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Abstract

Recent field observations and large-eddy simulations hlages that the im-
pact of fast swell on the marine atmospheric boundary layekEL) might be
stronger than previously assumed. For low to moderate wifasing in the same
direction as the waves, swell propagates faster than the mea. The momen-
tum flux above the sea surface will then have two major compisn¢he turbulent
shear stress, directed downward, and the swell-inducessstdirected upward. For
sufficiently high wave age values, the wave-induced compbbecomes increas-
ingly dominant, and the total momentum flux will be directatbithe atmosphere.
Recent field measurements have shown that this upward mameransfer from
the ocean into the atmosphere has a considerable impace@utface layer flow
dynamics and on the turbulence structure of the overall MABhe vertical wind
profile will no longer exhibit a logarithmic shape, since amcaeration of the air
flow near the surface will take place, generating a low le\elevdriven wind max-
imum (a wind jet). As waves propagate away from their gemnamadrea as swell,
some of the wave momentum will be returned to the atmosplmetke form of
wave-driven winds.

A model that reproduces quantitatively and qualitativélg tvave following
atmospheric flow and the wave generated wind maximum, asfe@@mmeasure-
ments, is proposed. The model assumes a stationary momamiditurbulent ki-
netic energy balance and uses the dampening of the wavesstrflace to describe
the momentum flux from the waves to the atmosphere. In thtyysgimultaneous
observations of wind profiles, turbulent fluxes and wave speturing swell events
are presented and compared with the model. In the absenoesstablished model
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for the linear damping ratio during swell conditions, weeatpt to use the model
combined with the observations to estimate the wave dampioigthe cases where
the observations showed a pronounced swell signal and ahnaosind waves, the
agreement between observed and modelled wind profiles makably good. We
find the resulting attenuation length relatively short, ethsuggests that the esti-
mated damping ratios are too large. We attribute this, at leartly, to be caused by
processes not accounted for by the model, such as the ecastéian atmospheric
background wind. In the model, this extra momentum must [pplged by the

waves in terms of a larger damping ratio.



1. Introduction

Although it might seem intuitive that fast running waves éfjvarriving on light wind areas
will have an impact on the local wind field, this concept hatilveen devoted the proper atten-
tion until the laboratory experiments by Harris (1966). Dgrseveral experiments performed
in an indoor wave tank, using a mechanical wave generataast noticed that a weak wind
immediately above the waves was always present. Harrisojli®8med this phenomenon the
“wave-driven wind”.

Observations of the air-sea interaction regime in the presef swell are relatively rare and
sparse. Nevertheless studies in the early 1970s from eiffe3oviet ocean campaigns (Volkov
1970; Belinov et al. 1974) and from Lake Michigan (Davidsad &rank 1973), from the Baltic
Sea (Smedman et al. 1994, 1999; Rutgersson et al. 2001)y@ndseveral campaigns in the
Atlantic and Pacific Oceans (Donelan et al. 1997; Gracheviram@ll 2001), have found evi-
dence that the presence of fast running waves during lighdlsvinduces an upward momentum
flux, directed from the water surface to the atmosphere.

The study from Smedman et al. (1999) was based on obsersatitlected in the aftermath
of a gale, from a tower located on the southern tip of the sisllhd Ostergarnsholm, east
of Gotland Island in the Baltic Sea. During periods of stramggell regime, upward directed
momentum fluxes were recorded from turbulence sensors. ditiaa, wind measurements at
several levels showed a well defined negative wind gradibave the first measuring level
(around 8 meters high above the mean sea level). This neggatadient indicated the presence
of a low-level wind maximum in the lower marine atmosphemcibdary layer (MABL). These
findings were in agreement with what Harris (1966) had alyga$tulated, saying that it would

be possible that a wave-driven wind might produce a pertiogban the velocity profile by



increasing the wind velocity in the direction of wave propagn at low elevations above the
water.

Until recently the wave-driven wind has been looked upon peauiliarity or, as Grachev
and Fairall (2001) mention, an exotic case. In spite of bamtriguing process, the dominant
idea has been that it only occurs in a thin layer above thengatéace, and that it has presum-
ably no impact on the dynamics of the atmosphere (Janssef).280llivan et al. (2001) and
Rutgersson and Sullivan (2005), using direct numericabfations (DNS), and Sullivan et al.
(2008), using large eddy simulations (LES), investigatesl impact of swell on the MABL.
Their findings indicate a stronger impact, in agreement prétvious (Smedman et al. 1999)
and more recent (Smedman et al. 2008) field measurementsmplaet of swell was shown,
both by measurements and simulations, not only to generat&va-driven wind, but also to
influence the overall turbulence structure of the MABL.

The basic concept behind the wave-driven wind and momerramsfier from the waves into
the MABL, is that swell waves perform work on the overlyingraisphere as they propagate
faster than the wind, producing a forward thrust on the floenék swell looses momentum and
energy to the atmosphere as it gradually decays, accelgtae airflow. Under swell influence,
the wind profile exhibits a low-level wind maximum and a negafor constant) gradient from
there on, violating the logarithmic wind profile law. The MorObukhov similarity theory
cannot be claimed as valid in this situation (Miller et al9929Smedman et al. 2008).

As Hristov et al. (2003) pointed out, the incomplete underding of the atmosphere-
ocean interchanging processes reduces the predictatditpnly of climate models, but also
of weather and wave forecasting models. Swell is known t@@gate thousands of kilome-

tres across entire oceans (Snodgrass et al. 1966), crabsitgpics and the equatorial regions



where light wind regimes prevail. The picture that emergesifthis feedback process is of mo-
mentum being transferred from the wind into the ocean at malragh latitudes, where storms
are more frequent. Part of this momentum is used in the wamergéon process along storm
tracks. As waves propagate away from their generation areavall, some of this momentum is
returned to the atmosphere, mainly at lower latitudes, é&féhm of wave-driven winds. There-
fore a better physical understanding of this process is obicerable interest from a global
climatological point of view.

Although the attenuation might be small, there is some dectye swell energy as it prop-
agates, and the physical mechanisms responsible for teisuation remain poorly understood
(Komen et al. 1994; Ardhuin and Jenkins 2006; Kantha 2006major question is how and
where to the wave energy is transferred, and how to modelatihiscean exchange process.
Kudryavtsev and Makin (2004) presented numerical solstiomm a one-dimensional station-
ary model for the MABL flow in the presence of swell. They hawgobsed an inner region
and an outer region structure on the MABL, with the wave inflteeon the atmosphere being
limited to the inner region. The model is conceptually basethe energy transfer from the
waves to the atmosphere when the momentum flux is directeénapwAlthough in the situ-
ation where the wind is aligned with the swell propagatingcdion the model reproduces a
low level wave-induced wind maximum, as found by Smedmarh €1899) and Sullivan et al.
(2008), the wind maximum is located at a lower height.

More recently Hanley and Belcher (2008) investigated hoeaocwaves affect the dynam-
ics of the whole MABL by proposing different models of momamt budget above the ocean
surface. The models were further used to assess the effeatadf on the wind profile and on

the entire MABL dynamics. Their study was based on Ekmanrtheoodified by introducing



a wave-induced component on the total stress and on the Elmarprofile. Besides qualita-
tively reproducing the LES experiment from Sullivan et 2008), they have proposed several
criteria for the existence of swell driven wave-induced jasing different parameterizations of
the eddy-viscosity coefficient and different turbulenaesdires, but like Kudryavtsev and Makin
(2004), their study was not compared with field measurements

In the present paper a model that reproduces qualitativety quantitatively the wave-
induced stress in the surface layer of the MABL wind is pragbs New parameterizations
for the wave-induced stress at the surface (expressed axadiu of the swell energy decay
rate and wave slope), and variation with height are includedde model. The model results are
compared with observations from a tower at @stergarnsholm island, in the Baltic Sea.

In section 2, the measuring site and the data used in the a@opa are described. The se-
lection criteria for the different cases used in the congmars is also explained in this section.
The model is derived in section 3, with two different paraenations for the eddy viscosity
(linearly varying with height and as a function of the tusd kinetic energy). An extension of
the model, where the assumption of constant total stresetaisad is presented in the end of sec-
tion 3. In section 4 some sensitivity tests and comparisatiswind speed profile observations

are shown. In section 5 the results are discussed with refer® previous findings.

2. Observations

The measurements used in this study were taken &stergarnsholm site in the Baltic Sea.
This air-sea interaction measuring site consists of amungtnted 30-m-high tower, situated

at the southernmost tip of the island @btergarnsholm (geographically located atZ7N-



18°59’E) (see Fig. 1), and a Directional Wave rider Buoy (DWR)eTWR is run and owned
by the Finish Institute of Marine Research (FIMR), and wa®rad about 4 km southwest of
the tower where the water depth is 36 m. The island is very loavfiat, with virtually no trees
and very scarce vegetation. The tower base is located at loredbe mean sea level, with a
+/- 0.5 m sea level variation.

High frequency Solent sonic 1012 anemometers (Gill insémits, Lymington, UK), mounted
at 9, 16.5 and 25 m above the tower base, recorded turbuletaeotithe three wind compo-
nents (and also temperature) at 20 Hz. In addition, sloworesp (“profile”) sensors recorded
wind speed and direction, and temperature, at 6.9, 11.8, 28.and 28.8 m above tower base,
at 1 Hz. A high-pass filter based on a 10-min linear detrendiag applied to the turbulence
time series to remove trends. Both turbulence and slow respdata are 60-min averages. The
wave measurements were recorded once every hour for 26 esitartg periods. The significant
wave height was calculated using the integration trapetomthod, from spectral frequencies
between 0.025 and 0.58 Hz. The spectral variance, meartidimedirectional spreading, skew-
ness, and kurtosis were calculated over a frequency rang lmhs from 0.025 to 0.58 Hz. For
longer period waves (swell), which are the focus of this gtadvave transformation correction
was applied (see appendix of Smedman et al. (1999)).

Both meteorological and wave data have been collected alowdinuously since 1995
at this site. For the wind direction between {80 210 sector), the data has been shown
to represent open sea conditions in the sense that the wéésfrmainly undisturbed and the
atmospheric turbulence is not influenced by the low watettgeyery near the shore {dstom
et al. 2008a). Additional details about the measuring siguding the flux foot print analysis

concept, and a detailed analysis about the wave field, tiol feanditions, and the bottom



topography in the vicinity of the buoy and around the souttstore of the island, can be found
in Smedman et al. (1999, 2003) andd$tbm et al. (2008b).

The measurements used for the model comparisons in sectigrelobtained from two
different periods: September 16-19, 1995, and Septemb@322996. A total of six cases
were selected: four from the first period and two from the selco

Relatively low wind speeds were measured during the sal@eatses (indicating a light wind
regime), and the wind direction was roughly aligned with slweell propagation direction. A
swell dominated wave field was always present. In all the <#se 60-min averaged total
momentum flux was negative, therefore directed upward. tRelg small positive heat fluxes

were present, giving a slightly unstable stratification ahoselected periods.

3. Mod€

Over the sea surface, when waves are present, the wind tyelas an additional compo-
nent. Besides the mean and the turbulent components, faremdbmd or rigid surfaces like ice,
a wave-induced term is now present. The total kinematicsstée,;) is therefore partitioned
into turbulent shear stress (,,), wave-induced stress,f,..) and viscous stress{..) (Phillips
1977):

Tiot = Tturb T Twave T Tviscs (1)

where the viscous component is neglected, since it is nabitapt from a distance of the order
of millimetres above the sea surface.
During the wave developing (or growing) process, the wankiced stress (or wave-induced

momentum flux) is directed downward, and is positivg.(. > 0) (Komen et al. 1994). In this



situation energy and momentum are being supplied from thesphere to the sea surface. We
define the wave age parametercggu.

As waves start propagating away from their generation dreaMave-induced momentum
flux gradually decreases, reaches zero, and reverses siggpming negativer(,,,. < 0) (Smed-
man et al. 1999; Grachev and Fairall 2001). When the waveesdltnomentum flux becomes
dominant over the turbulent stress (il€,qve| > |Tiurs|), the total momentum flux will therefore
reverse sign, becoming negative,( = Tuave + Trure < 0) @and upward directed. The negative
total momentum flux indicates that energy and momentum aregglieansferred from the sea

surface to the atmosphere.

a. Constant flux model

A neutrally stratified MABL is considered. It is assumed timathe surface layer the effect
of the Coriolis term is negligible, and therefore the totakss and its turbulent and wave-
induced components are confined to #hdirection. For 2-dimensional stationary flow with no
horizontal gradients, it follows from the principle of cargation of momentum that the shear

stress is constant in the turbulent boundary layer:

ATiot

dz

— 0. )

Here, 2 is the vertical coordinate, which is positive upward. Thebtlent stress will be

parametrised as

au

E ) (3)

Tturb = Km



where K, is the turbulent eddy viscosity arid is the mean horizontal wind. Inserting (3) in

equation (2) yields an equation for the mean horizontal wind

dU _ Ttot — Twave

@ ' 4
dz K,, ()
The wave stress is

Twave = — < UW >, (5)

whereu andw are the longitudinal and vertical components of the flow. Breeckets indicate
time averaging the tilde denote wave-induced flow fluctureio

A parametrisation for,... nevertheless is still needed. For irrotational waves, tiétal
velocity components decay as*?, wherek is the wave number. In this case, the vertical and
horizontal components are 90 degrees out of phase. The waas $s then of course zero.
When a small amount of work is performed at the surface, thecitglcomponents are slightly
phase shifted, as observed in the Large Eddy SimulationSYbESullivan et al. (2008). Their
findings indicate an exponentially decaying with height esawduced stress, in agreement with
prior numerical calculations presented by Chalikov and ®dele (1993), and with the field
measurements of dtystdm et al. (2008b). In this study it will be assumed that the anglv

directed wave-induced stress will have the form

Twave = T’S)a’ueeizkz7 (6)

wherer?  _is the wave-induced stress at the surface.

This surface wave stress can be related to the energy dartimoggh the rate of work

performed at the surface. For one harmonic wave comportengriergy per unit area is

1
E= §pwga2, 7)
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wherep,, is the water density; is the acceleration of gravity andis the wave amplitude. The
rate of change of wave energy caused by a surface stresspsrpamal to the phase velocity
times the stress:

oF
E = paCTfL(l))ane7 (8)

wherec is the phase velocity. By linear theory, the rate of changeafe energy in decaying

waves may be written as

OE

where 3 is the growth rate or the wave damping coefficient dependmdhe sign. Using

equations (7), (8) and (9), the relation betwefn . andg is found to be

0o _ EBQCLQ

— 10
wave 2 sc ? ( )
wheres = p,/p,. By substituting this in equation (6), the wave stress cawiliteen as
1 2
Twave = 7@672kz. (11)

SC

For a wave spectrum, the wave stress is found by adding thélmation from all wave compo-

nents:

raase = [ DI gy (12
0 SC

Here,S(f) is the wave spectrum anflis the frequency. In this casg,is positive in the high
frequency range and changes sign for long waves traveléastef than the wind. If we define

39 as the growth rate ang’ as the damping coefficient, the wave stress can be rewristen a

fe d oo (19
Tave :/0 6 gSSC(f) €f2kzdf _’_/ﬂ ﬁ g‘i(f) ekazdf. (13)

S
f. is the frequency corresponding to a wave phase speed eqtia O metre wind speed .
This frequency can be seen as a separation between the swdha young sea parts of the
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wave spectra, and is

Up=c=2=2=-0 = f=—1 (14)

v — __9
k 2m f. 2nUq
wherew = \/gk is the angular frequency for deep water waves &ngis the wind speed at 10
meters.

The eddy viscosity can be related to the turbulent kinetergy b, and the mixing length,
[, as

Kb =1vb. (15)

In this study a neutral stratification is assumed and thengilength will be taken to be

|l =kz, (16)

wherex = 0.4 is the von Karman constant. Following Kudryavtsev and MgR04), we as-
sume a balance between shear production, vertical rateaoigehof energy flux and dissipation
of turbulent kinetic energy. The turbulent kinetic energybet is then (Tennekes and Lumley

1972)

d
Ttotﬂ =+ Fw —e=0. (17)
dz

wheree is the energy dissipation. The wave term in equation (17) is

1 d
F,=———(< pb >). 1

Here,p is the fluctuating part of the pressure due to the wavespans the density of the air.

The energy dissipation term is often parametrised as

b3/2

€= (29)

Combining equations (3), (15), (17) and (19) yields and d@qndor the turbulent kinetic en-
ergy,
b* = |Tiot (Ttot — Twave) + IVDF,|. (20)
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Here, the total stress can be negative, i.e upward diredtki. will be the case whenever the
magnitude of the wave stress is larger than the turbuleesstrThe shear production term in
equation (17) may therefore become negative. The absadliie wf the first term on the right

hand side is taken to avoid negative production of turbukergtic energy.

The energy flux in equation (20) is related to the rate of work:

— <P >= P <UD > = — < P S= PaCTO € (21)

ave

Accordingly, the pressure perturbation term for in (20) doke harmonic component becomes

F, = —2ker?, e 2 (22)

wave

For a wave spectrum the expression can be written as

S

fe d 00 g
Fw _ _/0 25 ng(f) e—2kzdf o /C 25 glz5<f) e—Zkde‘ (23)

If the damping and growth rates are known, the wave stressvane energy flux can be
calculated from equations (13) and (23). The wind profilehentfound by solving equations
(4) and (20) numerically. Using a prescribed eddy viscosigtead of equation (20) yields a
simplified solution that nicely illustrate the general bebar of the model. For this purpose
we will use an eddy viscosity that is varying linearly withigiiet. Strictly, this is only valid in
the absence of waves. However, as the eddy viscosity wik havwncrease with height near
the surface we will assume that the assumption of a lineadseasing eddy viscosity does not
violate the general structure of the solution. It will be gated here to demonstrate how the
traditional boundary layer model is modified in the preseotewell. The eddy viscosity is
then taken to be:

K in = K2U,. (24)
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Here,u, = /| 7| IS the friction velocity. Using equation (11) for the waveesss, the solution

to equation (4) is
0 —kz

U(z) = i (Z) = Dome [P g, (25)
20

Ky 20 Ky z

where z, is the aerodynamic roughness length. In the absence of weasssequation (25)

reduces to the well known logarithmic profile. We see thatitii@duction of the wave stress
yields a new term that modifies the traditional logarithmistiibution. For cases when the
total stress is upward directed, the logarithmic terms gatige while the wave term becomes

a production term for mean wind in the MABL.

b. Non-constant flux model

The assumption of a constant momentum flux in the surface MABiws for relatively
broad variations with height: up to 10% of its magnitude derall surface layer (Stull 1988).
Recent field campaigns have collected observations thabtloamfirm the constant flux as-
sumption under a swell dominated wave field. The total moomarftux magnitude has been
observed to decrease with height (Smedman et al. 2008).dEbigase in magnitude is related
to the impact of swell on the turbulence structure in the MABhe starting point is the fact that
swell induces modifications in the turbulence productiochamism close to the surface. These
modifications have an impact on the turbulence structuregndmics of the entire MABL, and
are expected to drive the non-constant momentum flux, bmgakne of the assumptions of the
The Monin-Obukhov similarity theory. Assuming that; is no longer constant, but varies

linearly with height, tending asymptotically to valuess#ao zero outside the surface MABL.:

Tiot = 7'toot + az, (26)
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wherer?, is the value of the flux at the surface amdts vertical gradient, which is assumed to
be constant and positive, so that the magnitudeptot is actually decreasing. Following the

same steps that lead to equation (25), the wind speed ptodireliecomes

0 z »—kz
U(Z) _ Ttot ln(i) . Twave / € da i (6% (z B ZO), (27)
KUy, 20 Ky Jzo 2 Ky

An additional term is present on the right-hand side. Thimtaill determine the departure
from the original wind speed profiles due to the vertical tiagation of the total momentum
flux. The impact of the non-constant momentum flux MABL will &eplored in greater detalil

in the following section.

4. Resaults

a. General behaviour of the model

In this section general model results, along with some meelasitivity tests, are presented.
The behaviour of the wind speed profiles from equations (2%) the numerical solution of
(4) and (20), corresponding the linearly varying with heiglldy-viscosityK' , and to the
TKE dependent eddy-viscosify” , respectively, are investigated. The input parameterseo t
model are an upward directed constant momentum-#lyx= —10-2 m? s—2, a wave damping
parameterd = —5 x 107° s~!, and a constant roughness lenggh= 10~° m . We stress that
these values have been chosen only to demonstrate theldyanaliour. The realistic values
will discussed in more detail later. The monochromatic whelkl is assumed to have a wave
amplitudea = 1m = and a wave numbeér = 0.1 m~!, corresponding to a wave phase speed
c=9.9m s~ !, awave period’ ~ 6.3 s and wave lengti, ~ 63 m.

The two wind speed profiles, corresponding to the two eddgeasity formulations, are
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shown in Fig 2. A distinctive wave-induced low-level wind j@r wind maximum) in the
surface MABL, for both eddy-viscosities, can be seen in g Zhe wind profile calculated
using thek'! eddy-viscosity (dashed line) has a more pronounced butgkhigher wind speed
at the wind maximum (jet strength), compared with the pradilaluated with thek® eddy-
viscosity (dot-dashed line). The heights of the wind maxarethe same for both cases~ 3
m). The wind speeds at the jet ase&6 m s~! and2.5 m s~!, for the K! and K! eddy-
viscosities, respectively. Fig. 2b shows the two wind speeddiles for the entire MABL,
normalised by the background fldiis . The height of the boundary layer is assumed to be 200
metres, and the background flow the wind speed at that helgigt.wave induced wind speed
departures front/z at low levels can be seen for both eddy-viscosity formufeticAbove the
jet the wind speed reduces smoothly to the background flowoin profiles. This feature is in
gualitative agreement with the LES predictions from Salfi\et al. (2008).

The vertical profiles for the two eddy-viscosities are shawirrig. 3. The inclusion of
the TKE on thek?, formulation gave rise to an increase of the eddy viscosityougbout 25
meters, compared with the linearly varyig, formulation. The immediate result is a vertical
diffusion of momentum. This turbulence diffusion leads tess pronounced wind jet, as seen
in Fig. 2a. The lower jet strength is also related to the manmardiffusion.

An additional horizontal wind speed profile from equatioi)2vith the k! eddy-viscosity,
is shown in Fig. 4. The input parameters remained unchangét,the exception of the
total stress that is now decaying (in magnitude) with heagltording to equation (26), where
70, = —0.01 m? s* anda = 3 x 10~ m s~2. The surface MABL height, where the total stress
eventually becomes zero, and the TKE vanishes, is assumieel 30 metres. The decrease

in magnitude ofr;,; resulted in an increase of the wind speed at higher level tam less
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enhanced jet (dashed line), when compared with the origvitad speed profile computed with
a constant total momentum flux (full line).

The vertical profiles of the total stress and its componehtsiurbulent and wave-induced
stresses, used as input parameters, are showed in Fig 59.18&i;,; is constant with height
(vertical full line), 7., (dashed line) is evaluated from equation (11), and the ternstress
(dot-dashed line) is computed from,., = Tt — Twave- The vertical profiles of the stresses
resulting from the non-constant stress model are showngrbbj wherer;,; ~ T, ~ 0 at
z = 30 m. The less pronounced bulge is due to the decrease (in mdghiod 7., after
a certain height, tending to a decreasing. The characteristics of the wind profiles in Fig.
2 are related to the stresses profiles shown in Fig 5a, ancetdythamical processes behind
them. Bellow the jet the wind speed gradient is positive.his tayer the wave-induced stress
accelerates the wind because there is a significant amoomimientum being transferred from
the waves to the atmosphere; the turbulent stress is pogdivd downwards). At the height
of the jetr,,,, is zero, and reverses sign and direction from there up (beapmegative and
upward), corresponding to a smoother negative wind speadigmt. The physical sense of
this process is in agreement with the LES results from Satligt al. (2008), and with the field
observations and findings ofddstiom et al. (2008b).

Model sensitivity tests to the variability of the wave damgpparameter, and the roughness
length, using the model formulation from equation (25), @@€ormed. The model response to
the variations of3? is shown in Fig. 6. The original profile with? = —5x107° s~! is shown as
afull line. The wave damping parameter is then slightlyediiA 3¢ = +3 x 107 s~ 1), keeping
all the remaining parameters unchanged. Increased vafugs corresponding to a larger loss

of energy from the waves into the atmosphere, lead to a strgagand higher jet (wind profiles
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in dashed lines in Fig 6). The opposite effect, with lowenesl of 3¢, and consequently less
energy transfer from the waves, lead to a weaker and lower et horizontal shift of the wind
profiles on Fig. 6 occurs due to the fact that ofilyis varied and all the remaining parameters
are kept unchanged.

The fact that the wind profile over the ocean, under swell @@rd, is no longer logarithmic
makes the correct evaluation of the roughness length a asmine problem (Smedman et al.
(2003), their Figs. 3 and 7). For the model sensitivity tésteughness length variations several
formulations are used (Table 1). Once again the origindilprevaluated withy, = 107> m is
kept as a reference, and is shown as a full line in Fig. 7. Théles corresponding to several
roughness lengths from the different formulations are shew dashed lines. The effect of
roughness length variations is different than the one abthwith the variations of the damping
parametep3?. The impact is no longer caused only by the wave-inducedgfatjuation (25),
but also by the logarithmic component of the profile. Vadas of z; have an impact on the
wind speed only, and not on the height of the wind speed magxasaan be seen in Fig 6.
Larger values ot give rise to lower wind speed values, and reduggdalues to higher wind
speeds. The sensitivity of the model to the roughness laagtiowever, relatively small. The
wave age dependent relation roughness length from Smi®2§19, = 0.48u2/g(u./c,)**,

will be used in the model comparisons with observations eftilowing section.

b. Comparisons with field measurements

In the present section the modelled wind profiles from eguatR5) and the numerical
solution of the equations (4) and (20), corresponding toftteand Kb, eddy-viscosities, are

compared with wind speed measurements from the 30 m highr @v@stergarnsholm Island.
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The observed input parameters to the modelled wind profiledhee total stress form highest
measuring level, the roughness length, the wave amplitadé¢he wave phase speed. The wave
amplitude is approximated by one half of the observed sicanifi wave height(~ H,/2). Due

to the relatively small heat fluxes measured in the tower ¢hotvn here), a neutrally stratified
surface MABL is assumed.

From all the needed input parameters, the one that has notdiiserved is the wave atten-
uation/growth parametef . A clear conclusion about the parameterizations of therpatar
(3 is still lacking, on both the growth and the decaying regirtieg particularly on the latter),
as Hanley and Belcher (2008) describe. As far as our knowelenges, there is no study or
measurements available in the open literature descrilpagifcally the damping rate of swell
aligned with the wind. There are some laboratory studies avevenergy attenuation, but they
are mainly focused on the effect of an opposing aligned wimevave energy decay (Donelan
1999; Pierson et al. 2003). The results from these labgraxperiments are not consensual,
and most of the times are either not in agreement with theryharocannot be directly applied
in the open ocean (Kudryavtsev and Makin 2004).

Ardhuin and Jenkins (2006) concluded that, besides locsneggy to the atmosphere, swell
also transfers energy to the ocean mixed layer. The losserfygrirom swell into the ocean
occur when waves and upper ocean turbulence co-exist, ahtigraction between the two
leads to a transfer of energy from waves to TKE. They have atseluded that for swell
propagating in the wind direction, the transfer of wave ggeanto the ocean is at least one
order of magnitude smaller than the loss of energy to the spimere.

The lack of a proper parametrisation for the parameteanakes the comparisons of the

model wind profiles proposed in the present study with fieldertations rather challenging.
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Instead of using one of the proposed parameterizationtablain the literature, the wind speed
observations from the tower are used as an input to the mBgelsing the formulation for the
total (net) wave-induced stress in equation (13), the dagparameter3?, is then taken as a
residual parameter by forcing both modelled profiles to gogh the observed wind speed at
the lowest level. For that purpose we introduce the weightestage of the damping parameter

over the low frequency range of the observed wave energww@tsuch that

Twave = ﬁd /f gS(f) 72kzdf + /fmm ngS f) 72kzdf’ (28)

min SsC

where f,.;, and f,... are the minimum and maximum frequency in the observed spettie
frequencyf. is computed by using an interpolatéd, between the two lowest wind speed

observation levels. In a similar way the wave term in equefitD) is calculated as

P [ RIS ey [ 2GRS

e 2k qf. (29)

For the young sea part of the wave spectra, the growth of tivesw@mained frequency depen-

dent, and assumed to be explained by the parametrisationBedcher and Hunt (1993):
Uy \ 2
9 = —_—
B3 = Cpws( - ) (30)

where(Cj is a constantw is the wave frequency in radians. Following Hanley and Beich
(2008) the wave growth-rate coefficient is takerCas= 0.32. The observed 1-D wave energy
density spectra are used as an input for computing the to¢d) (vave-induced stress and the
wave energy flux from equations (28) and (29).

As mentioned in section 2, the selection of the six cases hawadn a priori condition an
upward directed momentum flux (60-min averaged), followgdHe conditions established in
Hogstvm et al. (2008a) for the so called swell cases at the fodtarea of theOstergarnsholm
measuring site. The six cases are ordered chronologicatlyase designated from A to F.
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Although being a limitation that the lowest wind speed meiaguevel is as high as 7.9 metre,
the fact that from this level up the wind profiles in all casekikit a well defined negative
gradient, allows the plausible speculation that a wind dpeaxima will be somewhere between
this level and the surface (Smedman et al. 1999).

Figs. 8 and 9 show the comparisons between observed windsfldack squares joined by
full line) and modelled wind speed profiles computed for tixecases (dashed and dot-dashed
lines for the K!, and K¢, eddy-viscosities, respectively). The observed wave gnspgctra
for each case are also shown in Figs. 8 and 9. The wave speetdivaded in two parts by a
dashed vertical line. This line separates the swell enegaglyfppm the young seas part, being
the separation frequendy.

There is a very good qualitative and quantitative agreerbetween the observed and the
modelled wind speed profiles in cases A, B, C, and F, with nobsal@greement in cases D and
E. The quality of the agreement between the observed andll@dgeofiles seems to be directly
related to the wave age parameter, here defineg/as. All cases are clearly swell dominated,
since for all of thenr,/u, > 20. Nevertheless the lowest wave age values, indicating a less
swell dominated wave field, are the ones measured during dsed E, whereas for cases
A, B, C, and F the wave age values are higher. The values of takstoess, damping ratios,
amplitudes, wave lengths and attenuation lengths arellist€able 2.

In cases A, B, C and F, the wave damping paraméAﬂe'rs consistently of the order of
—10~* s~! for both modelled profiles. The exception are cases A and B (fum the K,
eddy-viscosity) where the values (magnitude) are slightfaller 3¢ = 0.89 x 104 s~ and
—BE = 0.69 x 10~* 571, for cases A and B, respectively). The values for cases D aaré Bne

order of magnitude higher for both eddy-viscosities. Thieies of the damping paramet,@i‘
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for all cases are listed in Table 2. The inverse wave ageq@cagainsfﬁ is shown in Fig. 10.
There is a clear decrease|i/ﬁ\fl| as the inverse wave age (or as the swell dominance) decreases
in agreement with Kudryavtsev and Makin (2004).

The height of the jet was evaluated for all cases for both adslyosities. The height is
higher in the profiles evaluated with th€” eddy-viscosity, when compared with the ones
evaluated with thex! eddy-viscosity. The reason relies on momentum diffusienbefore.
The difference between the height on the modelled profileslaively more pronounced (1-2
metres) for the cases A,B,C, and F, compared to the cases D &ad)E metres). On these
two last cases height of the jet was also lower. The justibodbr this lower height can be the
possible disruption of the wind-driven jet by the presenta background flow, or, just with
the poor agreement these two cases show when compared witihservations. On the other
hand, assuming that the effect of an unaccounted backgiftawds very small on cases A, B,
C and F, the wind speed maxima at heights 4-6 metres can bemedda be driven (mostly) by
the upward directed momentum flux from the waves, and thexefloser to reality.

The spatial scale of attenuation can be calculated as

Lo = cg/|87), (31)

wherec, is the group velocity, approximated for the peak wave speed, a~ c,/2. The
results are listed in Table 2. The values seems to be rathait saen when considering the
relatively short wave lengths in these observations (alS@ble 2), indicating that the damping
ratios are too large. The wave lengths ranges from 20 to 48esetith attenuation lengths
from 98 kilometres down to almost 6 kilometres for some cad¥s see that the longest, and
probably closest to realistic, attenuation lengths aredolor the cases A to C. These are also
the cases with best agreement in the comparison betweendtielled and the observed wind
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distribution. We believe that the too large damping ratias be explained by background wind
not accounted for in the model. If a background wind exisirdythe observations, the model
must adjust for this by an artificially large momentum fluxdamence a too large damping
ratio. The model is very sensitive to the valuesmf. Uncertainties in the measured total
momentum flux might also have contributed for such high tuweddes of the damping ratios.
An additional source of error that can be held accountedaddlt that a neutrally stratified

MABL is assumed. As seen in the LES by Sullivan et al. (2008, dffect of buoyancy in the

dynamics of a swell dominated MABL can be considerable.

5. Conclusions

The effect of fast running waves on the overlaying MABL iosiger than it has been as-
sumed until recently, as seen from the LES predictions itiv@aul et al. (2008), and in the recent
field measurements in Smedman et al. (2008) aagdtom et al. (2008b). A swell dominated
wave field is frequently in a state of disequilibrium in lightnd conditions, and looses mo-
mentum and energy to the overlaying atmospheric flow as figgates. In this situation the net
momentum and energy exchange over the air-sea interfacgebalirection and are directed
upwards to the atmosphere. The most striking effect of trosgss is the flow acceleration in
the lower surface MABL, leading to the formation of a low levénd jet. Nevertheless the
effect of swell is not constrained to the surface, since it lba extended to the all MABL, by
changing its vertical turbulence structure up to the top.

In this paper a model for the effect of swell on the wind proiil¢he surface layer of the

MABL is described. The model is based on the swell loss ofggnito the atmosphere, quan-
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tified by the wave damping parameter. The governing pararbetend the model is the form
drag, here proposed as a function of the wave energy lossthendave field characteristics.
The wave-induced stress is assumed to decay exponentidiiyreight, in agreement with Sul-
livan et al. (2008) LES results, and witholgstiom et al. (2008b) findings, for swell dominated
wave fields. Two mixing length closure schemes are used &edlly viscosity: one assuming
a linear variation with height and the second assuming ardpee on TKE, governed by the
wave energy flux. The model assumes a swell dominated wadesinel a net upward directed
transport of momentum, so that at the surface the wave-gdiatress dominates over the tur-
bulent stress. Although measurements of such situatiensaarce and difficult to obtain, they
have been observed over the ocean and are one of the key agsubghind the LES in Sul-
livan et al. (2008). The observations used in the model coisgas with field measurements
had to meet this criterion.

The proposed model reproduces the characteristics ang/tfardcs of the surface layer of
a swell dominated MABL for wind following waves, in agreenevith the findings of Sullivan
et al. (2008), and Bigstbm et al. (2008b), and also with prior field observations,ntyairom
Smedman et al. (1994, 1999). The comparisons with field rmeasents show a good agree-
ment between modelled and measured wind speed profiles.agreement is especially good
for the cases with high wave age parameter, indicating aopnéthnt wave effect in the surface
MABL. The wave damping parameter is treated as a residual, ey forcing the modelled pro-
files to fit the observed wind speed at the lowest level in theeto Furthermore, the weighted
average of the damping parameter over the swell part of teetgpm is calculated to allow for
the wave spectra balance between the swell and the wind waves

The attenuation length is calculated from the damping ratid the group velocity. We
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obtained attenuation lengths shorter than 100 kilomet&sell is known to propagate over

considerable distances so these attenuation lengths se@eesl to be small. Accordingly, the

damping ratios must be too large. One possible explanasidimel existence of a background
wind not accounted for in the model. In the model, such aoldéti momentum must be supplied
by the waves, yielding artificially large damping ratios. elfact that the cases with clearest
swell signals gave the largest attenuation lengths supfiag hypothesis. This argument also
explains the poor qualitative fitting of the modelled prdfile@ cases D and F. In all the six

cases the observed damping decreases with decreasingdiwave age. This behaviour also
suggests that the proposed parametrisation of the formrdfbagts the reality.

Since the lowest observation level was 8.6 metres, the hefdhe jet was not measured but
inferred to be bellow that level, due to the observed negatiind gradient from that level up.
Therefore comparisons between modelled and observedipdtiteeand strengths are not pos-
sible. Nevertheless the results obtained with the modéh both eddy viscosity formulations,
for cases A, B, C and F, can be viewed as close to reality, ifpaoed with the observations
(Smedman et al. 2008; dgstibm et al. 2008b), where a similar swell dominated wave field
was present. The rather extreme wave field characterisiig®sed in the LES in Sullivan
et al. (2008) do not allow for a quantitative comparison asathe jet strength and height are
concerned.

Both a linearly varying eddy viscosity and an eddy viscoséliculated from the TKE budget
lead the model to reproduce the effect of swell on the surfd&8L. In view of the values
obtained for wave damped parameter and for the swell attemuangth, the results based on a
linearly varying eddy viscosity produced smaller, and leemore realistic, values of the wave

damping parameter. Since the effect of the wave energy flikkanTKE budget in the lowest
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meters, bellow the height of the jet, cannot be ignored,iisigse should be further explored in
future work.

The driving parameter that ultimately determines the eftdcfast running waves in the
MABL is the swell energy rate of change. Only extensive fiellisurements of this parameter
along with the effect of swell waves in the lower atmosphereferably in open ocean, can

contribute to improve our knowledge this effect.
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FiG. 1. Map of the Baltic Sea, with a close-up of the measurirgy Jihe wave buoy is moored

at~ 4 kilometres east-southeast of the tower in the island, at 8tas deep water.
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profiles are thek® eddy-viscosity. The triangles and the diamonds representvind speed
maxima. The squares represent the observed wind speedstiowar. The dotted vertical line
in the wave spectra represents the separation between #lieas\t young seas components of

the spectra.
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FiG. 9. Comparisons between observed and modelled wind speégréor both eddy vis-
cosities (left column, g, i, and I), and wave spectra (righlumn, h, j, and m) for cases D, E,

and F. (Remaining legend as in Fig. 8.)
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FiG. 10. Observed swell damping rate as a function of inverseeveage The triangles and
the diamonds represent the wave age vs. the damping ratichdd<! and theK® eddy-

viscosities, respectively. The dashed (dot-dashed) $irfit for the two eddy-viscosities.
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TABLE 1. Aerodynamic roughness length ) formulations.

Reference Formulation

Kudryavtsev and Makin (2004) 2y = 0.1v/u, + 0.012u2 /g

Smooth flow 2o = 0.11v /u,
Charnock (1955) 2o = 0.012u?/g
Donelan (1990) 20 = 1.840 (u./cp)*?3

Smith (1992) 20 = 0.48u?(u,/c,)
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TABLE 2. Observed input parameters and tuned damping parametbefowo eddy viscosity

formulations.

K! Kb K! Kb

m m m

—

Cases Teot 3 3d a A oefu.  LL LD

a

(1073m?2s72) (1073m2s72) (107%s71) (m) (m) 1 (km) (km)

A -1.22 -0.90 -1.54 043 48 2718 81 44
B -0.38 -0.70 -1.29 0.28 39 4383 98 50
C -0.93 -1.87 -3.26 0.30 40 2845 48 26
D -11.28 -13.5 -16.3 031 38 79.7 74 59
E -4.88 -10.9 -13.4 019 21 903 6.3 5.0
F -11.08 -3.52 -6.20 0.21 20 1851 19 11
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TABLE 3. Modelled wind speed maximé/{,,.) and height of the maxima,,..) for the K

andK! eddy viscosity formulations.

K! Kb

m

Cases Umaa: (m/s) Zmax (m) Umaa; (m/s) Rmaz (m)

A 4.28 4.50 4.27 6.61
B 3.06 3.81 3.05 5.78
C 3.92 4.36 3.90 5.30
D 4.41 2.50 4.27 2.92
E 3.30 1.30 3.16 1.81
F 4.25 2.18 4.19 3.17
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