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“A wave is never found alone, but is mingled with as many other waves 
as there are uneven places in the object where the said wave is produced. 
At one and the same time there will be moving over the greatest wave of a 

sea innumerable other waves proceeding in different directions.” 
 

Leonardo da Vince, Codice Atlantico, c. 1500 
(Translation by E. MacCurdy, The Notebooks of Leonardo da Vinci.) 
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Introduction 

Ocean surface gravity waves are undulating forms that move along the 
surface of the sea. Of all the various types of wave motions that can occur in 
the ocean, wind waves are one of the most energetic and easily observed. In 
fact, the sea surface wave spectrum is dominated by wind waves, which 
account for more than half of the energy carried by all waves at surface, 
surpassing the contribution of tides, tsunamis, coastal surges, etc. (Kinsman, 
1965). Wind waves (henceforth simply called “waves”) are generally 
considered to be surface gravity waves caused by the wind and propagating 
under the restoring force of gravity. Their wave lengths range from 10 cm to 
about 1 km, with maximum energy density in the open ocean typically at 
wave lengths of about 150 m (Barnett and Kenyon, 1974). 

The waves play a central role in the atmosphere-ocean transfer processes. 
In spite of having been extensively studed, the boundary between the 
atmosphere and the ocean is still not well understood. Heat, mass, and 
momentum are transferred across this boundary at a rate determined not only 
by the sea surface motion (waves and currents) but also by the properties of 
the ocean and the atmosphere boundary layers (the ocean mixing layer – 
OML – and the marine atmospheric boundary layer – MABL –, 
respectively). Waves mediate principally the exchange of momentum 
between the winds and the ocean surface, however they are important to 
heat, mass, and gas exchanges as well. A central key to understanding the 
processes at the atmosphere-ocean boundary is gaining knowledge about the 
flux of momentum between the air and the water. This flux (the rate of 
transport of momentum across a unit area) can be in either direction. It is 
mostly from the winds to the ocean, but it can also be directed from the 
waves to the atmosphere. As waves are the “gearbox” between the 
atmosphere and the ocean a better understanding of the waves can then 
significantly improve the parameterization of air-sea fluxes and surface 
processes in ocean, wave and atmospheric models. 

There are two types of waves at the ocean surface. During the generation 
and growing process, waves are designated as wind sea or young growing 
waves. Swell waves or old decaying waves are waves that outrun their 
generating wind, and propagate away from their generation area. Wind sea 
waves are generated locally, and receive momentum from the wind, therefore 
they are strongly coupled to the local wind. On the other hand swell waves 
are generated remotely and no longer receive momentum from the wind, and 
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are not directly coupled to the local wind field. Recently there has been a 
renewed interest in the study of swell waves: from swell propagation and 
attenuation (Alves et al., 2006; WISE Group, 2007; Adhuin et al., 2009, 
Kantha et al., 2009) to the swell impact on the MABL (Sullivan et al., 2008; 
Hanley and Belcher, 2008; Smedman et al. 2009; Högström et al., 2009). 

Swell waves are very persistent and can propagate over long distances 
across the globe (Barber and Ursell, 1948; Munk et al., 1963; Snodgrass et 
al. 1966; Alves, 2006) with little attenuation (Ardhuin et al., 2009). For that 
reason in the open ocean the wave field is most of the times the result of 
contributions from waves with different frequencies and directions. These 
different waves are of different origins and ages: waves that are generated 
locally by the prevailing winds (wind sea waves) that co-exist with waves 
that were generated elsewhere and propagated into the area (swell waves), 
either from the same or from a nearby storm (young swell) or from a remote 
weather system thousands of kilometers away (old swell). 

As waves leave their generation area as swell into light wind areas, they 
perform work on the overlying atmosphere inducing a pressure perturbation 
in the surface layer of the MABL, thus producing a forward thrust on the 
flow (Högström et al., 2009). Hence swell looses energy to the atmosphere 
as it gradually decays, accelerating the airflow in the form of the so called 
“wave driven wind” (Harris, 1966), and has also a consistent influence on 
the overall turbulence structure of the boundary layer (Sullivan et al., 2008). 
The Monin-Obukhov similarity theory (MOST) cannot be claimed as valid 
in strongly swell dominated wave fields (Drennan et al., 1999; Smedman et 
al., 2009; Sullivan et al., 2010). Nevertheless atmospheric (climate and 
forecasting) models rely on the validity of the MOST (and in bulk 
formulations) to compute fluxes at the surface boundary layer, regardless of 
the sea state. 

The goal of this thesis is twofold. First, a global climatology of wind sea 
and swell waves, based on the European Centre for Medium-Range Weather 
Forecasts (ECMWF) ERA-40 reanalysis, is presented. The climatological 
studies in papers I, II, and III are mainly focused on the aspects of swell 
domination and propagation in the World Ocean, how this dominance is 
balanced with wind sea waves, and also on the climatological aspects of the 
swell interaction with the atmosphere, connected with the swell attenuation. 
Second a smaller scale perspective is presented in paper IV. In that study a 
model that reproduces the swell impact on the lower MABL dynamics, 
conceptually based on the energy transfer from swell to the MABL, is 
presented – a  new parameterization for the wave-induced stress in the 
surface layer of the MABL is also proposed. The model results are compared 
with observations from a tower at Östergarnsholm Island in the Baltic Sea. 
In paper V, a modeling simulation using a coupled wave-atmosphere model 
system is used to study the impact of swell in a regional climate model. In 
Paper VI, some considerations about the wave age parameter are discussed. 
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Field data and ERA-40 

Observations 
The measurements used in this thesis, mainly in paper IV, were obtained at 
the Östergarnsholm site in the Baltic Sea (Figure 1). This air-sea interaction 
measuring site is located in a very low and flat island, with no trees and very 
scarce vegetation. The measuring station consists of an instrumented 30 m 
tower, situated at the southernmost tip of the island of Östergarnsholm, and 
a Directional Waverider Buoy (DWR). The DWR is run and owned by the 
FIM (Finish Meteorological Institute), and was moored about 4 km 
southwest of the tower, where the water depth is about 36 m. The tower base 
is located at 1.5 m above the mean sea level, with a +/- 0.5 m sea level 
variation. 

High frequency Solent sonic 1012 anemometers (Gill instruments, 
Lymington, UK), were mounted at 9, 16.5 and 25 m above the tower base 
and recorded turbulence data of the three wind components (and also 
temperature) at 20 Hz. In addition, slow response sensors recorded wind 
speed and direction, and temperature, at 6.9, 11.8, 14.3, 20 and 28.8 m above  
the tower base, at 1 Hz. The wave measurements were recorded once every 
hour for 26 minutes long periods. The wave integrated parameters were 
calculated over a frequency range of 68 bins from 0.025 to 0.58 Hz. For 
longer period waves (swell), which are the main focus of this thesis, a wave 
transformation correction was applied (see appendix of Smedman et al., 
1999).  

The data collected at this site has been shown to represent open sea 
conditions in the sense that the wave field is mainly undisturbed and the 
atmospheric turbulence is not influenced by the low water depths very near 
the shore. Additional details about the measuring site, including the flux foot 
print analysis concept, and a detailed analysis about the wave field, the fetch 
(the horizontal distance over which the wind blows) conditions, and the 
bottom topography in the vicinity of the buoy and around the southern shore 
of the island, can be found in Smedman et al. (1999; 2003) and Högström et 
al. (2008). 
 
 
 
 



 14 

 

 
FIGURE 1. Map of the Baltic Sea, with a close-up of the Östergarnsholm measuring 
site. The wave buoy is moored at ~4 km east-southeast of the tower in the island, at 
36 m deep water. 

ERA-40 reanalysis 
The ERA-40 is a reanalysis of meteorological observations from September 
1957 to August 2002 (45 years), produced by the ECMWF (Uppala et al., 
2005). The data set consists of 6-hourly global fields with a 1.5ºx1.5º grid 
resolution. Besides atmospheric variables, it also includes wave parameters. 
The goal of a reanalysis is to overcome the inhomogeneities related to model 
and data assimilation changes throughout the time. The best available model 
and data assimilation scheme are then used to repeat the analysis procedure. 
Therefore a reanalysis yields a complete data set that is as temporally 
homogeneous as possible. Inhomogeneities due to changes in observation 
systems and uneven data coverage still remain, though (Uppala, 1997; Sterl, 
2004). In comparisons with similar wave reanalysis products, the ERA-40 
wave data proved to be of better quality (Caires et al., 2004). 
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The ERA-40 was produced using the ECMWF Integrated Forecasting 
System (IFS) – a two-way coupled atmosphere-wave model system, and a 
variational data assimilation scheme (3DVAR). Observations of ocean wind 
speeds from voluntary observing ships (VOS), buoys, and satellite 
scatterometer were assimilated in the reanalysis process. Since 1991 satellite 
altimeter significant wave heights were also assimilated. The wave model 
used in the coupled system is the third generation WAM model (WAMDI 
Group, 1988). The ERA-40 wave data mostly due to changes in the satellite 
products assimilated in the process is not fully homogeneous in time. Four 
different periods are clearly identified by Sterl and Caires (2005). In one of 
these periods (from December 1991 to May 1993) erroneous remote sensing 
data were assimilated giving rise to corrupted wave model output. Data from 
this period is not included in this thesis. Additional details about the ERA-40 
wave reanalysis are given by Sterl and Caires (2005), Caires and Sterl 
(2005), and Caires et al. (2005). 

It is known that in ERA-40 low wave heights tend to be overestimated, 
and high wave heights tend to be underestimated (Sterl and Caires, 2005), 
and that high wind speeds are slightly underestimated (Caires and Sterl, 
2003). Sterl and Caires (2005) produced a statistically corrected dataset (C-
ERA40) of the significant wave height ( Hs ) that was used in paper II. The 
ERA-40 atmospheric data is also used for the atmospheric boundary forcing 
of the RCA3 in paper V. 

The WAM model, used in ERA-40, outputs the two-dimensional (2D) 
wave energy spectrum F( f ,θ ) , describing how the mean sea-surface 
elevation variance is distributed as a function of frequency ( f ) and 
propagation direction ( θ ), obtained at each grid point by integrating the 
wave energy balance equation (see equation 7 below). From F( f ,θ ) ,  
several integrated wave parameters can be obtained (see e.g. equations 2-4).  
Besides wave parameters the ERA-40 10 meters wind speed (U10 ) and 
direction (φ ) were also used in this thesis.  

The wind sea and swell parameters are computed by separating the one-
dimensional (1D) frequency spectrum into wind sea and swell components. 
In WAM the separation scheme has roots in the Pierson-Moskowitz 
spectrum (see below; Pierson and Moskowitz, 1964) and is based on the 
wave age parameter. The separation frequency is defined as the frequency 
corresponding to the wave phase speed ĉ , where ĉ / u cos(θ φ ) 1.2* 28* − =  
(Bidlot, 2001). The factor 28 corresponds to the peak phase speed c 28up *=  
from the Pierson-Moskowitz spectrum (equation 5), and 1.2 is a tuning 
parameter. The high and low frequency parts of the partitioned spectrum 
correspond to the wind sea and swell components, respectively. The wind 
sea and the swell parameters are computed by integrating over the respective 
spectral parts obtaining, for example, the wind sea ( wHs ) and swell ( sHs ) 
significant wave heights, or their respective mean propagating directions 
( w

mθ  and s
mθ , for wind sea and swell, respectively). 
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Waves at the ocean surface 

Ocean wind waves 
Waves are characterized by a group of parameters which vary in time and 
space. The basic spatial dimensions of a single wave component are its 
amplitude and height ( a , H 2a= , respectively), and its wave length ( λ ). 
The time dependent wave parameters are its period and frequency 
(T , f 1 / T= , respectively), and its wave phase speed ( c λ / T= ). The wave 
phase speed (or wave phase velocity or wave celerity) arises from the 
dispersion relation (for deep waters) from linear theory (Airy, 1845): 

 
gλ gT2c c
2π 2π

= ⇔ = ,  (1) 

where g  is the gravitational acceleration. According to linear (or small 
amplitude) wave theory the wave phase speed, c , is independent of the wave 
height, H . The sea surface is the result of the superposition of several wave 
components, which differ from each other in height, wave length, frequency, 
and propagating direction. Therefore using a frequency spectrum with 
several Fourier components is a more realistic approach to describe the sea 
surface. By using Fourier analysis a wave field is decomposed into a large 
number of sinusoidal waves of different frequencies, directions, amplitudes 
and phases. The Fourier analysis provides an approximation to the irregular 
but quasi-periodic (assumed ergodic) form of the wave field as the sum of 
several sinusoidal curves. Since waves are dispersive (see equation 1), each 
wave component travels at its own speed, depending on the frequency. 
Therefore the wave spectrum at a specific point in the ocean is continuously 
changing. 

The wave spectrum represents the distribution of wave energy (or 
variance of the sea surface) over frequency. As a statistical distribution, 
many of the wave parameters derived from the spectrum are similar to the 
parameters from any statistical distribution. Hence, the form of a wave 
spectrum is usually expressed in terms of the moments of the distribution 
(the spectrum, for this matter). The nth-order moment of the spectrum is 
defined as: 
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0

nm f F( f )dfn

∞

=  ,   (2) 

where F( f )  is the 1D wave energy frequency spectrum. The most 
commonly used wave integrated parameters are the significant wave height 
 

H 4.04 ms 0= ,   (3)  

where 2m σ0 =  is the zeroth moment and 2σ  is the sea-surface elevation 
variance, and the mean wave period (here defined as the wave period 
corresponding to the mean frequency of the spectrum) 
 

m0Tm m1
= ,   (4) 

where m1  is the first moment. Sverderup and Munk (1947) introduced the 
concept of significant wave height mentioned above, defined as the mean of 
the highest one-third of the waves present in the sea surface. If the 
significant wave height is extracted from a wave record, from a buoy for 
example, by averaging the one third highest waves, the acronym that is 
commonly used is H1 / 3 . If computed from a wave spectra, from the zeroth 
moment, the most common acronym is Hm0 . The more general acronym is, 
nevertheless Hs . 

The Pierson-Moskowitz spectrum (Pierson and Moskowitz, 1964) is often 
used as a modeled spectrum for a fully developed sea – an idealized 
equilibrium state reached when duration and fetch  are unlimited. In its 
original form the Pierson-Moskowitz spectrum is: 
 

4
g

0.242 2πU fαg wF( f ) e
4 5( 2π ) f

 
−   

 = , (5) 

where α 0.0081=  is the Phillips constant (Phillips, 1958), and wU  is the wind 
speed at 19.5 m height. The peak frequency, corresponding to the energy 
peak of the Pierson-Moskowitz spectrum  (corrected for 10 m height by 
Alves et al., 2003) results in: 
 

g
f 0.13p U10

= .   (6) 
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The state of the sea is usually defined by the so called “wave age” 
parameter. The wage age concept developed along with the sheltering 
hypothesis of Jeffreys (1924, 1925) to designate the characteristic wave 
phase velocity of the wave spectrum normalized by a measure of the wind 
speed at a certain height (here at 10 m) expresses the relation between the 
peak wave and the wind speeds c / Up 10 . Early in the development of a 
wave field due to the action of a storm, waves are of short length and 
propagate slower than the wind. The phase speed of the wave at the peak of 
the spectrum as the storm progresses increases and eventually overcomes the 
wind speed. From equation 6 and from the dispersion relation in equation 1 
it is assumed that for a fully developed sea stage (mature sea), c 1.2Up 10= . 
By using the wave age parameter, the development of the sea state is 
therefore characterized as dominated by wind sea if c / U 1.2p 10 < , or 
dominated by swell if c / U 1.2p 10 >  (Smith et al., 1992). For c / U 1.2p 10 <  
there is a direct relation (with low scatter) between wave heights, wind speed 
and wave age (Edson et al., 2007). As the wave field gets swell dominated 
and c / Up 10  leaves the equilibrium value this scaling no longer exists. The 
wave age can also be defined by scaling cp  by the local friction velocity 
( u* ). In this case, it is usually assumed that for a fully developed sea stage 
c 30up *=  (Smith et al., 1992). 

The wave age parameter is sometimes defined as c / U cosαp 10  (or 
c / u cosαp * ), where α  is the relative angle between the wind direction and 
the waves propagating direction (see e.g., Sullivan et al., 2008; Hanley et al., 
2010). The inclusion of the cosine term is loosely motivated by the need to 
take into account the component of the wind (or of u* ) in the direction of the 
waves propagating direction. This can induce an amplification of the wave 
age values for large relative angle values (close to 90º), leading to erroneous 
wave state classifications, as exemplified in the appendix to paper II and IV. 
In paper VI, following Smedman et al. (2009), the inclusion of this 
parameter is proved not only unnecessary but incorrect, and therefore the 
original wave age expressions c / Up 10  and c / up *  are used throughout this 
thesis, mainly in the wave age climatology presented in paper II. 

Wave generation by the wind – physical processes 
Waves are the inevitable consequence of the wind action over the air-sea 
interface. When wind blows over the sea surface waves are generated by 
energy transferred from the wind in the form of momentum to the water. As 
wind acts over the smooth surface of the sea surface, it quickly disturbs the 
water and forms small ripples. If the wind continues to blow due to a storm, 
genuine wind waves will develop. The wave components of the complex 
wave field receive energy from the wind, and grow until they are saturated. 
The growth rate of each component is a function of the difference between 
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their phase speed and the wind speed. The high frequency waves (young 
wind seas with short wave lengths) develop very quickly and soon reach 
their saturation level since they propagate slower.  The lower frequency (and 
longer) waves, with phase speeds that approach or slightly exceed the wind 
speed, grow slower from the action of the wind but also by extracting energy 
from higher frequency waves due to non-linear wave-wave interactions. 
With increasing duration and fetch waves will ultimately reach equilibrium 
up to a saturation level. Some of the longer wave components propagate 
faster than the overlaying wind speed and become swell. These waves no 
longer receive energy from the wind, but they still grow in height by 
receiving energy as long as higher frequency wave components are present. 
The resulting wave characteristics at the downwind edge of a storm depend 
primarily on the wind speed and direction, on the length of the fetch and on 
the wind duration. For a long enough fetch (assumed “infinite”), the longer 
the wind blows the larger the waves that are generated until a “fully 
developed sea” has been generated for a particular wind velocity. In the 
region beyond the end of the fetch, where waves propagate as swell, the 
significant wave height will decrease and the swell periods will increase. 
Swell waves begin their “journey” across the open ocean away from their 
generation area. 

While the close relationship between the wind and the ocean surface is 
quite apparent, the details of the interaction are extremely complex, and 
despite decades of dedicated research it can be said that an accurate 
theoretical model of the wave generation and growing processes is still 
absent. Ursel (1956) wrote in a review of the subject: “wind blowing over a 
water surface generates waves in the water by physical processes which 
cannot be regarded as known”. A lot has been achieved in the last half 
century, and present third generation wave models incorporate more physics 
than earlier empirical models. These models forecast waves with relatively 
good skills, and are used as valuable operational and research tools in 
different time and spatial scales. Nevertheless, present time wave models are 
still not perfect in their depiction of wave-related processes, since the details 
of wind-wave generation, dissipation, and transfer of energy across the wave 
spectrum are still not fully understood to be accurately quantified. 

The evolution of the wave spectrum is described in wave models by the 
so called “wave energy balance equation” (Komen et al., 1994). This 
equation describes the evolution of the 2D wave spectrum ( )F f ,θ  as the 
sum of the local wind input ( Sin ), wave dissipation due to wave breaking 
( Sds ), nonlinear wave-wave interaction ( Snl ), and an additional term that 
accounts for energy loss due to bottom friction in shallow waters ( Sbot ): 

 

( ) ( )( )F f ,θ c F f ,θ S S S Sg in ds nl bott

∂ + ∇ ⋅ = + + +
∂

,   (7) 
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where θ  is the wave propagating direction, and cg  is the wave group 
velocity.  

As Ursell (1956) pointed out, the generation of ocean surface waves by 
the action of the wind is perhaps one of the most intriguing problems in 
wave theory. Jeffreys (1924, 1925) was responsible for probably the first 
major theory aiming to explain the wave generation process. Jeffreys made 
the plausible suggestion that a pressure difference due to air flow sheltering 
on the lee side of the waves should be responsible for the wave generation. 
Further tests with flows over solid models showed that the effect was too 
small to explain observed rates of wave growth.  More than 25 years latter 
Phillips (1957) and Miles (1957), sparkled by Ursell’s review, proposed their 
independent theories of wave generation by the wind, that are still the corner 
stone of present operational wave forecasting models. Phillips (1957) theory 
considers the generation of waves on a still body of water by normal 
pressure fluctuations due to the action of a turbulent wind. It is assumed that 
waves do not modify the pressure force responsible for their generation. 
Phillips found that the waves will grow by a resonance mechanism when the 
speed and length of the atmospheric fluctuations (turbulent eddies) match 
those in the water surface. Miles (1957) theory assumes the generation of 
waves due to shear flow instability in the coupled air-water-system. Miles 
considered the mean shear flow in the air to be produced by turbulent 
processes, but neglected all effects of turbulence on the interaction between 
the wind and the water. The motion of the air was taken to be laminar, 
inviscid, and incompressible. Additionally the water motion was assumed to 
be irrotational, and the waves slope to be small enough to justify neglecting 
nonlinear terms. A pre-existing wave in the water will then induce a 
disturbance in the shear flow, and part of the induced pressure disturbance 
which is in phase with the wave slope performs work on the wave and 
causes it to grow. This coupled mechanism then results in an exponential 
growth rate for the wave energy. Janssen (1991) developed a version of this 
theory in which the wave-atmosphere system is treated as a coupled system, 
and showed that the waves actually have some influence on the entire lower 
atmosphere (the wave induced surface friction for the lower atmosphere is 
larger for young sea states than for older sea states), thus somewhat affecting 
the evolution of mid-latitude storms (Janssen, 2004) or tropical storms 
(Doyle, 2002). 

Global wave climate 
One of the most striking things about waves is their rapid motion across the 
sea surface. A common mistake about waves is to assume that it is the water 
itself that is moving forward at a very fast speed. That is not true. It is the 
phase of the waves that propagates and moves forward,  and since  waves are  
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FIGURE 2. Seasonal averages for DJF of Hs  (m) and θm  (º) (A), sHs  (m) and sθm  

(º) (B), and wHs  (m) and wθm  (º) (C). The arrows are scaled with the background 

fields. The color scales vary between the sub-figures. (From paper I.) 

dispersive, the longer and older they are the faster they propagate. If the 
water itself would move at the speed of the waves, ships could not sail in the 
oceans, and no coastal structure would be strong enough to resist such a 
force. 
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FIGURE 3. Seasonal averages for JJA of Hs  (m) and θm  (º) (A), sHs  (m) and sθm  (º) 

(B), and wHs  (m) and wθm  (º) (C). The arrows are scaled with the background fields. 

The color scales vary between the sub-figures. (From paper I.) 

Waves are mainly generated along the extratropical storm tracks in both 
hemispheres (Young, 1999; Alves, 2006; Sterl and Caires, 2005), where 
mean wind speeds are higher. It is also along the extratropical latitudes that 
the Hs  values are higher. Most wave atlases and climatologies  focus  on the 
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most important wave parameter, like Hs  and Tm . In paper I, a detailed 
climatology of the wind sea and swell parameters, particularly wHs  and sHs , 
and how they balance in the World Ocean, is presented. There the swell 
domination of the World Ocean is assessed, following previous studies, such 
as Chen et al. (2002) and Gulev et al. (2003), which used different wave data 
sets (remote sensing, and visual wave observations from VOS, respectively). 
In Figures 2 and 3 (from paper I) the December-January-February (DJF) and 
June-July-August (JJA) mean climatological Hs , sHs , and wHs  patterns are 
shown, along with their propagating directions θm , sθm , and wθm . From 
these two figures, it is clear that the highest seasonal mean Hs  conditions 
are found along the mid to high latitudes, along the extratropical storms 
paths, in both hemispheres during the respective hemisphere winter. It is also 
clear that while the wHs  climatological mean is very low outside the storm 
tracks and the Trade Winds, the sHs  field, reflecting the swell propagation 
patterns, is sprawled ultimately reaching the equatorial areas.  In paper I it is 
shown that the global wave field is dominated by swell, even along the 
extratropical storm paths, where the relative energy weight of the wind sea 
part of the wave spectra is highest. In the low latitudes the prevalence of 
swell dominated wave fields was shown to be close to 100%.  

From an energy density perspective, the energy content of the swell 
waves is considerably higher than the wind sea. Since s wH Hs s> almost 
everywhere in the world ocean, as seen in Figures 2 and 3, even along the 
extratropical storm tracks, this means that   

 

w w
s s w wE ρ gm E ρ gm0 0= > = ,   (8) 

where sE  and wE  are the energy densities per unit area from swell and 
wind sea waves, respectively, wρ  is the water density, and sm0  and wm0  are 
the swell and wind sea zeroth moments, respectively. Swell waves therefore 
carry considerably more energy then wind sea waves. The wave energy 
fluxes, computed according to Holthuijsen (2007):  
 

( )2 2ρgw w w wE c E T Hf g m s64π
= = , and  (9)  

( )2 2ρgs s w sE c E T Hf g m s64π
= =  ,  (10) 

where wE f  and sE f  are the wind sea and swell energy fluxes, respectively, 
cg  is the group velocity, and wTm  and sTm  are the wind sea and swell mean 
periods, are shown in Figure 4 for DJF and JJA (from paper I). Besides the 
extratropical storm areas in both hemispheres and predominantly in the 
respective winter, wE

f
 is low everywhere. The E

f
s  mean maxima are concen- 
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FIGURE 4. Seasonal averages of sE f  (kW/m) for DJF (A) and JJA (B), and wE f  

(kW/m) for DJF (C) and JJA (D). (From paper I.) 
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trated in the mid to high latitudes, but the swell propagation patterns 
contribute to a wider area of high sE f . 

From the Pierson-Moskowitz spectrum in equation 5, further corrected for 
10 m height by Alves et al. (2003), and in line with equation 6, 10U  and sH  
follow the monotonical relationship up to the fully develop seas: 
 

2H 0.025Us 10= .   (11) 

Figure 5 (from paper II) shows a scatter diagram of 10U  and sH  from ERA-
40. The curve corresponds to the fully developed seas from equation 11, and  

 
FIGURE 5. Scatter diagram of U10  and Hs  (from C-ERA-40). The overlaid red line 

represents the Pierson and Moskowitz (1964) theoretical relation between U10  and 

Hs  for fully developed seas. (From paper II.) 

is used as a separation line between the two sea states: values below the line 
correspond to wind sea dominated wave fields, whereas values above the 
line correspond to swell dominated wave fields. This figure also shows how 
swell dominates the World Ocean wave field (in agreement with paper I), 
and also how the equilibrium stage between wind and waves is a relatively 
rare occurrence (as seen in paper II). 

The annual global mean field of pc / U10  is shown in Figure 6 (from 
paper II). The highest climatological mean values are found in the equatorial 
west continental coasts, coinciding with the swell pools mentioned   by Chen 
et al. (2002), and in line with the results in paper I. Along the  Horse  
Latitudes in both hemispheres some high values of pc / U10  can also be 
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found. There the mean U10  values are low, and long swell waves generated 
in the extratropical latitudes travel predominantly equatorward as seen in 
Figures 2 and 3. Probably the most striking feature of the global annual 
mean field of pc / U10   is the fact that the wave age is, on the mean, always 
consistently higher than 1.2 everywhere in the open ocean, supporting the 
previously mentioned swell dominance. 
 

 
FIGURE 6. Annual averages of c / Up 10   (dimensionless). 
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The marine atmospheric boundary layer 

Momentum transfer in the atmospheric boundary layer 
The lowest layer of the atmosphere directly in contact with the Earth’s 

surface, is known as the ”atmospheric boundary layer” (ABL). Over the 
ocean the boundary layer is usually designated as MABL – the “marine” 
ABL. The Earth’s surface exerts a direct influence in the ABL by friction 
and heat fluxes. Therefore the ABL is the most turbulent part of the 
atmosphere. The ABL is usually separated into two distinct regions: an inner 
region, and an outer region (Stull, 1988). Whereas in the outer layer the flow 
characteristics of the Earth surface show little dependence on the surface 
characteristics, in the inner region (or surface layer) the flow is affected by 
the characteristics of the surface. On the one hand, the Coriolis force is 
negligible in the surface layer, but is important in the outer region, therefore 
in the surface layer the wind speed increases rapidly with height, but the 
direction of the wind does not change much. On the other hand, the wind 
magnitude and direction in the ABL can vary rapidly in space and time. 

Turbulence in the ABL is generated by wind shear and either generated or 
suppressed by temperature gradients. Over land the instantaneous wind 
speed ( u ) in the ABL can be seen as the sum of the mean wind ( u ) and the 
correspondent high frequency random turbulent fluctuation ( u′ ): 
 

u u u′= + .   (12) 

There the mean vertical transport of momentum by turbulence in the ABL, 
assuming a 2D frame of reference, neglecting the lateral component of the 
flow, and using Reynolds averaging, is given by: 
 
 

 2τ u w ρ utot a *′ ′= − = ,   (13) 

where τtot  is the total surface stress (or momentum flux), ρa  is the air 
density, w′  is  the turbulent fluctuation of the vertical wind speed 
component. 

The total stress τtot  at the surface is the tangential force per unit area 
exerted by the wind on the surface. It results in a vertical transfer of 
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horizontal momentum between the air and the surface via vertical 
momentum flux. Thus, the stress is a horizontal vector, whereas the 
momentum flux can be viewed as directed upward or downward. Over land, 
the momentum flux is always directed downward and faces the wind. Here 
we will consider a downward (upward) momentum flux as positive 
(negative).  

The marine atmospheric boundary layer under a swell 
dominated wave field 
The major difference between the airflow over the sea and over land is that 
the sea surface is wavy and mobile. This leads to a limitation in the use of 
classical theory to describe the surface MABL, since waves modulate 
velocity and pressure perturbations emanating upward from the surface. 
Therefore, the structure of the wind stress and velocity profiles over the 
ocean may deviate from similar overland situations. In the presence of waves 
the total instantaneous wind speed can now be separated into three parts: 
 

   (14) 

i.e., a mean, a turbulent and a ũ wave-induced component (Phillips, 1966). 
The additional wave-induced part is due to the presence of waves. The total 
surface stress (or momentum flux) over the sea then becomes: 
 

τ τ τ τtot turb wave visc= + + ,  (15) 

where τturb  is the turbulent shear stress, τwave  is the wave-induced stress, 
and τvisc  is the viscous stress, negligible a couple of millimeters above the 
sea surface. If τtot  at the sea surface is facing the wind direction, as during 
the wave growth process, τturb  and τwave  have the same downward 
directions, and the total momentum flux is directed downward. If τtot  is 
opposite to the wind direction, which can occur during strongly swell 
dominated wave fields, τturb  and τwave  have opposite directions: τwave  is 
directed upward and dominates over τturb , which is directed downward. In 
this situation, the total momentum flux is directed upward. 

In the lower MABL, τwave  is strongly dependent on the wave age 
(Grachev and Fairall, 2001), i.e., on the relation between the characteristic 
(peak) wave phase speed and the local wind speed. During the wave growing 
process, when wind seas dominate and the wave age values are low, the 
wave induced stress is directed downwards ( τ 0wave > ). However, τwave  
decreases for increasing wave age values, reaches zero, and eventually 
reverses sign ( τ 0wave < ) and direction when swell waves become dominant 
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at the sea surface. A further increase of the wave age will tend to enhance 
the negative portion of the total stress (momentum flux), leading to a sign 
reversal of τtot  (i.e., τ τ τ 0tot turb wave= + < ),  indicating a net transfer of 
momentum from the ocean to the atmosphere. The wave induced stress 
τwave  decreases (in magnitude) with height. At the height where τ 0wave =  
the total stress τtot  equals τturb . The layer between the surface and the 
height where the effect of the wave induced stress vanishes is called the 
wave boundary layer (WBL). 

Based on observations from several field campaigns, Grachev and Fairall 
(2001) showed that, the momentum flux should reverse sign for high wave 
age values (between 5 and 20). Nevertheless, field measurements by 
Smedman et al. (1999, 2009) have shown that a strong impact of swell on 
the MABL dynamics and turbulence structure can occur in swell dominated 
wave fields at lower wave age values, sometimes with the net momentum 
flux still directed downward (Smedman et al., 2009). Moreover, Högström et 
al. (2009) have shown that more than the direction of the total (net) 
momentum flux τtot , the impact of a swell dominated wave field on the 
MABL is governed by the wave spectrum dependant τwave  (Komen et al., 
1994). As shown in paper IV, the wave-induced component of the total 
stress is a function of the wave spectrum, with wave components (high 
frequency) that are receiving momentum from the wind, and wave 
components (low frequency part) that are feeding momentum into the 
atmosphere as they attenuate. Recent field observations (Smedman et al., 
2009) and large-eddy simulations (Sullivan et al., 2008) have shown that the 
impact of fast swell waves on the MABL might be stronger than previously 
assumed. The most striking effect of swell on the MABL is, for relatively 
large wave age values, the presence of a low level wave-driven wind 
maximum (a wind jet) at heights of the order of 5-10 m as observed by 
Smedman et al. (2009) based on observations from a field campaign in the 
Baltic Sea (BASE – Baltic Sea Swell Experiment – September-October 
2003). These authors also found that for lower wave age values this 
maximum will turn into a well defined “knee” in the wind profile. Between 
the sea surface and the height of the wind maximum (or the knee), the wind 
speed increases rapidly with height, and above that point it is practically 
constant, up to the height of the MABL. Swell waves then have a significant 
impact on the overall turbulence levels (if a neutrally stratified MABL is 
present), since the modification of the turbulence production mechanism in 
the surface layer leads to a turbulence collapse in the overall boundary layer, 
beyond the height of the WBL (Sullivan et al., 2008). In these conditions, 
the wind profile no longer exhibits a logarithmic shape because of the 
acceleration of the flow in the lower surface layer, thus invalidating the 
MOST. 

The concept behind the wave-driven wind and momentum transfer from 
the waves into the MABL is that waves perform work on the overlaying 
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atmosphere as they propagate faster than the wind. Swell waves therefore 
transfer (loose) energy to the MABL, accelerating the airflow, as mentioned 
in paper IV. The climatological picture emerging from this feedback process 
is of momentum being transferred from the wind into the ocean mostly along 
the extratropical storm tracks. Part of this momentum is used in the wave 
generation process while a much greater part is used in the wind-driven 
ocean current system. These waves will then propagate away from their 
generation area, having an impact on the atmosphere in light wind areas, 
mostly in lower latitudes. 

In paper IV, a model that reproduces the effect of swell on the wind 
profile in the surface layer of the MABL is presented. The model is based on 
the swell waves loss of energy into the atmosphere as they propagate (see 
below), quantified by the wave damping parameter ( β ). In the model the 
governing parameter, the wave induced stress, τwave , is assumed to decay 
exponentially with height following Sullivan et al. (2008) and Högsröm et 
al. (2009), and parameterized as a function of the wave energy loss and the 
wave field characteristics. Simultaneous observations of wind profiles, 
turbulent fluxes, and wave spectra during several swell events in the Baltic 
Sea are presented and compared with the model. In Figure 7A, comparisons 
between the modeled wind profiles, for two different eddy viscosity 
formulations, and the observed wind profile for one of the case studies (case 
A in paper IV) are shown. Two mixing length closure schemes were used for 
the eddy viscosity: one that assumes  a  simple  linear  variation  with  height  
 

 

FIGURE 7. (A) Comparison between observed (full line) and modeled (dashed and 

dotted-dashed lines, for both eddy viscosity formulations) wind speed profiles, (B) 

Observed wave spectrum. The dashed vertical line represents the separation between 

the wind sea and the swell parts. (From case A in paper I.)  
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and a second assuming a TKE (turbulent kinetic energy) dependence. The 
observed wave spectrum corresponding to the  wave field  status  is shown in 
Figure 7B, where the wind sea and the swell components of the observed 
wave filed are separated by a vertical dashed line. Due to the lack of a proper 
parameterization for β , this parameter was treated in paper IV as a residual 
term in the modeled profiles. The comparisons with the field measurements 
showed a good agreement between modeled and observed wind profiles, 
particularly in the higher wave age case studies, with the values of the tuned 
β  parameter, for the high wave age case studies, having values of the same 
order of magnitude of previous field, laboratory, and numerical studies 
(Donelan, 1999; Pierson et al.,2003; Kudryavtsev and Makin, 2004). 
 

  

FIGURE 8. Idealized vertical profiles of U( z )  under a swell dominated MABL. (A) 

Direction and relative magnitude of the stresses ( waveτ  and turbτ ) responsible for the 

formation of the wave-driven jet; the horizontal dashed line represents the height of 

the wind maximum (as in B), and the vertical dashed line the wind speed at the wind 

maximum. (Modified after Hanley and Belcher (2008).) (B) Vertical profile of 

U( z ) , normalized by gU , up to the height of the MABL, here assumed to be 

~200m. The thin horizontal lines represents the x  axis. 

 
The dynamics of the wave driven wind mentioned in paper IV, in an 

idealized situation where a wind jet is formed (see Figure 8A), as explained 
by Hanley and Belcher (2008), are as follows: Below the wind maximum, 
τwave  accelerates the wind because its vertical gradient is positive (it is 
negative at the surface decreasing to zero with height). The wind speed in 
this layer is accelerated until a balance between τwave  and τturb , which 
decelerates the wind, is achieved, i.e., τwave  provides momentum to feed the 
jet and τturb  extracts momentum from the jet. The necessary condition for 
the jet to exist is | τ | | τ |wave turb> . At the height of the wind maximum τturb  
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reverses sign, and from there upward the wind speed decreases as τwave  
also decreases, vanishing at the height of the WBL, where τ τtot turb= . 
Figure 8B shows the wind speed profile for the entire MABL, normalized by 
the background flow Ug , which is the wind speed at the top of the MABL, 
here assumed to have a height of about 200 m. The wind speed departure due 
to the effect of swell can be seen at low levels. Above the jet, the wind speed 
reduces smoothly to the background flow. 
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Parameterization of the momentum flux in 
atmospheric models 

Ocean and atmospheric (forecasting and climate) models use a bulk 
formulation to determine the surface stress (or momentum flux) by relating 
τtot  with the wind speed at 10 m height via a bulk transfer coefficient, 
known as the  “drag coefficient” ( CD ) (Stull, 1988; Sullivan and 
McWilliams, 2010): 

 
2τ ρ u ρ C Utot a * a D 10= = .  (16) 

All the wind-wave coupling processes are therefore lumped into a single 
unknown transfer coefficient CD . The use of equation 16 is based on the 
assumption that τtot  obeys the Monin-Obukov scaling at the surface MABL 
(Fairall et al., 2003) as over land, regardless of the wave field state. Under 
neutral stratification, if the logarithmic wind law is assumed as valid, CD  
can be defined as: 

 

( )

2
κ

CD ln 10 / z0

 
 =
 
 

,   (17) 

where z0  is the aerodynamic roughness length and κ  is the von Karman 
constant. Most operational models in the absence of information of the sea 
state, use the bulk formulation from equation 16 to calculate τtot  assuming 
that the Charnock coefficient is a constant in the definition of z0 . On 
dimensional grounds, Charnock (1955) argued that in rough flow over the 
sea surface, z0  is only dependent on u*  and g : 
 
 

2α uc *z0 g
= ,   (18) 

where αc  is the Charnock coefficient. The value of this coefficient was first 
estimated by Charnock (1958) to be α 0.012c = , but further studies have 
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suggested different values (e.g., Wu, 1969; Garrat, 1977). Once z0  as been 
defined, equations 16-18 are solved iteratively to obtain the relation between 
CD  and U10 . But even so, z0  and CD  have been shown from different 
field campaigns (Maat et al., 1991; Drenan et al., 1999; Smith et al., 1992; 
Drennan et al., 2003) and wave tank experiments (Komen et al., 1998) to 
have a strong dependence on the sea state, expressed trough the wave age, an 
not on the local wind field only. Several studies have shown that for 
developing seas and for swell dominated seas, αc  is not a constant but is a 
function of the wave state (e.g., Toba et al., 1990; Donelan 1990, 1993). 
Maat et al. (1991) and Smith et al. (1992) proposed a Charnock parameter as 
power function of the wave age: 
 

mcp
α ξc u*

− 
 =
 
 

,   (19) 

where the parameters ξ  and m  must be determined from data. Nevertheless 
this formulation cannot be easily used by atmospheric models, unless the 
wave age information is provided, for example, by a wave model trough a 
coupled atmospheric-wave model system as in paper V. More recently, it has 
been shown that the relation between z0  and CD  and the wave age is 
different, depending on the wind sea or swell dominance of the sea surface 
(Smedman et al., 2003; Guo Larsén et al., 2003).  

Several wave-atmosphere modeling coupling efforts have been attempted 
in the last 15 years (e.g., Doyle, 1995; Lionello et al., 1998; Desjardin et al. 
2000; Janssen et al., 2002; Doyle, 2002). The coupling effort at the ECMWF 
proved to have a positive impact in both wave and atmospheric models 
forecasting scores, particularly in the former (Janssen et al., 2002). The 
solution was therefore implemented in the ECMWF operation global IFS. 
Nevertheless, in all these studies the momentum flux over the ocean is 
always considered as directed downward, and the MOST is assumed as 
valid, regardless of the sea state, neglecting the effect of swell on the lower 
atmosphere.  

In paper V, the wave model WAM (WAMDI Group, 1988; Komen et al., 
1994), and the Rossby Centre regional climate model version 3 (RCA3), 
developed at the SMHI (Swedish Meteorological and Hydrological 
Institute), were coupled. Two different methods were used in the wave-
atmosphere coupling. A first method using z0  calculated in the wave model 
including only the effect of wind seas, and a second method including the 
effect of swell on z0  via a wave age dependent Charnock parameter, 
formulated differently depending on the sea state: 
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0.4cp
α 0.063c u*

− 
 =
 
 

, and  (20) 

 
0.4cp

α 0.0044c u*

− 
 =
 
 

,   (21) 

following the formulations in Carlsson et al. (2009), where equation 20 is 
used when wind sea waves are dominant, and equation 21 when swell waves 
prevail. The goal of the study was to assess the impact of swell in the 
regional climate model RCA3. In the simulation where only growing seas 
are taken into account the effect of the coupling was limited: some increase 
in the surface stress, a small reduction in the wind speed, and a consequent 
slight reduction in the Hs  computed by the wave model. When the swell 
effect was included in the coupling the effect of the waves was larger, with 
an increase in the wind speeds, higher Hs  values, reduction of sensible and 
latent heat fluxes, as well as an increase in the humidity levels at 2 m height. 
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Monin-Obukhov similarity theory 

The MOST, was originally intended of to describe the surface layer, 
assuming homogeneous and stationary conditions over land. The momentum 
flux, for example (but also sensible heat and humidity fluxes) is assumed to 
be constant in the surface layer, and described by equations 16-18. The non-
dimensional wind gradient in the surface layer is then defined as a function 
of stability: 
 

( ) du κz
φ ζ

dz u*
= ,   (22) 

where ζ z / L= , and z  is the vertical coordinate and L  is the Obukhov 
length, defined as: 
 

3u θ* 0L
gκw θv

=
′′

,   (23) 

where vw θ ′′  is the buoyancy flux (the kinematic flux of virtual temperature), 
and θ0  is the mean potential temperature in the surface layer. Under neutral 
stratification ( )φ ζ 1= , and the non-dimensional wind gradient is reduced to 
the logarithmic wind law. By integrating equation 22, the horizontal wind 
profile is obtained: 

 

 
u z*u( z ) ln ψmκ z0

 
= −  

 
,  (24) 

where the integrated non-dimensional gradient is defined as (after Paulson, 
1970): 
 

( )
z

L

0

1 φ ζmψ dζm ζ

−
=  .   (25) 
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During growing seas in the MABL, the height of the WBL is relatively 
shallow ( 1 m≤ ; Janssen, 2004), the wind profile obeys the logarithmic law 
from there upward, and therefore the non-dimensional wind gradient in 
equation 24 is valid. Smedman et at. (2009) showed that under a swell 
dominated wave field, the MOST is not valid. In their field study of swell 
dominated wave fields, for different wave age values, the observed wind 
profiles exhibited a clear departure from the logarithmic profile, due to the 
swell influence. Therefore, the assumption of the validity of the MOST in 
the MABL, regardless of the wave regime, leads to a misrepresentation of 
the fluxes in the surface layer in atmospheric models.  
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Swell propagation and attenuation 

After being generated by a storm, waves can propagate very long distances 
until they break and dissipate upon reaching a coast. The seminal studies of 
Barber and Ursel (1948), Munk et al. (1963), and Snodgrass et al. (1966) 
proved, based on field observations, that swell waves can propagate 
thousands of kilometers along great circle paths with little attenuation. Swell 
waves are in fact very persistent, with energy e-folding scales in excess of 
20,000 km, half of the Earth’s perimeter (Munk et al., 1963; Alves, 2006; 
Ardhuin, et al. 2009). A clear pattern of remote swell propagation and 
persistence across the World Ocean has been shown by Alves (2006) by 
using wave model simulations. The author showed that swell can actually 
propagate not only long distances, but also across ocean basins, for example 
from the South Indian Ocean to the North Pacific. In paper I, a detailed 
study of the swell propagation and variability, using Empirical Orthogonal 
Functions (EOF) is presented, confirming to a good degree the findings of 
Alves (2006). To analyze the association between the wave height variability 
and the atmospheric circulation patterns, an additional EOF analysis was 
carried out, separately for the North Pacific, and North Atlantic, and for the 
Southern Ocean. 

In the life cycle of the waves, dissipation clearly occurs by wave breaking 
in the wave generation area and at a coast, after propagating very long 
distances. Although the attenuation might be small, there is some energy 
decay as swell waves propagate. At present there is no clear conclusion on 
the exact causes of the swell loss of energy. It seems to be clear though, 
based on observations and numerical simulations that swell waves loose 
energy to the OML and to the MABL (Kantha et al., 2009; Ardhuin et al., 
2009). The transfer of swell energy to the ocean occurs when swell interacts 
with existing ocean turbulence close to the surface (Kantha, 2006). Ardhuin 
and Jenkins (2006) suggest on theoretical grounds that the swell loss of 
energy to the OML is considerably smaller compared to the energy 
transferred into the MABL. The swell loss of energy to the atmosphere 
occurs due to the work performed by the fast running waves in the lower 
MABL. As argued in papers III and IV and stated by Högström et al. 
(2009), this energy transfer accelerates the flow at the surface and modifies 
the turbulence structure of the entire boundary layer. 
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Arduin et al. (2009) showed, based on remote sensing observations in the 
Pacific Ocean, that the swell energy dissipation at the surface is a function of 
the wave slope: 
 

H ρdE / dt 2s aβ 2 fπ feE λ ρw

 
= =   

 
,  (26) 

making the swell energy rate of decay, β , at the surface a function of the 
significant wave slope H / λs ;  where E  is the total energy density per unit 
area,  ρw  is the water density, and fe  is a swell dissipation factor of the 
order of 0.002 to 0.008. The knowledge of the global distribution of the 
swell steepness is therefore essential to understanding where swell looses 
more energy and where it can potentially have a stronger impact on the 
MABL. The stronger swell impact on the MABL should occur in areas 
where swell waves loose more energy and in light wind areas, where the 
wave age is high, as mentioned in paper III. The joint probability of having 
relatively steep swell waves and high wave age values, ( wsP ) shown in 
Figure 9 (from paper III) is defined as: 
 

3P P( c / U 5, sl 2.5 10 )ws p 10 s
−= > > × , (27) 

where the  c / U 5p 10 >  criteria is defined from the Grachev and Fairall 
(2001), and the significant swell slope criteria 3sl 2.5 10s

−> × , where 
ssl H / λs s p=  (and λp  is the peak wave length)  has no  theoretical  backing,  

 
FIGURE  9. Global distributions of the annual joint probability wsP . 
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besides being the approximate mean of sls  outside the wave generation 
areas. The areas of stronger swell impact ended up being more on the west 
equatorial areas of the ocean basins, and not along the east coast swell pools 
mention by Chen et al. (2002), and discussed in Hanley et al. (2010). In 
those areas the climatological mean wave age values are highest (paper II) 
and swell waves are more persistent (paper I), but they are more gentle and 
almost flat (paper III), therefore loosing less energy and having a very low 
impact on the MABL dynamics and turbulence structure. 
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Conclusions 

The present thesis focused on two different aspects of swell waves. Firstly, 
by using the ERA-40 wave reanalysis, the global scale swell climate 
characteristics were studied. A detailed separate climatology of the two wave 
regimes, wind sea and swell, as well as their inter-annual and long term 
variabilities were analyzed. The association between the wave heights 
variability and the large scale atmospheric circulation patterns was also 
studied. Additionally the global wave age climate was presented. Secondly 
the microscale perspective of the impact of swell on the lower atmosphere 
dynamics and turbulence was studied. A model that reproduces the impact of 
swell on the lower MABL dynamics, based on the energy transfer from swell 
to the atmosphere, was proposed. By using new parameterizations for the 
wave age dependent Charnok parameter, the swell impact on a regional 
climate model was also studied using a wave-atmosphere coupled model 
system. The link between these two scales (global and micro) was done by 
studying the sls  global distribution and the areas of the World Ocean where 
the potential impact of swell on the MABL can be assumed as highest. 

The wind sea and swell climatologies revealed that the global Hs  field is 
dominated by swell waves, even along the mid to high latitudes along the 
storm tracks, where most of the waves in the World Ocean are generated and 
the relative weight of the wind sea part of the spectra is highest. The swell 
dominance at the lower latitudes was shown to be almost total, since there 
the mean w

sH  values are very low. In the equatorial region the wave field is 
almost only the result of swell waves that propagated equatorward away 
from the extratropical latitudes. It was shown that swell waves are not only 
more prevalent than wind sea waves, but also that they contain most of the 
energy at the ocean surface. The study of the interannual variability of the 
wind sea and swell significant wave heights, investigated by means of an 
EOF analysis, revealed that due to the swell dominance of the global wave 
field the Hs  variability is mostly controlled by the variability of swell. It 
was also shown, only for the northern hemisphere, that the observed long 
term trends of Hs  during the ERA-40 period are mainly related to the 
increase of swell wave heights. 

The wave age climatology confirmed the strong prevalence of the swell 
regime with a consistent and generalized departure ( χ 1.210 > ) from the 
fully developed stage. The probability (frequency of occurrence) of having a 
state of equilibrium in the World Ocean ( χ 1.210 = ) was analyzed, revealing 
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that this stage is very unusual, occurring only 2-5% along the extratropical 
storm tracks and the Trade Winds. The generalized state of non-equilibrium 
of the World Ocean is revealing of the high degree of imbalanced between 
the waves and the local wind. 

The study of the global climatology of the swell steepness parameter sls , 
related to the swell rate of decay, revealed that the steepest swells are found 
mostly along the extratropical storm paths and the Trade Winds, where the 
swell decaying process is expected to be stronger. Since the swell impact on 
the MABL occurs in high wave age regimes (and low surface wind speeds), 
a joint probability approach of having relatively steep swells capable of 
feeding energy into the lower MABL along with high wave age values was 
pursuit, revealing that the areas of highest potential impact of swell on the 
MABL are mainly along the Doldrums but in the west equatorial areas, and 
not along the swell pools, where the climatological wave age values are 
highest.   

The proposed model of the swell effect on the dynamics of the lower 
MABL is  conceptually based on the swell decay of energy quantified by the 
wave damping parameter ( β ). A new parameterization for the wave-induced 
stress in the surface layer is proposed. In the comparisons between observed 
and modeled wind speed profiles the parameter β  was taken as a residual 
parameter by forcing the modeled profiles to go trough the observed wind 
speed at the lowest observation level. The values of the tuned β  parameter 
for the high wave age case studies, where the swell dominance was highest, 
were in accordance with previous field and laboratory studies (same order of 
magnitude) suggesting that the proposed parameterization of the wave 
induced parameter reflected the reality to a good approximation. 

The study of the impact of swell waves in the regional climate model 
RCA3, by using new wave age dependent Charnock parameter formulation 
in the wave-atmosphere coupled model system, revealed that due to the 
inclusion of the swell effect the impact of the waves in the climate model 
was larger then when the coupling was done only via growing seas. The 
inclusion of the swell effect led to an increase in the wind speeds, reduction 
of sensible and latent heat fluxes, as well as an increase in the humidity 
levels at 2 m height, and higher Hs  values from the wave model. 
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Sammanfattning på Svenska  
(Summary in Swedish) 

Gränsen mellan hav och atmosfär beskrivs av vågor, dessa spelar en central 
roll i utbytesprocesser mellan hav och atmosfär. Värme, massa och 
rörelsemängd överförs vid ytan och utbytet av rörelsemängd mellan vind och 
havsyta styrs i stor utsträckning av vågorna. Vågor kan ses som en 
”växellåda” mellan atmosfären och havet, en bättre förståelse av 
vågprocesser kan signifikant förbättra parameteriseringen av flöden och 
utbytesprocesser mellan atmosfär och havsyta. 

Det finns två typer av vågor på havsytan. Då vågor skapas och växer 
betecknas de som vinddrivna vågor. När vågorna sedan lämnar området där 
de genererats eller rör sig fortare än den vind som genererat dem kallas de 
dyning. Dyningsvågor kan vara mycket varaktiga, propagera tusentals 
kilometer över haven med mycket liten dämpning innan de bryter och 
försvinner när de når en kustlinje. Eftersom dyning propagerar från en plats 
till en annan på de öppna haven är vågfältet för det mesta ett resultat av 
bidrag från vågor med olika frekvenser och riktningar, som återspeglar olika 
ursprung och ålder. 

Vinddrivna vågor eller unga vågor skapas lokalt, mottar rörelsemängd 
från vinden och är starkt kopplade till de lokala vindförhållandena. 
Dyningsvågor har en historia, mottar inte längre rörelsemängd från den 
lokala vinden och är inte direkt kopplade till de lokala vindförhållandena. Ett 
vågfält kan sägas vara dominerat av antingen vinddrivna vågor eller 
dyningsvågor. Beroende på vilken vågregim som råder så är kopplingen 
mellan vågor och vind olika, och därmed också utbytesprocessesserna av 
rörelsemängd och energi. Då vågorna växer fungerar de som en bromsande 
kraft för vinden och impulsutbytet är nedåtriktat. När dyning dominerar 
vågfältet inträffar en mekanism för omvänt impulsutbyte som sätts igång av 
dyningsvågor som färdas avsevärt snabbare än vinden. Rörelsemängd 
överförs nu från vågorna till atmosfären eftersom dyningsvågorna utför 
arbete på atmosfären på grund av att de dämpas. Denna uppåtriktade 
transport av rörelsemängd har en stor effekt på dynamiken och på 
turbulensstrukturen i lägre delen av atmosfären. 

En detaljerad kvalitativ klimatologi av globala vinddrivna vågfält och 
dyningsvågfält baserat på ERA-40 återanalyserade vågdata från European 
Centre for Medium-Range Weather Forecasts (ECMWF) presenteras och 
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visar att dyning dominerar vågfältet på världshaven. Dyningsvågor 
förekommer oftare än vinddrivna vågor och bär på största delen av energin 
vid havsytan. På grund av dominansen av dyning är den lokala kopplingen 
mellan vågfältet och vindfältet ovan oftast liten. Dessutom visas det att det 
globala vågfältet nästan alltid är i obalans med de lokala vindförhållandena 
och förekomsten av stabila fullt utvecklade vågfält är sällsynta händelser. En 
klimatologisk studie av vågålder har identifierat de områden där man kan 
förvänta sig störst effekt av dyning på atmosfären. Dessa områden är längs 
med västra sidan av de ekvatoriella kontinenternas kuster. Analys av de 
globala mönstren av lutningen för dyningsvågor, tillsammans med dyningens 
dämpning och dess inverkan på atmosfären (i områden med låga 
vindhastigheter) visade dock att de områden som har störst potentiell 
påverkan av dyning på atmosfären är längs det ekvatoriella stiltjebältet vid 
de östra kusterna av kontinenterna.  

En konceptuellt baserad modell som reproducerar effekten av dyning på 
dynamiken i lägre delen av atmosfären presenteras. Modellen styrs av 
överföring av energi från vågor till atmosfären då dyningen dämpas när den 
propagerar. I modellen föreslås även en ny parameterisering för 
våginducerad kraft på havsytan. Eftersom vågornas energibudget vid dyning 
är relativt okänd användes en alternativ metod för att bestämma dämpningen 
genom att jämföra modellen med fältmätningar. Dämpningen av vågorna vid 
dyning behandlas som en residual, den erhållna dämpningen visar god 
överensstämmelse med tidigare studier, särskilt för förhållanden med hög 
vågålder. ’ 

Den regionala klimatmodellen RCA3 (Rossby Center regional climate 
model), med ett kopplat våg-atmosfärssystem, har använts för att studera 
inverkan av dyning vid klimatsimuleringar. Olika formuleringar för att 
beskriva vågornas effekt, beroende på vilka vågförhållanden som råder har 
använts. Simuleringarna visade att genom att inkludera dyningseffekten blev 
inverkan från vågor på atmosfären större i klimatmodellen än om modellen 
endast tar hänsyn till växande vågor. Att inkludera dyningseffekten ledde till 
en ökning i vindhastighet, reduktion i flödet av sensibel och latent värme, 
samt även en ökad fuktighet nära ytan och högre värden för signifikant 
våghöjd från vågmodellen. 
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Summary 

Ocean wind waves represent the boundary between the atmosphere and the 
ocean, playing a central role in the air-sea exchanging processes. Heat, mass 
and momentum are transferred across this boundary, with waves mediating 
the exchange of principally the momentum between the winds and the ocean 
surface. Waves can be seen as the “gear box” between the atmosphere and 
the ocean, and a better understanding of the wave processes can significantly 
improve the parameterization of air-sea fluxes and ocean surface processes. 

There are two types of waves at the ocean surface. During the generation 
and growing process waves are designated as wind sea. When waves leave 
their generation area or outrun their generating wind they are called swell. 
Swell waves can be very persistent, propagating thousands of kilometers 
across the ocean with little attenuation until they break and dissipate upon 
reaching a coast. Since swell propagates from one place to the other, in the 
open ocean the wave field is, most of the times, the result of contributions 
from waves with different frequencies and directions, reflecting different 
origins and ages. 

Wind sea waves are generated locally, and receive momentum from the 
wind, being strongly coupled to the local wind field. On the other hand swell 
waves are generated remotely, no longer receive momentum from the local 
wind, and are not directly coupled to the local wind field. The wave field can 
be said to be dominated either by wind sea or swell. Depending on the wave 
regime the momentum and energy exchanging processes and the degree of 
coupling between the waves and the wind is different. During the growing 
process, waves act as a drag on the surface wind and the momentum flux is 
directed downward. When swell dominates the wave field a reverse 
momentum flux mechanism occurs, triggered by swell waves traveling 
considerably faster than the surface winds. The momentum transfer is now 
directed from the waves to the atmosphere, and takes place due to work 
performed by swell waves on the lower marine atmospheric boundary layer 
(MABL) as part of their attenuation process. This upward momentum 
transfer has an impact on the lower MABL dynamics accelerating the flow, 
and on the overall turbulence structure of the boundary layer.  

A detailed qualitative climatology of the global wind sea and swell fields 
based the ECMWF (European Centre for Medium-Range Weather 
Forecasts) ERA-40 wave reanalysis is presented. It was shown that the 
World Ocean is strongly dominated by swell waves that are more prevalent 
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then locally generated wind seas, and carry most of the energy at the ocean 
surface. It was also shown that, due to the swell prevalence, the local 
coupling between the waves and the overlaying wind field is most of the 
times very low. Additionally it was shown that the global wave field is 
almost permanently in a state of imbalance, and stable fully developed wave 
fields are a rare occurrence The wave age climatology study revealed the 
areas where the swell domination is higher, along the west equatorial 
continental coasts. The analysis of the global patterns of the swell steepness, 
related to the swell attenuation and to the impact of the waves on the MABL 
in light wind areas, revealed that the areas of highest potential impact are 
located mostly at the doldrums, but along the west equatorial areas.  

A model that reproduces the impact of swell waves on the lower MABL 
dynamics is proposed. The model is conceptually based on the energy 
transfer from the waves to the MABL due to swell attenuation as it 
propagates. A new parameterization for the wave-induced stress is also 
proposed. The lack of a sound parameterization of the swell energy budget at 
the ocean surface led to an alternative solution in the comparison of the 
model with field observations.The swell damping parameter was taken as a 
residual and further compared with previous studies, revealing good 
agreement, particularly in high wave age regimes. 

A modeling simulation, using a coupled wave-atmosphere model system, 
was used to study the impact of swell in the Rossby Center regional climate 
model RCA3, by using different formulations, dependent on the wave state. 
The simulations revealed that due to the inclusion of the swell effect the 
impact of the waves on the climate model was larger than when the coupling 
was done only via growing seas, regardless of the wave state. The inclusion 
of the swell effect led to an increase in the wind speeds, reduction of sensible 
and latent heat fluxes, as well as an increase in the humidity levels at 2 m 
height, and higher significant wave height values from the wave model. 
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