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ABSTRACT
The exchange of momentum between the oceans and atmosphere is important for many atmospheric and
oceanic processes and is mainly governed by the roughness of sea surface. The roughness can be expressed by
a roughness length z0. A roughness length model, based on the concept that z0 is determined by stochastic wave
breaking, is presented. The model performance is evaluated using measurements from the Östergarnsholm
site, in the Baltic Sea, and pertinent information from other recent investigations. The wave field and the
roughness length variations are investigated during various sea state conditions dominated by wind-driven
waves. It is found that several parameters, describing the characteristics of the wave field, are dependent on
the amount of energy that long waves have relative to the energy of short, wind-driven waves of the sea
spectrum (called the swell ratio). The impact of swell ratio on z0 can explain the discrepancies found in various
results among relevant investigations. The roughness length model can well reproduce the observed roughness length.

1. Introduction
The ocean–atmosphere momentum exchange is important for many atmospheric and oceanic processes.
In wave and ocean modeling, as well as in atmospheric
modeling, it is essential to model this exchange correctly.
The momentum flux or the wind stress, t, is governed
by the roughness of the sea surface, which is usually
described by the roughness length z0. Over land z0 is
determined by the form and height of more or less solid
roughness elements. On the contrary, the sea surface is
characterized by the presence of growing and/or decaying waves as a response to the atmospheric forcing.
These waves can be described by a rather wide range of
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different heights and frequencies. Thus, z0 is very much
dependent on the state of wave development and meteorological forcing.
As sea waves develop, the wave age (expressed by either of the parameters y 5 cp /(U10 cosu9) or y * 5 cp /u*)
increases. Here cp is the phase speed of the dominant
wave in the sea spectrum ( p denoting spectral peak), U10
is the mean wind speed at 10 m MSL, u* is the atmospheric friction velocity, and u9 is the angle between the
dominant wave and the wind direction. Several sea
spectrum models, based on laboratory and field observations and describing mainly the gravity wave range,
have been presented throughout the years (e.g., Pierson
and Moskowitz 1964; Hasselmann et al. 1973; Donelan
et al. 1985). Some other models describe the short capillary wave range (e.g., Liu and Lin 1982; Plant 1986;
Kudryavtsev 1997) or the entire spectrum (e.g., Klotz
1982; Donelan and Pierson 1987; Banner 1990; Plant
2002).
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Melville (1977) proposed that z0 is mainly formed by
small-scale breaking waves, due to the airflow separation and breaking mechanism described by Banner and
Melville (1976). It has also been suggested by other investigators that the higher frequency (shorter) waves
are the main contributors to z0 (e.g., Wu 1982, 1986).
Papadimitrakis and Papaioannou (2003, hereafter PP)
modified Melville’s theory and developed it further to
a roughness length model, assuming that z0 equals the
effective variance of sea surface contributed by all
breaking waves. The observed overestimation of z0 was
explained in terms of the stochastic and sporadic nature
of wave breaking; that is, all waves that supposedly
break do not necessarily do so everywhere, at all times.
Later Papadimitrakis (2005) presented a (spectral) breaking probability model, based on a joint probability density function of wave amplitudes and frequencies that
is valid for a wide range of wave fields. The wave breaking
probability model of Papadimitrakis, along with the
roughness length model of PP, provides a better and
more complete description of z0. However, this roughness length model has not yet been fully tested.
The total wind stress in the marine atmospheric surface layer can be described by a bulk formula in which
the stress is related to the wind speed by the drag coefficient CD, namely
t
2
5 u2* 5 CD U10
,
ra

(1)

where ra is the air density. The drag coefficient is a
function of many parameters, including the roughness
length and atmospheric stratification. The neutral drag
coefficient CDN is usually expressed as a function only
of z0. Smoother surface yields a smaller CDN. Several
studies of the bulk coefficient find CDN to be wind speed
dependent (e.g., Large and Pond 1981; Fairall et al. 2003).
One way to calculate z0 in models, and thus CDN,
particularly under rough sea surface conditions, is to use
the Charnock expression (Charnock 1955):
u2
z0 5 ac * ,
g

(2)

where ac is the Charnock parameter and g the gravitational acceleration. Stewart (1974) found that ac depends on the wave age. Laboratory experiments (e.g.,
Komen et al. 1994) and field measurements (e.g., Maat
et al. 1991; Drennan et al. 2003; Carlsson et al. 2009a)
confirmed this. Except for very young waves (i.e., when
y * , 5, as typically found in laboratory tanks or in the
field at very short fetches and under hurricane conditions) ac was also found to decrease with increasing
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wave age. Frequently, z0 is normalized either with the
rms wave height s (e.g., Donelan et al. 1993; Hwang
2005b), or with the dominant wavenumber kp. These
normalized z0 values are also related to the wave age.
Smedman et al. (2003) showed that the amount of energy
of long waves, representing a swell superimposed on the
wind sea, should also be a governing parameter that determines the roughness length. For pure wind-following
swell conditions the total wind stress is strongly reduced
(e.g., Smedman et al. 1994, 1999; Carlsson et al. 2009a,b).
In this investigation the roughness length model proposed by PP and modified using the wave breaking
probability model of Papadimitrakis (2005) will be evaluated for waves that range from relatively young to mature, using data from the Östergarnsholm site in the
Baltic Sea. The wave field measured at this site is compared with the wave fields of other studies so as to
evaluate the variation of wave parameters among these
studies. In section 2 several wave and wave-spectrarelated quantities are presented. In section 3 the stochastic
roughness length model is described. The field site and
measurements are described in section 4. The results,
presented in section 5, include wave field comparisons,
roughness length comparisons, and evaluation of the new
‘‘stochastic roughness model.’’ A summary and conclusions are given in section 6.

2. Theory
a. Waves
The gravity-wave dispersion relationship (for shallow
waters and waters of intermediate depths) reads:
c [ nl [

v g
vd
5 tanh ,
k v
c

(3)

where c is phase speed, n is the wave frequency (Hz),
l is the wavelength, v 5 2pn is the angular frequency
(rad s21), and k is the wavenumber. In deep water (where
the depth, d, is greater than half of the wavelength),
Eq. (3) reduces to
c5

g
.
v

(4)

For deep water, the dispersion relationship in the gravity–
capillary wave range is given by
v2 5 gk 1 gk3 .

(5)

Here g is the surface tension of water (about 75 3
1026 m3 s22).
The sea surface variance m0, as defined by Massel
(1996) and Phillips (1977), is given by

Unauthenticated | Downloaded 01/09/23 07:09 AM UTC

SEPTEMBER 2010

2009

CARLSSON ET AL.

m0 5 h2 5

ðv

co

[1  m(v)]4 S(v) dv 5 s2 ,

(6)

0

where h is the surface elevation measured from mean
sea level and S(v) is the 1D frequency spectrum given
by, for instance, the spectral models presented in sections 2a(1) and 2a(2). The upper frequency limit, vco,
is imposed by the dissipation of the shortest capillary
waves or by surface drift current effects and, according
to Komen (1987), is given as
vco 5 vn 5 min[max(283, 0.04u2* /4nw ), 1257],

(7)

where nw is the viscosity of water. Phillips (1977) has
proposed that the reduction of spectral density S(v),
shown in Eq. (6), depends on the strength of the surface drift current. More specifically, the fraction m(v) is
given as
m(v) [

qwe
vqwe
’
,
c
g

(8)

where qwe(5a0u* ’ 0.025U10) is the Eulerian timemean surface wind drift. The rhs of Eq. (8) is valid for
gravity waves. The dependence of the coefficient a0,
being O(0.5), on u* and the characteristics of the wave
field are described in detail by Papadimitrakis (2005).
From Eq. (8), it follows that all freely traveling waves
with v greater than about g/qwe will be removed from
the spectrum if qwe . 0.23 m s21 (the minimum phase
speed of water waves). But, there are capillary waves
intermittently present in the spectrum above this cutoff
frequency, generated either during gusts or as parasitic
waves near the crests of longer waves (and traveling at
the speed of these longer carrier waves). The parasitic
waves, and their influence on z0, are not considered
in this investigation. When qwe , 0.23 m s21 (i.e., approximately for U10 , 4 m s21), the viscous cutoff frequency vco, given by Eq. (7), is used in all subsequent
calculations.
The rms wave height can easily be converted into the
significant wave height Hs and the rms amplitude arms
according to
pﬃﬃﬃ
(9)
s 5 H S /4 5 arms / 2.
The significant wave slope x, as proposed by Huang et al.
(1981), is given by
x[

sv2p
s
.
5
lp
2pg

(10)

The ith spectral moment can now be calculated by
the following expression:
ðv
mi 5

co

i 5 0, 1, 2 . . . .

(11)

The filtering function V2 (Glazman 1986) is given by
V5

sin(vT f /2)
vT f /2

,

(12)

and for a Gaussian wave field (for which s , 0.06d),
1
Tf 5
5
v0

sﬃﬃﬃﬃﬃﬃ
m0
,
m2

(13)

where v0 is the mean frequency of zero-upcrossings (i.e.,
where the wavy sea surface crosses the mean water level
from below). This filtering handles the problem of diverging integrals for i larger than 2 or 3 (depending on
the form of the wave spectrum used). It is based on the
notion that the wave crests cannot attain infinitely small
radii of curvature because of capillary forces. Most of
the spectral models used to estimate these moments do
not include such filtering effects. Filtering does not influence m0 significantly but reduces the higher spectral
moments. In this study, we use Glazman filtering since
the spectral reduction from the drift current is not sufficient to give reasonable values of m4.
The frequency range around the peak frequency,
where the dominant wave energy exists, can be described
by the spectral bandwidth parameter « (Cartwright and
Longuet-Higgins 1956). The latter can be reformulated as
sﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ rﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
m0 m4
1
.
u5
5
1  «2
m22

(14)

The determination of spectral bandwidth, u, will be further discussed in section 2a(1).
According to Pierson and Moskowitz (1964) and
Pierson (1964), waves are fully developed at y 5 cp /Uc 5
1.2 (Uc 5 U10 cosu9). This y value corresponds to y* 5
cp /u* ’ 30–35. For small angles u9, the difference in y
values when using either Uc or U10 is minor, being 13%
for u9 5 308. We can distinguish between two relatively
different sea states, the wind sea and swell, defined by
the following relationships
windsea:

Note that the rhs of Eq. (10) is valid only for deep-water
conditions.

V 2 vi S(v) dv,

0

cp /U c , 1.2 or y 1 . 0.83;

swell: cp /U c . 1.2

or y 1 , 0.83.
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During wind sea, the wind speed is increasing or relatively high and the wave field is dominated by relatively
short, locally produced waves. Swells are long waves,
usually, not generated by the local wind. This is often the
case during a decaying storm or when long waves are
transported from a distant storm. Additional wave information is achieved by dividing the wave spectrum
into two parts with the aid of a partitioning frequency, v1
(Smedman et al. 2003):
ðv
E1 5

0

ð‘

1

S(v) dv ; E2 5

S(v) dv,

(15)

v1

where the frequency
v1 5

g
Uc

(16)

is related to a phase velocity equal to the 10-m wind
speed component in the wave direction. Then E1 and E2
are, roughly, the swell and wind sea energy, respectively,
in the sea spectrum. Hereafter, E1/E2 is called the ‘‘swell
ratio.’’ It quantifies the part of wave energy that is due to
a swell.

1) DONELAN WAVE SPECTRUM
Donelan et al. (1985) presented a model describing the
wave spectrum for wind sea (hereafter the DS model).
It is developed from laboratory and field data and is
valid for the frequency range v , 3.5vp. The equilibrium
range (v . vp) is described by a v24 power law, instead
of a v25 power law found in many earlier studies (e.g.,
Phillips 1958; Pierson and Moskowitz 1964). Donelan and
Pierson (1987), however, investigated the behavior of
the sea spectrum at frequencies higher than in the
equilibrium range and found that the v25 power law is
valid for k . 10kp. Thus, in the gravity range there is

a transition at about v 5 3.2vp, from a 24 slope to a 25
slope. Note that only the wave age and the spectral peak
phase speed (or frequency) are needed as input to describe the wave spectrum completely.
In this study, we use the sea spectrum model presented by Donelan et al. (1985) and/or the composite
spectrum form described in the following subsection, so
as to compare our results with pertinent measurements
and with counterpart data from other studies. Its original form is retained for frequencies v , 3.2vp; then a 25
slope is patched to the spectrum, in the frequency range
3.2vp , v , 30 rad s21. With the wave age and peak
frequency known, the rms wave height can be calculated
using Eq. (6).
The DS model is given by
"  # ð
vp 4 G p
gd
S(v) 5 ap g2 v4 v1
D du,
p exp 
v
p

When estimating the higher spectral moments and the
spectral bandwidth parameter, u, the higher frequencies,
that is, the gravity–capillary and the capillary ranges, become more important. Since the DS model does not account for these short waves, we will use, as an input in the

(17)

where ap is the equilibrium range parameter and gdG is
the peak enhancement factor. For details of the parameter expressions, see, for example, Donelan et al.
(1985). The spreading function D, given by the latter
authors, is modified and takes the form
D 5 0.5b sech2 [b(u  u(v))] coth(bp),

(18)

where f is the direction of each individual wave component in the spectrum and u(v) is the mean wave direction of waves, varying with frequency v. In the field
uðvÞ will approach the wind direction as v increases.
Here we assume it to be aligned with the wind for all
frequencies. The coth factor in Eq. (18) accounts for the
fact that the integral of D in the interval [2p, p] should,
by definition, be 1. The width parameter b, given by
Donelan et al. (1985) and modified by Banner (1990), is
here presented as a function of v and reads:

8
0.56 , v/vp , 0.95
2.61(v/vp )1.3 ,
>
>
<
1.3
0.95 , v/vp , 1.6 .
b 5 2.28(v/vp ) ,
>
>
: 10410.8393exp[1.134ln(v/vp )], v/v . 1.6
p

2) COMPOSITE WAVE SPECTRUM
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(19)

roughness length model, the composite spectrum (CS)
originally described by Klotz (1982) and subsequently
modified according to suggestions by Liu and Lin (1982)
and others. The CS spectrum has a simpler description
near the spectral peak, compared to the DS spectrum,
and requires information on the significant slope of the
wave field and on the spectral peak frequency.
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In the gravity range, CS is given by
8
>
(v/vp )9 ,
0 , v/vp , 1
>
>
>
>
>
9
>
1 , v/vp , 1.5
bc g2 <(v/vp ) ,
S(v) 5 5
4
vp >
>
> f 1 (v/vp ) , 1.5 , v/vp , 3.2
>
>
>
>
: f (v/v )5 , 3.2 , v/v , v /v .
2
p
p
g p
(20a--d)
Here bc represents the Phillips equilibrium constant,
and fi (i 5 1, 2) are coefficients that render the spectrum
continuous at the respective matching frequencies. For
deep water bc 5 Bcp2x2, where Bc (’23) is an empirical
constant. The transition frequency, vg, is given by vg 5
min(5vp, 10p rad s21). If vg , 3.2vp, Eq. (20d) is omitted
in the spectrum description.
In the gravity–capillary range the CS spectrum has the
following form, suggested by Kitaigorodskii (1961), Toba
(1973) and Liu and Lin (1982):
S(v) 5 f 3 g v4 ,
*

vg , v , vc ,

(20e)

1.1. For fully developed sea (y 21 5 0.83), the CS model
gives u 5 1.25, independently on wind speed.

b. The roughness length z0

2

where g* 5 g 1 gk . At the upper end of this p
range,
ﬃﬃﬃﬃﬃﬃﬃﬃ the
spectrum slope becomes –8/ 3 because v ! gk3 for
capillary waves. In the capillary range, the CS spectrum
is expressed as
S(v) 5 bc1 g2/3 v7/3 ,

FIG. 1. Variation of spectral bandwidth parameter as function of
inverse wave age (assuming wind aligned with dominant waves),
using Eq. (14).

vc , v , vn ,

(20f)

9/2
where bc1 5 max(5.2 3 1023u3/2
* , 0.09u* ), as found from
laboratory experiments by Liu and Lin (1982). In this
study, the lower frequency for the capillary regime, vc, is
given by the intersection of Eqs. (20e) and (20f). The
upper cutoff frequency vn is O(1000 rad s21) and represents the frequency where dissipation causes a very
steep drop in the spectrum as a result of viscosity.
In Fig. 1 the variation of spectral bandwidth, u, is
shown as a function of inverse wave age with U10 as a
parameter using the CS wave spectrum, Glazman filtering [Eqs. (11)–(12)], and the spectral reduction [Eq. (8)]
proposed by Phillips (1977). The wavy signature of the
curves is due to the oscillating Glazman filter [see Eq. (12)].
It is found that u becomes a function of wave age only,
as long as the drift current is larger than the minimum
phase velocity 0.233 m s21 (i.e., when the wind speed
U10 is higher than ;9 m s21). For smaller wind drifts, vn
becomes a function of the friction velocity. However, the
Glazman filtering reduces the spectral density to almost
zero before vn is reached and hence u becomes a decreasing function of wind speed. In the open ocean the
typical range of u is between 1.1 and 1.7 (Ochi 1998). For
very young seas the CS model gives values of u just above

The atmospheric surface layer has traditionally been
described by the Monin–Obukhov similarity theory
(MOST), which assumes stationary and homogeneous
conditions over a solid surface. Numerous field measurements have confirmed the applicability of MOST
over land (e.g., Businger et al. 1971; Haugen et al. 1971;
Högström 1990). Over the ocean, MOST is valid only
under wind sea conditions, when the waves are more or
less determined by the local wind speed and fetch (Edson
and Fairall 1998). When swell waves dominate, it has
been shown that MOST is no longer generally applicable (Smedman et al. 1994, 1999; Rutgersson et al. 2001).
According to MOST, the roughness length can be
calculated from the drag coefficient defined in Eq. (1) by
the following expression:
!
k
z0 5 10 exp pﬃﬃﬃﬃﬃﬃﬃ  cm ,
CD

(21)

where k 5 0.4 is the von Kármán’s constant and cm is the
integrated nondimensional wind velocity gradient fm
(given by Paulson, 1970), which is dependent on the stability parameter
z5

zgkw9u9v
z
,
5 3
L
u T0
*

(22)

where L is the Obukhov length, w9u9v is the buoyancy
flux (kinematic flux of virtual temperature), and T0 is the
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mean temperature in the surface layer. In this study we
use the expression given by Högström (1996) of the
nondimensional wind velocity gradient fm, shown to
be also valid for wind seas (Guo Larsén et al. 2004).
Under neutral stability conditions, cm 5 0 and the
neutral drag coefficient, defined for the height of 10 m
above the mean water level, is then given by

CDN 5

2
k
.
ln(10/z0 )

(23)

(26)

The work of PP was based on the idea that all waves
above a critical frequency, vcr, break and contribute to
the formation of z0, which is equal to the effective variance of the sea surface ae, estimated by
" ð
#1/2
‘
z0 5 ae 5 2
S(v) dv .

(24)

vcr

In PP, it was found that Eq. (24) overestimates z0 in
comparison with data from various seas. PP argued that
such discrepancy could be due to the stochastic and
sporadic nature of breaking waves; that is, the waves
will not break everywhere at all times. Then, with the
aid of the spectral wave-breaking probability model of
Papadimitrakis (2005), it is possible to write that

"

!

ð‘

vcr

vcr

#1/2

pB dv S(v) dv
#1/2

ð‘

5 2B

and white-capping, as a consequence. Plunging is more
dramatic; it commences with the overturning of wave
crests, which collapse when touching on the sea surface.
Plunging breakers are most common near the shore, but
could also be present in the open ocean in severe seas.
The critical frequency vcr may be calculated from a
critical phase speed, ccr, given by the kinematic criterion
described in Phillips (1977) and modified here to account for surface drift current effects and the characteristics of breaking (i.e., whether spilling or plunging):
Accr 5 ucorb 1 qc 5 cp  [(cp  ucorb )2  q0 (2cp  q0 )]1/2 ,

3. Stochastic model for z0

" ð
‘
z0 5 ae 5 2
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S(v) dv

,

(25)

vcr

where pB(v) is the breaking probability distribution per
frequency and B is an overall breaking probability for
waves with frequencies above vcr. We will briefly provide the relevant parts of the two models, slightly modified. For complete derivations, see PP and Papadimitrakis
(2005).

a. The critical frequency vcr
Wave breaking appears most often in the form of either
spilling or plunging breakers (Banner and Peregrine
1993). Spilling breakers are most common. Small ripples
are steepened at the longer wave crests, reach an unstable local slope, and then break. First, this could appear on a microscale level, without air entrainment. These
breakers are thus invisible to the eye. The microscale
breakers may then trigger larger-scale spilling on the
downwind front of the wave crest, with air entrainment

where A is a numerical constant that accounts for the
form of the wave breaking and qc is the wind drift at the
crest of the dominant wave profile. The orbital velocity
induced by the wave at its crest is given as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃ
(27)
ucorb 5 2m2 ,
and the tangential net surface drift q0 at the mean water
level is approximated by
q0 5 0.053u* ;

(28)

A takes on values between 0.5 and 1. Longuet-Higgins
(1969) and Phillips (1977) suggested A 5 1 for spilling
breakers. Wu and Nepf (2002), based on their wave
tunnel experiments, also suggested A 5 1 for spilling
breakers and A 5 1.5 for plunging breakers. It was,
however, argued by Tulin and Li (1992) that the phase
speed c should be replaced by the group velocity cg instead, resulting in A 5 0.5 for spilling breakers and A 5
0.75 for plunging breakers. Wu and Nepf further argued
that, for wave fields in deep water that are nonlinear and
nonstationary, cg is not well defined and is not simply
0.5c. Yet in the open ocean, since nonlinearity of the
wave field decreases as the spectral bandwidth increases,
the previous argument may not cause any difficulty in
using cg 5 0.5c instead of c. Another argument was that
the value of A 5 0.5 corresponds to waves that evolve to
spilling breakers, but the actual breaking does not occur
until A becomes unity (A 5 1). They also concluded that
the kinematic criterion is universal. On the other hand,
Stansell and MacFarlane (2002) found varying values of
A below 1, for both spilling and plunging breakers, and
concluded that the kinematic breaking criterion may
have no universal character. Summarizing, it seems reasonable to assume that A lies between 0.5 and 1. In the
following analysis, A 5 0.5. At the end of the results
description, in section 5, the effect of higher A values on
the roughness parameter is presented and discussed.
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The critical frequency vcr is obtained using the proper
k–v dispersion relationship in the actual frequency
range where vcr falls in, and the relation between phase
speed, frequency, and wavenumber [i.e., Eq. (3)]. When
vcr # v1, the longer waves near the spectral peak break
and such breaking is, indeed, plunging. In that case, it is
appropriate to use a modified spectrum form for the
description of the frequency range vcr–v1 (only)—for
example, the Phillips (1977) spectrum in the presence of
long waves (see also Papadimitrakis 2005). It is likely
that the presence of long waves (and/or swell) near the
spectral peak, in conjunction with the enhanced drift
current present at the long wave crest(s), will alter the
downward acceleration that the water particles experience in the latter location(s) (Phillips 1977, 1981;
Papadimitrakis 1986) and will further cause earlier short
and enhanced large-scale wave breaking. For our range
of investigated inverse wave ages (U10/cp 5 1–5), it was
found that 4.8 , vcr/v1 , 11 (ratio increasing with increasing inverse wave age, and slowly decreasing with
increasing wind speed). Therefore, we can assume that
spilling breakers occur in the range of wave ages found
in this investigation.

b. The probability of wave breaking
The probability model of wave breaking is thoroughly
described in Papadimitrakis (2005). Here we present
a very shortened description of it. The breaking probability distribution per frequency, pB, is based on the joint
density distribution of amplitude, h, and frequency, v
(described originally by Yuan, 1982) and is in normalized form given as
"
!#
8H 2 S3
(S2  1)2
2
,
exp H 1 1 2
p(H, S) 5 qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
u 1
p(u2  1)(u 1 1)
(29)
where H and S are normalized wave amplitude (based
on m0) and normalized frequency (based on v0). Then
ð‘
4
p(H, S) dH 5 pﬃﬃﬃﬃ (u  1)G(3/2 , x20 )
pB 5
p
H0
2
33
S
6
7
34qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ5 ,
2
2
2
u  1 1 (S  1)
(30)
where G(3/ 2, x20) is the upper incomplete gamma function
and x0 is defined as
qﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
x0 5 H 0 1 1 (S2  1)2 /(u2  1).

(31)

The normalized limiting wave height H0, above which
the waves break (according to Banner and Phillips, 1974),
reads:
8
 2
>
Sp
pﬃﬃﬃ
>
1
>
>(4 2pa1 x)
f,
>
<
S
 2 2
!3
H0 5
Sp
pﬃﬃﬃ
>
u* S
>
1
5,
>(4 2pa x)
f41  a0
>
1
>
:
S
cp S p

S # Sp
S . Sp ,
(32a,b)

where f is a measure of the local nonlinearity of the wave
field; a1 is a coefficient in the range 1–1.6, valid here for
moderate wave slopes, that accounts for the fact that the
Lagrangian downward acceleration of a breaking wave
crest is not exactly g/2 but somewhat less (also discussed
in Papadimitrakis 2005). This coefficient is here defined
in a somewhat different way than in Papadimitrakis:
"
!#1
q0
f
2
.
a1 5 1  (1  A) 1 (2  q0 /cp )
2
cp

(33)

Figure 2 shows how the breaking probability distribution pB, Eq. (30), depends on the normalized frequency,
the wave age, and the wind speed (A 5 0.5). We use here
the CS spectrum and the x–y relation deduced from
Young (1999); that is, x 5 7.91 3 1023y –0.4. Note that
breaking is most likely to occur in young seas and at high
wind speeds. There are two peaks in the breaking probability, one corresponding to the high-frequency region
and one corresponding to the dominant wave. For very
young seas wave breaking at the peak frequency dominates (solid lines in Fig. 2), whereas for older seas
(dashed–dotted lines) the shorter waves are more likely
to break. In addition, the peak frequency of breaking
probability (outside the dominant wave frequency range)
increases with the wave age, in agreement with Banner
et al. (2000). Note that there is a cutoff frequency at
S/Sp 5 cp /(u*a0), as indicated above in Eq. (32b).
The (average) breaking probability for waves shorter
than the critical wavelength is given by
ð‘
B5
vcr

pB dS.

(34)

In Fig. 3, B is plotted as function of wind speed for different inverse wave ages. As expected, the probability of
breaking increases with inverse wave age. The wind
speed dependence on B is more complex. For moderate
wind speeds, up to about 10 m s21, B is increasing with
the wind speed. For higher wind speeds, the assumed
surface drift current dependence on u* and the wave
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FIG. 2. The probability distribution of wave breaking [Eq. (30)] plotted against the normalized frequency S with inverse wave age as a parameter and wind speeds (a) U10 5 5 m s21,
(b) U10 5 10 m s21, and (c) U10 5 15 m s21: A 5 0.5, y21 5 5 (dashed–dotted), y21 5 2
(dashed); and y 21 5 1 (solid).

field characteristics (see also Papadimitrakis 2005) limits
the high frequency wave cutoff and thus narrows the
frequency band of breaking waves contributing to B.
In Ochi and Tsai (1983) it was found that the choice
of wave spectral model is crucial in determining the
breaking probability since the latter depends on the
fourth spectral moment, a very sensitive quantity to
the form of the spectrum used. Hence, future studies
ought to explore the sensitivity of our z0 results to the
choice of spectral model.

Mean profile data were obtained from slow-response
instruments measuring wind speed, wind direction, and
temperature at five levels (8, 12.5, 15, 21, and 29 m
MSL), and humidity at one level (8 m). Turbulence was
calculated using data from Solent 1012R2 sonic anemometers at three heights (10, 18, and 26 m MSL),
giving the three wind components and the sonic temperature at a sampling frequency of 20 Hz.

4. Measurements
The data used were obtained from the field station
of Östergarnsholm—a small flat island, situated about
4 km east of Gotland, in the Baltic Sea (Fig. 4). A 30-m
tower is erected at the southernmost tip of the island
with its base at 1 6 0.5 m MSL. For wind directions
in the sector 808–2208, the data obtained from this
tower have been shown to represent marine conditions
(Smedman et al. 1999). In a previous analysis of the
wave field disturbance, in conjunction with a footprint
analysis, Smedman et al. (1999) also showed that the
limited nearshore water depth in the vicinity of the tower
had a very small impact on the measurements. Högström
et al. (2008) also demonstrated that measurements taken
at the tower correctly represented conditions in the footprint area.

FIG. 3. Average breaking wave probability [Eq. (34)] as a function of wind speed (assuming wind aligned with dominant waves)
and for three different inverse wave ages; A 5 0.5.
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FIG. 4. Map of the Östergarnsholm site (from Johansson 2003).

A wave-rider buoy (run and owned by the Finnish
Institute of Marine Research), moored 3.5 km in the
direction 1158 from the tower, measures the wave field
and sea surface temperature (SST). The wave buoy is
situated in water depth of ;36 m. Wave phase speed is
calculated according to a footprint weighting function
given by Smedman et al. (1999). Sea surface height is
calculated by a trapezoidal method using 64 bands in the
range 0.05–0.58 Hz (0.32–3.65 rad s21). The deep water
dispersion relation, Eq. (4), is valid within 5% for wave
phase speeds cp up to 8 m s21, within 10% below 9 m s21,
and within 15% below 10 m s21. The wave field in the
Baltic Sea is not very complex, as swell comes from
only one direction at a time. For a more detailed description of the site and instrumentation, see Smedman
et al. (1999).
Data were selected according to the following criteria:
wind blowing from the 808–2208 sector, a dominant wave
field coming from the 408–2108 sector with y , 1.2, and
the angle between waves and wind, u9, less than 308. In
addition, data with cp . 9 m s21 were removed to avoid
excessive influence of the bottom topography. Turbulent fluxes were calculated using the eddy-correlation
method; for turbulence statistics a 10-min running average was used to remove trends. Data were calculated
as hourly averages; at least 30 min of data were used in

calculating each hourly average. Two datasets, obtained
during 1995–1998, have been used in the model evaluation tests: the D1 set includes all data satisfying the
above criteria, lasting 578 h, and the D2 set that includes
only nearly neutral data with jzj , 0.1, lasting 393 h. The
wind speed range in both datasets is 4–15 m s21.

5. Results and discussion
a. Waves
1) SEA SURFACE HEIGHT
In this section, the D1 dataset was used to evaluate the
description of the sea surface variance s as compared to
other similar studies. The rms wave height smod was
calculated with the expanded DS model, presented in
section 2a1, with the high-frequency cutoff vco determined by Eq. (7). In Fig. 5, the observed rms wave
height sobs is compared to smod. The thick line represents the corresponding linear regression and, when
compared with the 1:1 relation (thin line), it is seen that
the model overestimates the wave height a bit, in particular for small wave heights (Fig. 5a). The correlation
coefficient r is, however, 0.95. If we adjust the model
cutoff frequency vco to that of the wave-rider buoy
(0.56 Hz), only cases with small cp will be influenced by
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FIG. 5. (a) Calculated rms wave height in comparison with observed values (circles), 1:1 relation (thin line), and
linear regression (thick line). (b) Mean difference and standard deviations of modeled and observed rms wave height
(modeled 2 observed) for Uc/cp intervals, thin line being the zero line.

the latter choice and the result shown in Fig. 5a will not
be significantly altered. The cutoff frequency vco associated with the wave buoy was thus sufficient in most
cases for estimating the observed sea surface variance.
The discrepancy between the modeled and observed
rms wave height is mainly dependent on the wave age
(Fig. 5b). For higher inverse wave ages, the agreement
between observed and modeled wave height is better.
There is no systematic discrepancy with any of the other
investigated parameters (e.g., stability, water temperature, temperature difference between water surface and
the air, or angle between dominant waves and wind).
Since sobs , 0.06d, the condition for a Gaussian wave
field was also satisfied.
The relation among wave height, wind speed, and
wave age has been investigated in several studies (e.g.,
Donelan et al. 1985; PP; Hwang 2005a). With data obtained from Lake Ontario, Donelan et al. (1985) found
the empirical relationship sg/Uc2 5 0.052y1.65 (shown in
their Fig. 16). Some investigations have used U10 instead
of Uc; then the result from the Donelan et al. (1985)
study is slightly modified to sg/U 210 5 0.055y 1.7 . Thus
the difference is not large since for wind sea the angle u9
between wind and dominant waves is relatively small.
In PP, the relationship was found to be sg/U 210 5
0.046y 1.68 , using data from the Aegean Sea. Hwang
(2005a) used data from several field experiments and
arrived, with a first-order analysis, to sg/U 210 5 0.054y 1.71
(corresponding to their e1/2
* ), a relation in very close
agreement with the results of Donelan et al. (1985).
Hwang also derived a second-order fit to the data used.
In Fig. 6, the measurements from the Östergarnsholm
site are plotted together with the relation of PP, the
Donelan et al. (1985) curve (from their Fig. 16) using
U10, the Hwang (2005a) second-order fit, and the results

from the present investigation using the DS model. The
relation obtained from the measured data (solid line in
Fig. 6) is given by
sg/U 2c 5 0.045y 1.4 ,

(35)

with a correlation coefficient r 5 0.80. In the inverse
wave age range 1.25–2, Eq. (35) falls in between the PP
and Donelan et al. (1985) results, with a different slope.
The DS curve is close to that from Donelan et al. (1985).
Also shown in Fig. 6 is a clear division of measurement
data with respect to the swell ratio E1/E2. It is likely that
differences among investigations depend on the typical
background wave field for the different sites of observation (i.e., on the swell ratio E1/E2). The Hwang (2005a)
curve is in good agreement with the present range of data.
The CS model has as input the significant slope x and
the peak frequency vp (related to the dominant wavelength). Note, however, that u* (the input necessary for
estimating the capillary wave contribution to s) is not
important in the context of rms wave height, at least for
moderate wave ages. From Eq. (10) we then see that,
from x and vp, the rms wave height s can be estimated
and subsequently that the CS form can fully describe the
sea spectrum. In Eq. (20) bc is given by Bcp2x2, where Bc
is tuned to give the correct rms wave height using Eq.
(10) when the other parameters are known. Therefore
comparisons of the outcome of the DS model with the
measured wave height or modeled wave height would
not add anything new to the evaluation of the models or
of the wave field.

2) SIGNIFICANT SLOPE
The significant slope x is required in the breaking
probability model. For deep water, it can be written as
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FIG. 6. Normalized rms wave height as function of inverse wave
age. The bin averages are geometric means. Thick lines with
symbols represent measured data for different intervals of E1/E2;
thin lines represent expressions of other studies and the DS model,
where U10 is used instead of Uc.
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FIG. 7. Significant slope as a function of inverse wave age.

the dependence of the respective results on the swell
ratio E1/E2, which may vary among investigations. Our
results were not significantly affected by the limited
water depth, as this was controlled by limiting the peak
phase speed to 9 m s21, hence restricting the analyzed
data to the proper frequency range.

b. The roughness length behavior
From Young (1999) and Hwang (2005a), it was found
that x 5 7.91 3 1023(cp /U10)20.4 and x 5 8.6 3 1023(cp /
U10)20.29, respectively.
Present data suggests the relation
x 5 6.8 3 103 y 0.65 ,

(37)

with a rather low correlation coefficient, r 5 0.59. This is
in agreement with Eq. (36), using Eq. (35) for sg/Uc2.
Figure 7 shows Eq. (37) together with several results
from other studies. The DS and Young (1999) curves
provide, in principle, the same significant slope. The
measured significant slope, given by Eq. (37), is smaller
than that given by Young (1999), the linear relation of
Hwang (2005a, not shown here), and the outcome of the
DS model, except for large inverse wave ages. This is
also the case for the second-order curve derived using
the Hwang (2005a) approach and applying a secondorder fit of sg/U 210 to Eq. (36). For inverse wave ages
lower than 1.5, this curve overestimates the present data.
As regards the significant slope variation with respect to
the inverse wave age, there is a better agreement of x
with the data of Donelan et al. (1985). The discrepancies
can possibly be traced to the influence of E1/E2 on the x
data (not shown here).
Thus, at the Östergarnsholm site the wave heights and
the corresponding significant slopes are somewhat smaller
as compared to other studies. This can be attributed to

In this section, the D2 dataset was used (i.e., only data
corresponding to neutral or nearly neutral conditions)
to avoid uncertainties when reducing to neutral atmospheric stratification.
The roughness length is often normalized with the rms
wave height s and parameterized as a function of wave
age. Using data from Lake Ontario (Donelan 1990) and
from the HEXOS (Herschel Observations of Extraordinary Sources) experiment (Smith et al. 1992), Donelan
et al. (1993) obtained z0/s 5 6.7 3 1024y 22.6. Drennan
et al. (2003) used y * as a wave age parameter in analyzing data from an even larger set and obtained the
expression z0/s 5 13.4y 23.4
* . In Hwang (2005b), the corwith r 5 0.93.
responding relation is z0/s 5 8.345y 22.863
*
In this study,
z0
.53
5 379y 4
*
s

(38)

with r as low as 0.36. In Fig. 8a, present data and Eq. (38)
are shown together with the Drennan et al. (2003) results and the second-order curve given by Hwang (2005b,
Fig. 1c). Although the coefficients in Eq. (38) are very
different from those in Drennan et al. (2003), the corresponding curves are close to each other in the investigated range. The Hwang curve attains higher values,
at least for our data range of wave ages. Data are also
partitioned in intervals according to the swell ratio, E1/E2.
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FIG. 8. The roughness length, normalized by the rms wave height s as function of (a) y* and (b) y. The bin averages
are geometric means.

The data that correspond to ratios E1/E2 . 0.5 provide
a better fit that is closer to the Hwang curve; a greater
swell ratio results in larger z0/s values. This was also
seen in Smedman et al. (2003), using roughly the same
data (but then without the normalization). This can
probably explain the slightly lower roughness lengths
measured in the Baltic Sea as compared to other studies
(e.g., Carlsson et al. 2009a,b). The value of E1/E2, most
likely, varies among investigations resulting in different
roughness lengths. It is worth noting that for each E1/E2
group, the correlation coefficient is larger than for the
whole dataset (e.g., for E1/E2 , 0.2, r 5 0.55; for 0.2 ,
E1/E2 , 0.5, r 5 0.35; and for E1/E2 . 0.5, r 5 0.70).
There is a possibility that Fig. 8a suffers from selfcorrelation since z0 is closely related to u*. This was also
discussed in Smith et al. (1992). The self-correlation can
be avoided by using y to characterize the wave age, instead of y *. The relation then reads
z0
5 2.53 3 104 y 0.73 .
s

(39)

The correlation between y and z0/s is, however, very
low, even within individual E1/E2 intervals. The relatively small range of wave age may be the reason for this
low correlation. In Fig. 8b, Eq. (39) is shown together
with the Donelan et al. (1993) expression, which is located farther up. It is noted that at a specific wave age
the normalized roughness z0/s is still significantly higher
for E1/E2 . 0.5 than for the other E1/E2 intervals.
Hwang (2005b) also used kp to normalize the roughness parameter z0 and express the nondimensional roughness length as a function of wave age y *. For his extensive
dataset, he found a very high correlation coefficient, r 5
0.95, when plotting kpz0 against the inverse wave age.
.
He found the relation to be z0kp 5 1.889y 23.327
*

With our data, the corresponding relation is given by
.94
z0 kp 5 69.2y 4
*

(40)

but with a lower correlation coefficient, r 5 0.45 (still
higher than for z0/s). The reason for the lower correlation than in Hwang (2005b) could be due to the smaller
wave age range found in our data. A similar dependence
of z0kp on E1/E2 is also present, as for z0/s. For E1/E2 ,
0.2, r 5 0.62; for 0.2 , E1/E2 , 0.5, r 5 0.44; and for
E1/E2 . 0.5, r 5 0.81.
Thus, in agreement with Hwang (2005b), the normalization of z0 with kp (instead of s) gives a better
correlation with wave age. However, in the following
section we will use z0/s as dimensionless roughness. The
roughness length in the present data is found to be
smaller as compared to other studies; again, this could
be explained by the differences in swell ratios found
among the various studies. At least for E1/E2 . 0.5, the
normalized roughness values z0kp were found to be
larger. There is also an indication that the wave age
dependence of the normalized roughness, z0kp, is subject to self-correlation if using u* instead of U10 in the
definition of wave age. The stratification of z0kp data
with the E1/E2 values, shown in Fig. 8, indicates that long
waves become more important and add to the total
stress, at least when the wind sea dominates. It is important to note that the relative direction of the background swell (with respect to the wind) was not known in
our study, and such an effect might be an important
parameter in determining z0, as it modifies the spectrum
spreading function. During dominant wind-following swell
conditions (i.e., when y . 1.2), instead, long waves act
to decrease the stress (e.g., Smedman et al. 1994, 1999;
Carlsson et al. 2009a,b).
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FIG. 9. Observed neutral drag coefficient in comparison with modeled values. Error bars show the 95% confidence
interval of the mean. Estimation (a) without and (b) with Glazman filtering.

c. Data comparison with the roughness length model
We compare z0, calculated using the model described
in section 3, that is, Eq. (25), with the available D2 dataset. The required spectral moments, mi, and spectral
bandwidth, u, were calculated using the composite CS
spectrum described in section 2.1.(2). For comparison of
the model results with the Östergarnsholm data, the
significant slope x was estimated from Eq. (37). Yet, for
comparing our findings with the results of other studies,
x was estimated using Young (1999) expression, as the
latter better describes the corresponding wave fields.
When u* was needed in the calculations, it was estimated using the obtained z0 and the log-law velocity
expression at the height of 10 m MSL.
In Fig. 9 CDN calculated from measurements is shown
as a function of wind speed. There is no significant division of CDN into wave age ranges (y). Also shown is the
modeled CDN, calculated from Eq. (23), for three inverse wave ages. The parameter A in Eq. (26), indicating
the breaking criterion used, was set equal to 0.5, as
spilling breakers are expected to occur more often than
the plunging breakers associated with severe seas and
large-scale breaking. Glazman filtering has not been
used in Fig. 9a, but it has in Fig. 9b, resulting in lower
CDN values. It is worth noting that, for the wave age
dependence of CDN, very young seas give the highest
values of CDN, as also seen in other investigations (e.g.,
Drennan et al. 2003). Here CDN is somewhat overestimated without Glazman filtering, except when U10 ,
6 m s21, but underestimated with Glazman filtering,
except when U10 is approaching 15 m s21; differences in
CDN values with wave age are larger than those when
filtering is not used.
In Fig. 10, the modeled z0/s (s estimated from the CS
model) is compared with measurements from this study.

The measurements from the Östergarnsholm site show
no significant dependence of z0/s on wind speed. The
agreement between our model results and the measurements at Östergarnsholm is quite good; it is within the
spread of data. But, as with the CDN results, the model
somewhat underestimates z0/s ratios when using the
Glazman filtering and overestimates them otherwise.
In Fig. 11, the modeled z0/s (s estimated, again, using
CS) is compared with the measurements of Donelan
et al. (1993) and Hwang (2005b). The wave age range is
broader here. The Hwang (2005b) curves, representing
U10 5 5 m s21 (thin dashed–dotted line) and U10 5
15 m s21 (thin dashed line), are calculated from his firstorder y* relation using the obtained value of CDN. Also
shown is the result from the deterministic model of PP
[Eq. (24)]. This model was previously shown to result in
roughness higher than expected—particularly at low
wind speeds since not all waves break everywhere at all
times.
Figure 11 also shows the results, using the stochastic
model described by Eq. (25) for wind speeds (at 10 m) of
5 and 15 m s21 (thick dashed–dotted line and thick solid
line, respectively). As the overall wave breaking probability B increases with the inverse wave age, Eq. (26)
approaches the curve of PP. It appears that Eq. (26)
underestimates the roughness length compared to that
provided by the Donelan et al. (1993) and Hwang (2005b)
studies. As mentioned, the x–y * relation of Young (1999)
was used here to provide a proper rms wave height so as
to compare our results with those of Donelan et al. (1993)
and Hwang (2005b). However, the assumption made
here is that the waves are purely wind driven (CS better
describes the wind sea part of the spectrum). Thus the
underestimation of roughness length by the stochastic
model, in conjunction with the good agreement of these
results with the Östergarnsholm data (seen in Fig. 9),
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FIG. 10. Modeled dimensionless roughness [using Eq. (25)] with U10 5 5 m s21 (dashed–dotted line) and U10 5
15 m s21 (solid line) in comparison with near-neutral data from Östergarnholm, bin averages being geometric means.
Estimation (a) without and (b) with Glazman filtering.

indicates that a background swell in the wave field is
perhaps responsible for the higher roughness values found
in the Donelan et al. (1993) and Hwang (2005b) studies.

d. Further comments on the z0 behavior
In this study there are possibly a few processes determined with some uncertainty or not included. The
wind drift, for example, is approximated. As the wind
speed increases, the wind drift is more likely to align
with the wind direction. When the wind speed is low, the
wind drift is usually less than 0.233 m s21 and hence may
have only a minor effect on the short wave reduction of
the spectrum. All of the above could have an impact on
the cutoff frequency and, hence, on z0. The rms wave
height is not affected as this cutoff frequency is well
above the energy-containing range of the spectrum.
Waves are also complex and contributions to the sea
spectrum, at different frequencies, may come from several directions. In a wave tank study by She et al. (1997)
it was shown that the angular spread of the waves delays
the onset of breaking but also intensifies it, resulting in
high particle velocities. This observation, however, was
related to plunging breakers near the spectral peak.
Conversely, Banner et al. (2002), in a study based on an
extensive dataset collected over the open ocean, found
no influence of directional spread of the waves on the
breaking probability ( pB), at least in the frequency
range close to the spectral peak. For shorter waves, the
influence of their directional spread to pB is, to the authors, unknown. In this work we have assumed that
the mean wave direction (u) is along the wind direction
at all frequencies and this could, perhaps, add to the
uncertainty associated with the determination of z0.
Hasselmann et al. (1980) investigated the response time
of mean wave direction to turning winds and found that

the (e-folding) time scale to achieve alignment with the
wind was proportional to the inverse of wave frequency.
Van Vledder and Holthuijsen (1993), reanalyzing the
Hasselmann et al. (1980) results found that the response
time to turning winds for waves with frequencies larger
than the critical frequency vcr is almost always shorter
than one hour, with the longest response time to correspond to high wind speeds and old seas. Typically in our
data, the response time to turning winds, at vcr, is about
30 min. In conditions with fast turning winds, this latter
interval is not a short time scale, but such cases were not
analyzed specifically in this study.
In our data, we have restricted the angle u9 between
the dominant waves (at vp) and the wind to be within
308. Therefore, since in our results vcr . 3.5vp (implying
that the time scale at vcr is 3.5 times shorter than that at
vp), it can be assumed that the short waves, which contribute to the formation of z0, are aligned with the mean
wind direction. However, introducing u9 in the rms wave
height determination (via CS) will result in smaller rms
wave heights and thus in somewhat smaller z0 values,
although practically not that different for angles (u9)
of wave misalignment with the wind less than 308. In
Donelan et al. (1996), it was shown that for a wind sea
the directional spread is relatively limited, being smaller
than that given by the classical expressions presented
in, for example, Donelan et al. (1985). As the directional
influence enters the calculations through a cosu9 function (small changes for small angles), it was felt proper
not to account for the directional distribution of the waves
in the determination of z0. To the authors’ knowledge, it
seems that the exact form of the directional spread is not
yet conclusive.
We have also not included the contribution of intermittent capillary waves in our calculations because the
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FIG. 11. Modeled dimensionless roughness [Eq. (25)] in comparison with earlier studies. Estimation (a) without and
(b) with Glazman filtering, A 5 0.5, and without Glazman filtering and (c) A 5 0.75 and (d) A 5 1.

cutoff frequency (discussed in section 2.1.2) is in the
gravity–capillary range when the wind drift is larger than
the minimum velocity of the freely traveling waves (i.e.,
0.233 m s21). Including the capillary waves could increase z0 to some extent, but probably not very much.
The critical frequency vcr here is less than 20 rads21 or
3.2 Hz (for U10 . 5 m s21, y 21 , 5). This implies that
the waves that contribute most to z0 are those with frequencies a little above vcr.
Some ambiguity in the value of A, the coefficient used
to determine vcr, also contributes to further uncertainties in the estimation of z0. Figures 11c and 11d show
results with A 5 0.75 and 1, respectively (without
Glazman filtering). Higher values of A correspond to
higher critical frequencies, resulting in smaller z0, with
the largest change corresponding to young seas.
In this study, the spectral model CS has been used as
input to the roughness length model. Swell waves are
thus not included. Several laboratory experiments show
the reduction of short waves in the presence of longer
waves (e.g., Phillips and Banner 1974; Donelan 1987).
In Chen and Belcher (2000), a model was developed to
explain these laboratory results. It was, however, shown

by the model that in open ocean conditions, with higher
wave ages, the longer waves left the shorter waves riding
on them nearly unaffected. From this finding one could
assume that the roughness length (if due to short breaking waves) would, at least, not be reduced when background swell is present. It is interesting to note that
Phillips (1981) determined a characteristic frequency,
vch, above which the interaction of short and long waves
(associated possibly with a swell) becomes important
(see also Papadimitrakis 1986). With respect to vch
Phillips suggests that
vch 5 vp [4B9(1  B9)]1 ,

(41)

where B9 is the swell slope. In the wind-generated wave
field B9 is changed into (hk)av, given by
pﬃﬃﬃ
(hk)av 5 hav kp 5 2 2pxH av ,

(42)

where the normalized average wave height Hav is given
in Papadimitrakis (2005) as a function of the spectral
bandwidth u. One could also estimate an average slope
associated with the longer waves present in the spectrum
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[as done in Phillips (1977) and Papadimitrakis (2005) or
utilizing perhaps the frequency v1] and then obtain vch.
In every case, it is possible to express the ratio of vch/vcr
in terms of B9, x, and/or of the wave age. It is also possible
to relate the swell ratio E1/E2, via v1 and the form of the
spectrum, to vch and thus to B9, x, and/or the wave age.
The above ideas further suggest that, if vcr . vch, one
would expect the interactions of long and short waves to
affect vcr and thus z0. Conversely, if vcr , vch, these
interactions will not affect vcr and z0. It is thus apparent
that the characteristic wave field slope may also determine the increase and/or reduction of z0 caused by the
interactions of long and short freely propagating waves.
Finally, it is interesting to note that the use of the proper
slope in the determination of vch (as just described)
would possibly provide a means of estimating the proper
range of x values that will be consistent with the behavior of the observed roughness length z0. All of the
above ideas should be considered in future studies.
In an extended version of the present z0 model, the
swell waves would cause the shorter waves to break earlier, as these shorter waves become steeper, than if no
longer waves were present. A modified limiting amplitude expression, as Eq. (32b), that would include the slope
of a background swell (as discussed in Papadimitrakis
2005) would possibly result in an increase of the sea surface roughness, as seen in our measured data, at least for
dominant wind seas of certain slope. However, the high
frequencies of the wave spectrum are also damped by the
swell (Phillips 1977) and can to some extent reduce z0. It
is worth noting that the wave breaking model used here
assumes a single-peak wave spectrum in contrast to some
field observations. Again, the choice of the wave spectral
model appears to be important (Ochi and Tsai 1983), as
the amount of breaking is sensitive to the form of the
spectrum, and future studies ought to address this issue.
A final concern regards filtering: Glazman (1986) filtering is supposed to account for the limited curvature of
the short waves. If this filtering really describes the
processes on this scale, then it should also be used when
estimating z0, not only as a tool to calculate higher
spectral moments.
This investigation has shown that with the present version of the wave-breaking model we arrive at z0 values
close to those obtained from the measurements at the
Östergarnsholm site. It remains to evaluate the model
during more extreme wind conditions, for other spectral
shapes, and in the presence of a background swell.

6. Summary and conclusions
Melville (1977) proposed that a large part of the wind
stress is contributed by small-scale breaking waves
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owing to airflow separation. The ideas expressed in PP
and Papadimitrakis (2005) form a stochastic roughness
length model that utilizes the probability of wave breaking and a critical frequency, above which the breaking
waves contribute to the formation of roughness length.
Some modifications, regarding the influence of both the
wind-driven surface drift currents and the form of breaking waves (whether spilling or plunging) to the breaking
process, were also made here.
To compare the results of the model with the field
measurements from the Östergarnsholm site in the Baltic
Sea, the properties of the sea surface were first evaluated
and compared with the results from other investigations
and the output from a wave spectrum model. The differences found among the various investigations regarding the normalized rms wave height can possibly be
attributed to the presence of a different background wave
field, a swell.
It was also found that the measured roughness length
was smaller than the z0 values presented in the other
investigations mentioned in this study, even when normalized with, for instance, the rms wave height s. The
roughness length z0 was found to increase with increasing swell ratio, approaching the values of the other studies. This shows that z0 depends not only on the wave age
but also on the swell ratio.
The roughness length model was used in conjunction
with a wave spectrum model that utilizes the wind speed,
the wave age, and the significant slope (expressed as
a function of the wave age) as input. When the kinematic
wave breaking constant A is set equal to 0.5, the modeled roughness length compares well to our measurements. The dependence of z0 on the wave age is more
pronounced in the model than seen in the measurements. The model underestimates the roughness length
as compared to that of other investigations presented in
this study, perhaps due to the presence of a different
background swell in these studies. It is also possible that
the waves that appear intermittently above a cutoff
frequency and travel at a lower speed than the wind-drift
current are not included in our analysis and could result
in higher z0 values. It remains to evaluate the model
during more extreme wind conditions, with background
swell, and during conditions of dominating swell.
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