of air-
sea interaction. Kitaigorodskii[“] found that the sea surface roughnessis determined by high fre-
guency gravity and capillary waves. They play a dominant role in momentum tranger from wind
to waves. Donelan'*! cons dered both the shagpe drag induced by low frequency waves and thefric-
tion drag induced by high frequency waves. Geernaert!®—! compared these roughness models and
concluded that Kitaigorodskii’ s model damulates variation of Cpy more accurately. This means
that the high frequency part of wind waves is dominant in momentum exchange. The result of
Makin et a. [ agrees well with this concluson. However , the theory about the role of different
frequency partsof wind wavesin air-sea interaction is till not completed  far because of many
difficulties, such as wind-wave coupled interaction , wave-wave interaction and turbulence.

Snce observationsover sea are very difficult , the dtuation hindersfurther research. With the
development of CFD , numerical 9mulation is a useful tool for the research on air-sea interaction.
Chalikov!® ™! | Le Ngody!™! | Maat and Makin!**! have done some researches, which are helpful
to understanding the momentum trander and turbulencefield near the air-seainterface. However ,
these numerica models are different from the real field of air-sea boundary layer : the influence of
waveson air flow is not consgdered; turbulence modd istoo snple; and there are few works of
numerica study on air-sea momentum exchange. Zhang and Li'*! studied the influence of devel-
oped wind waveson interf ace momentum exchange by applying the k - € turbulence modd. Vari-
ation of the drag coefficient with windeed was obtained, which isin good agreement with the
observational data. In order to study the influence of wave development on momentum exchange
and turbulence field above waves, thispaper numerically Smulates the turbulence air flow over de-
veloping wind waves, and k - € modd is a9 adopted. Influence of wind waveson air flowsis
consdered by a mode of dgnificant wave and surface roughness. Variation of the drag coefficient
and turbulence flow due to windgeed 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 geed and
smaller dope. Air turbulence structure is correlated with wave phase and shape; that isto say,
moderate and low frequency waves change the large-scale turbulent movement and al o influence
the air-seainteraction. High freguency waves have smaller wave height , wave length , wave gpeed
and larger dope and they change the small-scale structure of turbulence and then influence the mo-
mentum exchange. Consdering the influence of al kinds of waves, sgnificant wave and wave
surface roughness are used in numerica Smulation. The &fective wave represents the i nfl uence of
large-scale wind waves, the wave surface roughness zs represents the influence of high frequency
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or small-scale part of wind waves. W =2w, is taken as the critica frequency to demarcate the
wave sectrum. zsand zp are introduced by different meanings. zo is the effective roughness of
sea surface and represents the influence of sea wave condition on air flow.

The JONSWAP gectrum describes the developing wind waves due to wind seed and fetch:

g i[%ﬂ ﬂ vxp[m;’_ﬂ &

S(w) = 2(JOSexp 4l w ,

X
A\ x isthewindfetch; Uppisthe 10 m

U1

wherea =0.076 x> %2 the nondimensona fetch X =

~ U ~
high windspeed; the nondimensona peak freguency of spectrum@, = —]';9" = 22X %8y
= 3.3; when® > w,0 = 0.09; otherwiseG = 0.07. According to the JONSWAP ectrum,

the sgnificant wave height , length and gpeed can be calculated: Hy 3 = 4 I . S(W)dw A 3 =

0.005 24 U%® x%® Cy3 = 0.090 5U%* x>,

The JONSWA P gectrum wasfirstly obtained by observing the North Sea deep water waves
and the largest fetch is about 160 km. Because of the limited range, the pectrum is not accurate
enough to describe the large fetch wind waves and developed waves. S the PM gectrum is
adopted to describe the developed waves:

S() = 0.53(92(0'5exp[- 0.74{&%}1 , (2)

wherea =8.1x10 %; gisthe gravity acceleration; U isthe 19.5 m high windgpeed; the peak
frequency of PM gectrum isw, = O. 877gU " '; the dgnificant wave height is Hys = 0.021
4U?; dgnificant wave period is Tys = 0.937 Tp = 0.684U. The wave dopeislow , © the sg-
nificant wave can be regarded as the small wave. Far from the sea surface the windgeed is as
sumed as the logarithmic profile. Then the sgnificant wave height , length and eed can be cal-
culated: Hy sz = 0.025 1U%0,)\ 13 = 0.856 U%o, Cysz = 1.156 Uqg.

The meansguare-root wave amplitude of small-scale high frequency wind waves can be cacu

00

12
lated: 0y = [{M S(w) Cm} . Differing from the land surface roughness, the roughness over

p
moving sea surface is determined by not only the shapes of roughness elements, but d< ther

movement. The wave surface roughness zs represents the contribution of high frequency waves to
momentum tranger. It isrelated to0, and wave age_ C,/ U «. After dimensona anayssthefor-

mulaisobtained: F f,fﬂ =0,0r zs=f Ucf'j O, . Acoording to the observation and nu-
merical Smulation, it is concluded that
zs = Ae % Yo, (3)
where A =16.0, and B =6.5. Asfor developed waves, zsisonly the function of Oy, :
Zs = &)_f] ) (4)

where =7.07x10 2 corresponding to the wave age Cp/ Uy = 1.19informula (3) .

1.2  Turbulence modd
Generally eaking, air-sea boundary layer flows are turbulent. Therefore they can be de-
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<cribed by the Reynolds averaged equations and the two-equation k - € mode is used to approxi-
mate them. Although the lower boundary is curvilinear , k- € mode can d< be applied wel be-
cause of the smal curvature in this case. The numerica modd of flow field is two-dimensona ,
X1 is the horizonta coordinate, which isparale with wind, xszisthe vertica coordinate, and xs

=0 isthe mean height of surface wave.

1.2.1 CGoverning equations. The Reynolds equation system looks like
ou; Jdu 1 0p Fu Du'y

ot TUax T p ox TV Oxox T ox )
where u; isthe mean velocity; u' isthe perturbation velocity, i,j=1,3; p= Py +p gxs.
The continuous equation can be written as
ou;
K = 0. (6)

And k€ mode equations are
o :V{ﬂl +@ﬂ 25

(7)

ox;  Ox) 3
V= Qf, (8)
at+uj—aa)|(‘lzéax—j[(v +vt/ok)‘g)ﬂ+ek-e, (9)
%+uj'a%jzgax—j (V+vt/oa)aﬁ;]+clsek/k- C£ %l k, (10)
ou  Ouyl Oy (11)

Gk:Vt an +8xi an’
where G = 0.09,0¢ = 1.0, =1.0, C; =1.44,and C, = 1.92.

1.2.2 Boundary conditions. The coordinate system isfixed on the wave surface, 9 the flow
field becomes steady. The lower boundary isthe regular cosne wave, 9 the caculated domain is
regarded as a period of field; thusthe periodical boundary conditions can be imposed on two latera
ddes. Near the sea surface the influence of wavesonflow field isgparent and decays repidly with
the increasng height. So it can be neglected at the top of domain, which isat the height of half
wave length (the horizonta windgpeed u is assumed to be constant) ; the pressure is d s a con-
gant pp; the vertica windeed w , turbulence kinetic energy k and disdpation€ are 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 , 20 in numer-
ica dmulation grids should befiner. Near wall turbulence is weak and the molecular viscosty is
important , © the assumption of high Reynold number is not proper there. In order to Smulate
the turbulence near the wall , a wall function assunption isadopted: near the wall only the veloci-
ty parale with the wall isin efect ; turbulence energy generation and disspation are in balance;
the Reynolds stress equals wall stress and is homogeneous. This wall function assumption is ob-
tained ater studying turbulence field near the wall , and is available for turbulence near the rough
wall. Because the sgnificant wave dope is very small , this assumption can a goply to turbu-
lence near the air-sea interface.
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The coordinate trandormation isasfollows: x = x; - Cyst, z = x3; U= u1- Cysz, W
= uz. Therefore the boundary conditions can be written.

(i) At thetop of thefied, the air pressure,velocity , turbulence kinetic energy and disspar
tion at the height of haf wave length are

p|>\/2: Po, (12)
ulr2= W2 - Cys, (13)
aw| x| 2|
0z bz~ dzhye = dzhye T O (14)

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

Ulo= co e Cus, (15)
2 U3 Ays
_ Huys .| AT x
Wl|o=- 5 @sn[)\ 1/3J . (16)

A non-orthogona body-fitted-coordinate system is adopted. Then the velocity near interface
pardlelsit. The boundary conditionsof velocity are

Hi T x
ulw= + C3 - CysHuys 0§ » , (17
2Ays U3 13

w|w=0. (18)
According to the wall function assumption we have, in thefirst grid point near the interface

(z=1z1),

U- Uy= u*['KlInz++ 5.24 -Au” (r+)] : (19)
T u*
<o T >
@t A
&= K z1 - KZ]_’ (21)

where u - isthefriction velocity ; u, isthe velocity at theinterface, u, = u| w; z° = zu./V;
Au*=2.83nr"- 4.5, r" = zu-/V ,whenr*<5A u" = 0;K = 0.4isthe Karman constant ;
T, isthe wall shear stress; z; is determined from z; =11.0; u. is unknown,  iteration is
needed in calculation. Assuming that the velocity of thefirst grid point u is known, u . can be
calculated from (19) , and 0 k,& can beobtained from (20) and (21). Then u can be calculated
again ater we olve the control equations. Iterate it for several times until (u™™* - u%)/ u™ <
10" 3. The distance of thefirst grid point from interface isobtained from z; = z;u./v = 11.0.
S dter each iteration, new vauesof u - and z; are obtained until convergence.
(iii) Boundary conditions at two latera ddes are
pr= pPr, W= U,
w = w,, k= k, € =€ (22)

1.3 Computationad scheme
The finite volume method ispreferred in the numerica caculation. The calculated domainis

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 quantitiesin each control volume, the genera equation
system of the fluid dynamicsisobtained:

oy :

+divpud) = div(l grad®) + Sq. (23)
It can be discretized into an agebraic equation system. For two-dimengonal fidd, it is
apP, = @b + anby + an®y + ah + b. (24)
The non-orthogona body-fitted coordinate grids are adopt-
EEEE ?R ed (fig. 1). Because of nonrorthogonal nature, the equations
] | - should be trandormed into an gppropriate form. All the deriva
tion isomitted here for amplicity. For more details, see refer-
ence [13].

1.4 Cdculation of the drag coeficient Cp
The momentum flux can be calculated in the following
way :

T =1,09 + psrf, (25)
whereT ,, is the friction stress at the interface; p is the pres
sure; O isthe angle between the wave surface and horizonta ori-
entation. According to the wall function assumptionT ., can be calculated: T ,, = 1P Gi'?, where k
is the turbulence kinetic energy in the first grid point from interface. The momentum flux at sea
surface can be obtained by intergrating them over aperiod of wave and making average. Then Cp

Fg.1. Cdcuating grids.

can be caculated by Cp = T—z
P U1

2 Resultsand discussion

The air turbulence field over wind sea has been calculated under different windgpeeds. 10 m
high windgpeedsare5, 7.5, 10,12.5and 15 m/s. Under 5and 7.5 m/ swind, caculated fetch-
esarel, 2,5, 30 km, and 100 kmfetch isa caculated for 7.5 m/ swind. When windgeeds
are 10, 12.5, 15 m/ s, and thefetchesare 2, 5, 30, 100 and 200 km. In addition, the air flows
above the developed waves are a9 caculated.

The wave surface roughness zsand sea surface effective roughness z, are showninfig. 2, in
which curves 1 —3 represent the results under 5, 10 and 15 m/ s windgeed respectively. Fig. 2
shows that zsisabout 10 times higher than zp. It can be explained by the different meanings of
them. High frequency waves are regarded as roughness elements moving on the sgnificant wave
surface, 0 zs represents the contribution of the high frequency part of wind waves to air-sea in-
teraction. zgisthe effective roughnessof sea surface under the assumption of windgeed logarith-
mic distribution, 0 it represents the influence of sea surface status, including the whole part of
wave gpectrum on air turbulence flows. With the increase of the wave age, zo decreases. Thisre
flects the influence of sea waveson air flow and interface course. When the wind waves are devel-
oping, their structures are changing , thus &fecting the interface course, and the momentum flux
decreaes. The high frequency part of wind waves plays a dgnificant role, £ zs a9 decreases
with the wave age increasng. Approximately zsand zo decrease linearly with the wave age.

The change of air flow structure with wind wave developing is shown infig. 3. The profiles
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Fg.2. Ven:tion of wave surface roughness zsand sea surface efective roughness zo with wind-wave developing.

are the vertica distribution above the wave crest when the windgeed is 10 m/s. Curves1,2,3
and 4 represent the different fetchesof 2, 5, 30, 100 km. Fig. 3(a) is the vertica profiles of
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Fg. 3. Variation of ar turbulence structure above waves with wind-wave deveoping.
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windpeed. The profiles are of the logarithmic form at the large height , or far from the sea sur-
face, whereas the profiles deviate from the logarithmic form as they approach the sea surface.
This showsthe influence of waveson large scale of air turbulence. Figs. 3(b) —3(d) are the pro-
files of turbulence eddy viscodty coefficient , turbulence kinetic energy and disspation. With the
wind wave developing , the turbulence eddy viscosty increases and is much higher than the molec
ular visoosty coefficient. This means that the turbulence exchange in air-sea boundary layer plays
a dominant role. The decrease in turbulence energy and disspation shows that the turbulence in-
tendty becomes lower with the wave development. Because of the dominant role of turbulence,
the reduction in turbulence intendty means the decreasng air-sea momentum exchange.

3 Figure 4 shows the variation turbulence fric-

5 sk T tion drag and wave shape drag with the wind eed

‘. . and wave age. The dots, diamonds and triangles

. 2f ¢ represent the turbulence friction drag under the
E 1.5F . windspeeds 5, 10 and 15 m/ s; the crosses, rectanr
"?i 1B . .:~ gles and reversed triangles represent the wave shgpe
= «| drag under the same windgeeds. Near the wind
0.5¢ N wave interface, turbulence plays a dominant role,

or Tt +vee *| and the shape drag due to dgnificant wave is small.

-0.5 TV VOIS VIUUT TV FEUUe Do The wave surface roughness zg represents short

0 5 10 15 20 25 30 35 40 45

wave contribution to the momentum exchange, ©
C/U.

the turbulence friction drag can be regarded as the
Fig.4. Turbulence friction drag and wave shape drag over addition of interface friction and impact of short
sea surface. waves. It isdifficult to decompose surface friction,
waves impact and turbulence from interface mo-

mentum flux. Infact, the three of them interact , and it isimpossble to decompose them thor-
oughly from the physca aspect. Acoording to fig. 4 the shagpe drag has a smdl value. Sgnificant
wave represents the influence of long waves on momentum exchange, 9 the long waves change
the large-scale structure of turbulence but afect momentum exchange at the air-sea interface

weakly. In the figure the friction drag has larger 5 s

values, which means that the change of small scale
turbulence structure due to short waves has alarg- 3t
er impact. The vaue of the shape drag even can be
negative when wind waves are developed because S
the dgnificant wave eed is a little bit larger than E 2}
the 10 m high windspeed. & sk 5
The variation of the drag coefficient Cp with ’ X, )
wave development is shown in fig. 5, in which s \
curves 1—3, diamonds and triangles represent o U ?‘
windspeeds of 5, 10 and 15 m/ s regectivdy. It 0 S 10 15 20 25 30 35 40 45
can be concluded from fig. 5 that the drag coeffi- c,/U.

cient Cp decreases with the wind wave develop-
ment. Intheinitia period, mos of the wind waves
are high frequency components which have large

Fg.5. Variation of the drag coefficient Cp with wave age
Cy/ U .
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dope and low wave gpeed, D the drag codficient has a larger vaue. With the development of
wind waves, the wave height , wave length and wave speed increase but the wave dope decreases,
which implies the reduction of the drag coefficient. From the figure it can be concluded that Cp
decreases linearly as wave age increases. The results are compared with the measurement by
Dondlant*! in fig.6. The diamonds, dots, triangles, crosses and multipliers, represent the ranges
of U/ Cy. They are0.8—41.5,1.5—2.0,2.0—3.0,3.0—4.0, 4.0—6.0, repectively. The
two lines with circles and triangles mean the variation of Cp when U ./ Cyis0.2 and 0.04, re-
sectively. Dondan’ s data were obtained in L ake Ontario , which only have finite fetches. How-
ever , during the initia period of wave developing, the scalesof waves are not @ large that thein-
fluence of the lake bottom and border can be neglected. Then the interaction of wind waves on
lake is dmost the same asthe deep sea. Although the distribution of observational datais not very
regular in the figure, it ill can be concluded that the result of numerica smulation wdl fitsin
with the observation.

0 " i ! 0 L 1 i
0 5 10 15 20 0 S 10 15 20

U/ms™! U/m-s™ b

Fg.6. Comparion of cdculating result with Donelan’ sobserving result.

3  Conclusion

In order to study the influences of wave development on air-sea interaction, a new modd of
wind waves is used in numerical Smulation. The dgnificant wave and surface roughness represent
the influence of waveson air flow, k - € modd is adopted for turbulence smulation. Then ar
turbulence above waves with wave development is Smulated. The variation of the drag coefficient
with wave age agrees well with the observations. The JONSWAP gectrum is used to determine
the parametersof the interface model including dgnificant wave and surface roughness. However ,
the adoption of different wave gpectrum would change the vauesof the interface mode. A formu
la of wave surface roughnessisobtained based on dimendonal anayssand result comparison. The
accuracy should be tegtified by further theoretica study and measurement. When windgeed ex-
ceeds 15 m/ s, wave breaking which partly atersthe processof momentum trander will occur fre-
guently. Therefore, afurther improvement of this modd is absolutely needed.
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