
ACTA

UNIVERSITATIS

UPSALIENSIS

UPPSALA

2008

Digital Comprehensive Summaries of Uppsala Dissertations
from the Faculty of Science and Technology 590

Implementation and Analysis of
Air-Sea Exchange Processes in
Atmosphere and Ocean Modelling

BJÖRN CARLSSON

ISSN 1651-6214
ISBN 978-91-554-7387-7
urn:nbn:se:uu:diva-9520



����������	
 �����
��� �� ������ 
�������� �	 �� �������� �����
�� �
 ���� ������������
�
��	��
����� ���������
 ��� ������� �������  �
���� !"� #""$ �� �"%"" &	� �'� ������ 	&
�	��	� 	& ('��	�	�'�) *'� �����
���	
 +��� �� �	
������ �
 ,+����')

��������

-�����	
� .) #""/) 0������
����	
 �
� �
������ 	& ���1,�� 2��'�
�� (�	������ �

���	��'��� �
� 3���
 4	�����
�) ���� 
����������� ������
���) ������� �	
�������
��

���� 	� ������� ���������	�� ��	
 �� ������� 	� ����� ��� ����	�	�� 5$") 6� ��)
������) 0,.7 $8/1$�155618!/818)

*	 �
������
� �
� �	 ������� �'� +���'�� �
� �������� 
�������� �	���� ��� ���	���
� �		��
�
� �� �� ������� �'�� �'� �	
��	���
� ��	������ ��� ��������� �	�������) ,�
�� 8"9 	& �'� ��	���
���&��� �� �	����� +��' +���� �'� ���������	
 '	+ �'� 	���
 �
� ���	��'��� �	���
������
'�� � �	
��������� ������) *'� 	���
:���	��'��� ���'�
�� 	����� �'�	��' ���
��	�� 	&
�	��
��� ;&�����	
< �
� '���� �	���
�� �� �������
� ������) *'� ��� ���&��� �� ���	 �

���	���
� �	���� 	& �������
�� �
 �	�' �������	
�) *'� ������ 	& �'� �������
� ������ ��

	� ��
���	���� �
 	���
 �
� ������� �	����) *'���&	��� �'� �������
� ���'�
��� '��� �	 �� ������� �	
���
 ���������� ���' �� +�
� ����� �
� ����������� ��&&���
���)

.� ���
� ���������
��� 
�+ ���'	�� �	 �������� �'� ���:��� ���'�
�� ����
� �+	 �����&��
��	������ +��� �����	���) *'��� ��	������ ��� �'� �	1������ �-71������ ;
������ ����
-�	�� �	 7������ ������&�����	
< �
� �+���� �)�) +���� +'��' ��� 
	� ��	����� �� �'� �	��� +�
�)
*'��� ��	������ +��� �
������ �
 �
 	���
 �	��� �
� �
 � ����	
�� ���	��'���� �������
�	��� �
� �'� ������ +�� �
����������)

*'� �-71������ �
'�
��� �'� '��� ���
��	�� ���
�&���
��� ����
� �'� �����
 �
� +�
���
�	
�'� �
 �'� 	���
 �	���) *'�� ������� �
 � �'���	+�� +���1����� ���&��� ����� �
 �'� 	���
)
=�
�1&	��	+�
� �+��� ������� �'� ���&��� &�����	
� +'��' �� ���� ���	���
� &	� �'�
���	��'���) ,	�� ���	
���� �&&���� �
 �'� ������� �	��� ��� ������� �	+1����� ��	�� �	���
�
� ������� �����������	
 �� �	�� �'�
 �"9 	��� ��� �����) >	����� �
� &	� �'	�� ����	�� �'�
������ �� �����) 0� �� ���	���
� �	 �
����� �'� �-71������ �
� �'� �+��� ������ �
 �	�����
�	 ��?� ��������	
� �	�� ��������)

���	���� ,�
����� '��� &���� >���
� '��� &���� 4	��
��� &���� =�
� ������� 4���
�
�	�
���� ������ ���:,�� �
�������	
� ,+���� -������ �	���� 3���
 �	���� @	��'
���
���������� ���� �	�&&����
�� =��� ����?�
�

�� �� ������	�! �����
�� 	� "���� ������! #�����$ %&! ������� ���������! �"'()*+&
�������! ����

A .BC�
 -�����	
 #""/

0,,7 ��5�1�#�6
0,.7 $8/1$�155618!/818
��
%
�
%��%��%����1$5#" ;'���%DD��
)?�)��D���	���E��
F��
%
�
%��%��%����1$5#"<



List of Papers 

This thesis is based on the following papers, which are referred to in the 
thesis by their Roman numerals: 

I Rutgersson A., Carlsson B. and Smedman A.-S. 2007. Modelling 
sensible and latent heat fluxes over sea during unstable, very 
close to neutral conditions. Boundary-Layer Meteorol. 123: 395–
415. 

II Carlsson B., Rutgersson A. and Smedman A.-S. 2009. Investigat-
ing the effect of a wave-dependent momentum flux in a process 
oriented ocean model. Boreal Environ. Res. 14: In press. 

III Carlsson B., Rutgersson A. and Smedman A.-S. 2008. Impact of 
swell on a regional atmospheric climate model. Submitted 2008-
10-17 to Tellus. 

IV Carlsson B., Papadimitrakis Y. and Rutgersson A. 2008. Evalua-
tion of a roughness length model and sea surface properties in the 
Baltic Sea. Manuscript. 

 
In paper I the author developed the expressions of the exchange coefficients 
for latent and sensible heat, made the ocean model runs, performed the cor-
responding analysis and contributed to the writing. In paper II–IV the author 
had the main responsibility of the analysis and writing. 
The first two papers have been reproduced by kind permission from Springer 
Science + Business media B.V. (Paper I) and Boreal Environment Research 
Publishing Board (Paper II). 



 



 

Contents 

1. Introduction.................................................................................................7 

2. The ocean–atmosphere boundary................................................................9 
2.1. Ocean waves........................................................................................9 
2.2. Monin-Obukhov Similarity Theory...................................................11 
2.3. The UVCN regime ............................................................................14 
2.4. MABL in the presence of swell.........................................................14 

3. Site and measurements..............................................................................16 
3.1. Site and instrumentation....................................................................16 
3.2. Wave field and roughness study........................................................17 
3.3. Filtering method ................................................................................20 

4. Models ......................................................................................................23 
4.1. PROBE-Baltic model ........................................................................23 
4.2. RCA3.................................................................................................24 
4.3. Roughness length model ...................................................................25 

5. Heat fluxes during the UVCN regime.......................................................27 
5.1. Parameterisations ..............................................................................27 
5.2. Results in the ocean model................................................................28 

6. Momentum flux during swell....................................................................30 
6.1. Parameterisations ..............................................................................30 
6.2. Results in the ocean model................................................................32 
6.3. Results in the atmospheric climate model .........................................33 

7. Evaluation of roughness length model......................................................35 

8. Summary and conclusions ........................................................................37 

9. Acknowledgements...................................................................................39 

10. Summary in Swedish ..............................................................................41 
Studie av utbytesprocesser mellan hav och atmosfär i havs- och 
klimatmodeller .........................................................................................41 

11. References...............................................................................................43 



 

 



 7 

1. Introduction 

When modelling the atmosphere as well as the ocean it is of crucial impor-
tance to correctly describe the boundary conditions. The atmospheric–ocean 
boundary is an important source of turbulence in the atmosphere as well as 
in the ocean and there is a significant exchange of momentum, sensible heat 
and moisture (latent heat). The marine atmospheric boundary layer (MABL) 
has a considerable impact on global climate models since 70% of the global 
surface is covered with water. The turbulence in the ocean is mainly gener-
ated by surface waves and current shear governed by the surface stress, and 
controls the depth of the ocean mixed layer. 

Traditionally the atmospheric surface layer is described by the Monin-
Obukhov Similarity Theory (MOST). It assumes stationary and homogene-
ous conditions and a solid surface. Over sea the surface is not solid but 
changes as a response to the atmospheric forcing, since surface waves are 
driven mainly, but not always, by the local wind. The waves can be resolved 
into a rather wide spectrum of different wave lengths or frequencies.  

In most models the exchange coefficient for momentum (drag coeffi-
cient), CD, is used to calculate the momentum flux and for the sensible and 
humidity fluxes the heat and moisture exchange coefficients, CH and CE, are 
used. The fluxes can also be calculated using the roughness lengths, z0 for 
momentum, and zT and zq for heat and humidity, respectively. 

In the present work two processes in the MABL that invalidate the MOST 
are investigated. One is the UVCN-regime (Unstable Very Close to Neutral 
regime). Smedman et al. (2007a) and Sahlée et al. (2008a) showed that there 
is a significant increase in the upward sensible and latent heat fluxes during 
very near neutral (slightly unstable) conditions over sea and land. Situations 
with air–sea temperature differences less that 1–2 K are often excluded when 
analysing measurements, due to measurement uncertainty. Thus this phe-
nomenon has not previously been described. Over the ocean such conditions 
may occur frequently in middle and high latitudes. 

The other process is swell. During swell conditions dominant sea waves 
travel faster than the local wind and is not locally generated. When swell 
direction follows the wind direction (wind-following swell) the drag coeffi-
cient is reduced (Guo Larsén et al., 2003, Drennan et al., 1999a). When the 
swell is cross or against the wind direction (cross/counter swell) the drag 
coefficient has been seen to increase (Guo Larsén et al., 2003, Drennan et 
al., 1999a). The reduced drag coefficient can be explained by an upward 
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contribution of momentum during following swell, that is, wave energy is 
transported from the waves to the wind. Other deviations from MOST ob-
served in the presence of swell include a low level wind maximum (Rutgers-
son et al., 2001). In Guo Larsén et al. (2004) also the dimensionless wind 
gradient, is modified according to sea state. 

It has been suggested that it is the shortest waves that contribute to the 
roughness length, z0, (e.g. Wu, 1982, 1986), at least for wind sea. Melville 
(1977) proposed that the major part of wind stress is formed by small scale 
breaking waves due to an air flow separation and breaking mechanism de-
scribed in Banner and Melville (1976). Papadimitrakis and Papaioannou 
(2003) developed and modified this theory to a roughness length model as-
suming that z0 equals the effective amplitude of the short breaking waves. 
They arrived at rather high values of z0 in comparison with other investiga-
tions. They explained this by the possible effect of the stochastic nature of 
wave breaking, i.e. all short waves do not break. Later Papadimitrakis (2005) 
presented a joint probability model of wave breaking for different wave 
heights and wave lengths. This probability model can be combined with 
roughness length model giving a complete model for the impact of wave 
breaking on z0.  

Including the important processes in models is crucial if we are to rely on 
the predictions/scenarios of the models. The aim of this thesis is to evaluate 
the importance of including the UVCN and swell processes in models, and to 
evaluate the roughness length model (Paper IV). Paper I focuses on the im-
pact of the UVCN regime on CH and CE in models, whereas paper II and III 
are devoted to the swell effect and CD modelled in the ocean (paper II) and 
the atmosphere (paper III). The process-oriented ocean model PROBE-
Baltic is used in the ocean investigations (paper I–II) and the regional cli-
mate model RCA3 is used in the atmosphere investigations (paper II–III). In 
the first three papers new parameterisations of the exchange coefficients 
were developed from measurements at the Östergarnsholm site in the Baltic 
Sea. Then test runs with the models were done with the improved parame-
terisations. The typical wave field at the Östergarnsholm is investigated and 
compared to other studies in paper IV. 
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2. The ocean–atmosphere boundary 

2.1. Ocean waves 
Ocean waves can be described using a number of characteristic parameters. 
The gravity wave dispersion relationship reads: 

 
c

dg
k

nc �
�

�� tanh���   (1) 

where c is the phase velocity, n is the frequency in Hz, � is wave length,  
� = 2�n is the angular frequency (rad s–1), k is wave number and g the gravi-
tational acceleration. In deep water (water depth, d, being greater than half a 
wave length) Eq. (1) is reduced to 

 
�
gc �     (2) 

In the gravity–capillary wave range the more general dispersion relationship 
for deep water has to be used: 

 32 kgk �� ��    (3) 

Here � is the surface tension of water (about 75·10–6m3 s–2). The general lim-
ited water depth relation only needs to be considered for very shallow water. 

The sea surface variance m0 is 

 	 
 2

0

2
0 ���� ��� 

�

dSm   (4) 

where � is the surface elevation from the mean sea level and S(�) is the fre-
quency spectrum. The rms (root-mean-square) wave height, �, can easily be 
converted to the significant wave height, Hs, and the rms amplitude, arms, 
according to: 
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 24 rmss aH ���    (5) 

The significant wave slope (Huang, 1981) is given by: 

 
g
p

p �
��

�
�

2
§

2

��    (6) 

Note that the RHS in Eq. (6) is valid only for deep sea. 
The frequency range around the peak frequency where the dominant en-

ergy exists can be described by the spectral bandwidth parameter, 
��	Cartwright and Longuet-Higgins, 1956). It can be reformulated as: 

 22
2

40

1
1
�

�
�

��
m

mm   (7) 

where the ith spectral moment mi can be calculated by 

 	 
 	 
 ���� dSVm i
i 

�

�
0

2    (8) 

V is a filtering function presented in Glazman (1986), preventing diverging 
integrals of the higher spectral moments. In the open ocean the typical range 
of � is between 1.1–1.7 (Ochi, 1998).  

As sea waves develop, the wave age, expressed as 10Ucp��  or 
** ucp��  increases and the shape of wave spectrum changes. Here cp is 

the phase speed of the dominant waves (p denoting peak), U10 is the wind 
speed at 10 m and *u  is the friction velocity. In the absence of long waves, 
which do not scale with local forcing, there is a direct relation (with compa-
rably low scatter) between significant wave height, wind speed and wave 
age. 

According to Pierson and Moskowitz (1964) and Pierson (1964) the wave 
age at which the waves are fully developed is 2.110 �Ucp  (this refers to 

35* �ucp ). Two different wave states can be described by the following: 

 Wind sea: 2.110 �Ucp  

 Swell: 2.110 �Ucp  

Thus we distinguish between two relatively different sea states, wind sea and 
swell. Wind sea are relatively short waves that are locally produced by wind 
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and are present when wind is increasing or relatively high. Swell is not gen-
erated by the local wind field. This is often the case during a decaying storm 
or when long waves are transported from a distant storm. Another way to 
characterise the state of the waves is to divide the wave spectrum into two 
parts (Smedman et al., 2003) 

 	 
 ��
�

dSE �
1

0
1 ;   	 
 ��

�

dSE 
�

�
1

2   (9) 

where 

 
�

�
cos10

1 U
g

�    (10) 

and � is the angle between the dominant waves and the wind direction. E1 
and E2 is then roughly the swell and wind sea energy, respectively. The ratio 
E1/E2, hereafter called the swell parameter, then becomes a parameter de-
scribing how much of the wave energy are due to swell. 

2.2. Monin-Obukhov Similarity Theory 
Traditionally the atmospheric surface layer is described by the Monin-
Obukhov Similarity Theory (MOST). Fluxes of momentum, sensible heat 
and humidity over water are described by the bulk exchange coefficients:  

 2
10

2
*

U
uCD �    (11a) 

 	 
1010 ��
�
�
��

�
s

H U
wC    (11b) 

 	 
1010

''
qqU

qwC
s

E �
�    (11c) 

and 

 	 
 	 
 25.022

0
* '''' ��

�
��
� ����� wvwuu

�
  (12) 
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where �a is the air density and   is the wind stress or downward momentum 
flux; ( ',',' wvu ) is the longitudinal, lateral and vertical wind fluctuations, 
respectively, and overbar denotes Reynolds average. � ��w  and ''qw  are the 
kinematic sensible heat and humidity fluxes, respectively. In terms of energy 
flux we have for the sensible heat flux, �� ��� wcH paa , and for the latent 
heat flux, ''qwLE Ea�� , where cpa is the specific heat for air at constant 
pressure and L! is the heat of fusion for water vapour. The mean wind speed, 
U, potential temperature, �" and the humidity, q, are given with the indices s 
and 10, referring to the value at the surface and at 10 m height, respectively. 

The friction velocity, *u , is a characteristic scale in the surface layer and 
there are similar scales for temperature and humidity, *T  and *q , respec-
tively. The non-dimensional wind, temperature and humidity gradients in the 
surface layer are given by: 

 
*u
z

dz
dU

m
#$ �    (13a) 

 
*T
z

dz
d

h
#�$ �    (13b) 

 
*q
z

dz
dq

q
#$ �    (13c) 

where z is the height above the surface and # = 0.40 is von Karman’s con-
stant (Högström, 1996). The non-dimensional gradients are universal func-
tions of the stability parameter  

 
0

3
*Tu
wzg

L
z v�#%

��
���    (14) 

in which L is the Obukhov length, vw � ��  the buoyancy flux (kinematic flux 
of virtual temperature) and &o (K) is the mean temperature in the surface 
layer. During unstable stratification % < 0. 

Now, the neutral exchange coefficients are directly connected to the cor-
responding roughness lengths: 

 
2

0

2 ln
�

�
�

�
�
�

�
�

z
zCDN #    (15a) 
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where z0, zt and zq are the roughness lengths for wind, sensible heat and hu-
midity, respectively. The theory is closed by returning to the stability influ-
enced exchange coefficient, which now are expressed as functions of the 
respective roughness and the stability: 

 
2

0
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�

�
�

�
�
�

�
�� mD z

zC '#   (16a) 
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where 'x are the integrated non-dimensional gradients (Paulson, 1970). 
One way to calculate z0, and thus CDN, is to use the Charnock equation 

(Charnock, 1955): 

 
g

uz
2
*

0 (�    (17) 

where ( is the Charnock parameter. Originally ( was thought to be a con-
stant, but it was proposed by Stewart (1974) that ( depends on the wave age. 
For 5* �� , i.e. for very young waves (typically present in the laboratory, 
and for very short fetches and under hurricane conditions in the field), ( was 
found to increase with the wave age (Komen et al. 1994). In the field, and 
for more modest wave ages in the range 305 * ��� , ( was found to de-
crease with the wave age (e.g. Maat et al. 1991; Drennan et al. 2003).  



 14 

2.3. The UVCN regime 
The UVCN regime (Unstable Very Close to Neutral) is found both over land 
and sea when the Obukhov length L < –150 m (Smedman et al. 2007b). Dur-
ing slightly unstable conditions with wind speed above c. 10 m s–1 the sensi-
ble and latent heat fluxes are much higher compared to what MOST predicts 
(Sahlée et al. 2008a; Smedman et al. 2007a). The physical process behind 
this enhancement is the result of a balance between two different atmos-
pheric states. One with quasi-steady longitudinal roll structures, and one 
with unsteady large detached eddies. The detached eddies originate at the top 
of the surface layer and transport high-speed cold and dry air to the surface, 
which enhances the sensible and latent heat fluxes. These eddies are of sur-
face layer scale, which is seen in spectra of humidity and temperature as a 
shift to higher frequencies of the dominant fluctuations, compared to moder-
ately convective cases (Sahlée et al. 2008a; Smedman et al. 2007a). The 
increase of the heat fluxes was also found over land (Smedman et al., 2007b) 
but those results are of limited practical importance since it is unusual with 
such near-neutral conditions other than in the transition periods between day 
and night. However, over the ocean such conditions may occur frequently in 
middle and high latitudes.  

2.4. MABL in the presence of swell 
In most investigations when analysing measurements made during swell 
with unstable atmospheric stratification, the scatter of CDN increases signifi-
cantly compared with that under wind sea conditions. When the swell direc-
tion follows the wind direction (i.e. wind-following swell), the drag coeffi-
cient is reduced (Drennan et al., 1999a; Guo Larsén et al., 2003). When the 
swell direction is across or against the wind direction (cross/counter swell), 
CDN has been seen to increase (Drennan et al., 1999; Guo Larsén et al., 2003; 
Pan et al., 2005). This can be explained by the wave induced stress,  w, 
which is downward for wind sea but generates an upward component to the 
momentum flux during wind-following swell, that is, wave energy is trans-
ported from the waves to the wind. The turbulent contribution,  t, always 
gives a downward momentum transport, for an increase of the wave age 
there can be a sign reversal of the total wind stress   =  t +  w, i.e. a net up-
ward momentum transport (Smedman et al., 1999; Grachev and Fairall, 
2001). Other deviations from MOST observed in the presence of swell in-
clude a low-level wind maximum (e.g. Holland et al., 1981; Donelan, 1990; 
Rutgersson et al., 2001). Smedman et al. (1994) found that, during swell, the 
wind speed was nearly constant from a few meters above sea level to heights 
of several hundred meters. The swell impact on the turbulence structure of 
the overlying airflow is also supported by the results of direct numerical 
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simulation (Sullivan et al., 2000; Rutgersson and Sullivan, 2005) and large 
eddy simulation (LES) (Sullivan et al., 2008). For stable stratification the 
impact of swell is not significantly present in measurements (Rutgersson et 
al., 2001). 

Guo Larsén et al. (2004) found that the non-dimensional wind gradient, 
$m, is a function of the state of the waves. For growing sea (cp/U10 < 0.8) and 
unstable stratification: 

 	 
 41191 ��� %$m    (18a) 

which agrees with the recommended expression by Högström (1996) over 
land. For mixed/mature sea and unstable stratification Guo Larsén et al. 
(2004) suggest: 

 	 
 2121 %$ ���m  , for 01 ��� %  (18b) 

 0�m$   , for 5.0��%   (18c) 

and for following swell (cp/U10 > 1.2): 

 	 
 2131 %$ ���m  , for 01 ��� %  (18d) 

 73.0��m$  , for 1��%   (18e) 

In paper II–III the mixed/mature sea interval (0.8 < cp/U10 < 1.2) is referred 
to wind sea and hence Eq. (18a) is used. 
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3. Site and measurements 

3.1. Site and instrumentation 

 
Figure 1. Map of the Östergarnsholm site (from Johansson, 2003). 

The measurements used in this thesis were taken at the field station Öster-
garnsholm and covers the period 1995–2004. Östergarnsholm is a small flat 
island, situated about 4 km east of Gotland in the Baltic Sea (Fig. 1). A 30-m 
tower has been erected at the southernmost tip of the island with the base at 
1±0.5 m above the mean sea level. For the wind directions 80–220°, the data 
obtained from this tower have been shown to represent marine conditions 
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(Smedman et al., 1999). In a previous analysis of the wave field disturbance 
in combination with a footprint analysis, Smedman et al. (1999) showed that 
the limited near-shore water depth in the vicinity of the tower had a very 
small impact on the measurements. Högström et al. (2008) demonstrated that 
measurements made at the tower correctly represented conditions in the 
footprint area.  

Mean profile data were obtained from slow-response instruments measur-
ing wind speed, wind direction, and temperature at five levels (8, 12.5, 15, 
21, and 29 m above mean sea level) and humidity at one level (8 m). Turbu-
lence was calculated using data from Solent 1012R2 sonic anemometers at 
three heights (10, 18, and 26 m) giving the three wind components and the 
sonic temperature at a sampling frequency of 20 Hz. Humidity fluctuations 
were measured with a LICOR open-path analyser. Turbulent fluxes were 
calculated using the eddy-correlation method and all turbulence statistics 
were subject to a 10-min running average to remove trends. Parallel to the 
turbulence measurements with the sonic anemometer a MIUU (Institution of 
Meteorology, Uppsala University) instrument was running for some periods. 
It is considered as a reference instrument and shows that the temperature 
fluctuations are underestimated by the sonic anemometer for U10 > 10 m s–1 
(Högström and Smedman, 2004), leading to lower sensible heat flux. A cor-
rection factor, 1 + 0.2(U10 – 10), is applied on the sonic sensible heat flux for 
U10 > 10 m s–1 in all papers. In paper I data from the MIUU instrument is 
used primarily for U10 > 10 m s–1.  

A wave-rider buoy (run and owned by the Finnish Institute of Marine Re-
search) moored 3.5 km in the direction of 115° from the tower measures the 
wave field and sea surface temperature (SST). The wave buoy is moored at a 
water depth of approximately 36 m. Wave phase speed is calculated accord-
ing to a footprint weighting function given in Smedman et al. (1999). Sea 
surface height is calculated by a trapezoid method in 64 bands in the range 
0.05–0.58 Hz (0.32–3.65 rad s–1). The deep water dispersion relation (Eq. 2) 
is valid within 5% for wave phase speed cp up to 8 m s–1, within 10% below 
9 m s–1 and within 15% below 10 m s–1. The wave field in the Baltic Sea is 
not very complex, as swell waves come from only one direction at a time. 
For a more detailed description of the site and instrumentation, see Smed-
man et al. (1999). 

3.2. Wave field and roughness study 
In paper IV statistical parameters representing the wave field at Östergarns-
holm was studied. For wind driven sea, there is an expected relation between 
rms wave height normalised by wind speed and wave age. Using our meas-
urements we get the following expression: 
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In Fig. 2 this expression is plotted together with results from Lake Ontario 
(Donelan et al., 1985) and Aegean Sea (Papadimitrakis and Papaioannou, 
2003 — PP in Fig. 2) and the output from a wave spectral model by Donelan 
et al. (1985) (DS in Fig. 2). In the inverse wave age range 1.25–2, Eq. (19) 
falls in between the Papadimitrakis and Papaioannou (2003) and Donelan et 
al. (1985) results, with a different slope. Also shown in Fig. 2 is the clear 
division of the measured data with respect to the swell parameter E1/E2 (lines 
with symbols). The measurements show that variation of 2

10Ug�  is a func-
tion of wave age as well as E1/E2. It is very likely that differences between 
different investigations are a function of the typical background long wave 
field (represented by E1/E2). 

The significant slope, §, was also analysed and showed a similar depend-
ence on the wave age and the swell parameter as 2

10Ug�  (see paper IV). 

 
Figure 2. Normalised rms wave height as function of inverse wave age. Measure-
ments from Östergarnsholm are represented as geometric means by thick dashed 
lines with symbols. PP refers to Papadimitrakis and Papaioannou (2003) and DS to 
the output from the wave spectral model by Donelan et al. (1985). 

The roughness length is often normalised with the rms wave height, �, and 
parameterised as a function of wave age. 

Using measurements from Östergarnsholm (paper IV) we get: 
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In Fig. 3a this relation is shown together with relations from Drennan et al. 
(2003) and Hwang (2005). The agreement with the relation from Drennan et 
al. (2003) is good, whereas the Hwang curve is higher, at least for the pre-
sent range of wave ages. Similarly with the normalised wave height the 
Östergarnsholm data divides into E1/E2 ranges. A similar result was also seen 
in Smedman et al. (2003) for approximately the same data. 

There is a possibility that Fig. 3a suffers from self-correlation since z0 is 
closely related to *u . This was also discussed in Smith et al. (1992). This can 
be avoided if using �  instead of *�  to characterise the wave age. The rela-
tion is then instead: 

 89.040 1036.2 ��)� �
�
z    (21) 

The correlation between �  and z0/� is however very low, even within indi-
vidual E1/E2 intervals. The relatively small range of wave age may be the 
reason for this low correlation. In Fig. 3b Eq. (21) is shown together with the 
Donelan et al. (1993) expression, which is higher. The normalised roughness 
z0/� is still significantly higher for E1/E2 > 0.5 than for the other E1/E2 inter-
vals at a specific wave age. 

The findings show that the roughness is not only governed by wave age. 
Long background waves, which do not scale with the local wind, become 
important and increase the total stress, at least when wind sea is dominant. 
During dominant wind-following swell (� > 1.2) long waves instead tend to 
decrease the total tress. 

 
Figure 3. The roughness length, normalised by rms wave height, in a) as a function 
of *� , in b) of � . Measurements from Östergarnsholm are represented as geometric 
means by dashed lines with symbols. 
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3.3. Filtering method 
In paper II and III a filtering method was applied on the momentum flux. 
During swell the scatter in the calculated drag coefficient is very large. This 
could partly be traced to irregular low frequency variations in the momentum 
flux which should not be included in the total flux. The method developed 
by the author uses the information of the cospectrum Cuw (the real part of the 
Fourier transform) of the u and w components and the phase angle between 
these components. The along wind contribution to momentum flux is calcu-
lated according to: 

 	 
ndnCwu
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where nlim is the high-pass filter cut-off frequency and 10 Hz is the Nyquist 
frequency. The across wind contribution is calculated as the cospectrum of 
the v and w components for same integral limits. The 10-min running aver-
age applied to the turbulence data corresponds to a high-pass filter cut-off 
frequency nlim � 1.7·10–3 Hz.  

The phase shift between the u and w components can be described by the 
phase angle $uw as function of frequency: 

 	 
 	 

	 
nC
nQn

uw

uw
uw

1tan��$    (23) 

Quw is the quadrature spectrum, i.e. the imaginary part of the Fourier trans-
form (see Lumley and Panofsky, 1964). For $uw = 0° the components are in 
phase and for 180° there is an anti-phase. As the momentum flux is negative, 
i.e. downwards, we should find the phase angle to be close to 180°. Over 
land and for growing sea this is generally the case. 

One example of a cospectrum from 6 Nov. 1997 is shown in Fig. 4a. The 
turbulent fluctuations contribute to the momentum flux roughly in the range 
0.005 Hz to 10 Hz. The corresponding phase angle between the u and w 
components was also close to 180° in this range (Fig. 4c). For lower fre-
quencies the spectral values were close to zero. The small fluctuations at the 
low frequencies are irregular and should not be included when analysing 
turbulence. At the transition frequency the phase angle was also seen to 
change (Fig. 4c). In this case it is rather clear that the cut-off frequency  
nlim � 0.005 Hz gives a good estimate of the momentum flux. However, 
0.0017 Hz (10 min) will give a good estimate as the contribution is small 
between 0.0017 and 0.005 Hz.  

When *u  is small, which is the case at low wind speed and during swell, 
irregular low frequency fluctuations become more prominent and influence 



 21

the cospectra at higher frequencies than 0.0017 Hz (Fig. 4b shows a typical 
example). Further, a systematic increase of phase angle with decreasing fre-
quency is seen for higher frequencies (approximately in the range 0.01–1 
Hz) (Fig. 4d). This type of behaviour is present in many swell cospectra and 
was identified in Smedman et al. (1999) in their analysed period with swell 
present. This is possibly connected to an indirect swell contribution on the 
atmospheric turbulence in a broad spectrum band below the frequency of the 
swell itself. The decreased friction during swell at the surface seems, to 
some extent, to decouple the atmosphere from the surface and this will 
change the structure of the turbulence at several scales. Drennan et al. 
(1999b) also found a swell effect on momentum spectra for frequencies at 
and lower than that of the dominant swell waves. 

Since we want the total surface stress during swell we need to differenti-
ate between the irregular low frequency variations and the turbulence fluc-
tuations generating stress during swell conditions. This can be done using an 
Ogive-curve method, by integrating the cospectrum from high to low fre-
quencies (e.g. Guo Larsén et al. 2003). In the method presented here the 
phase angle acts as a steering separator. 

 
Figure 4. 60-min spectra of the momentum flux '' wu  (a and b) and the correspond-
ing phase angle (c and d) for two cases of wind speed between 3 and 4 m/s. The left-
hand side shows a typical growing sea spectrum and the right hand side a strong 
swell case. The vertical dashed lines show the used cut-off frequencies in determin-
ing the momentum flux (0.004 Hz in left hand side figures and 0.010 Hz in the right 
hand side figures). The limiting phase angle is shown by the dashed-dotted curves. 
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New cut-off frequencies (replacing the 10-min cut-off) were used if: The 
phase angle $uw (for each frequency in the range 0.0017 < n < 0.05 Hz) dif-
fered more from 180° than the limiting phase angle ($lim = 30 + 3000n, 
dashed-dotted curves in Figs. 4c, d). We chose $lim to be rather large for  
n > 0.01 Hz since this gives the possibility to include the wave effects corre-
sponding to the systematic deviation of the phase angle, mentioned above. 
The irregular low frequency motions can be filtered out at lower frequencies 
as $lim is smaller in that region. The cut-off frequency nlim (dashed line in Fig. 
4) was found where |$uw – 180°| exceeded $lim, going from higher n. The 
same procedure was used for Cvw using the frequency limits determined for 
Cuw. The method reduces the scatter in swell data, but have no impact for 
wind sea data (paper II). 
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4. Models 

4.1. PROBE-Baltic model 

 
Figure 5. (a): The Baltic Sea divided into the 13 basins used in the PROBE-Baltic 
model. The arrow denoted by A shows the position of the Östergarnsholm site. (b): 
The RCA model domain area is enclosed by the dotted frame. Dotted areas (i.e. in 
the Baltic, North, and Mediterranean seas) are analysed in detail. 

PROBE-Baltic is a process oriented ocean model developed for the Baltic 
Sea. It is described in detail in Omstedt and Nyberg (1996) and Omstedt and 
Axell (2003). In the model the Baltic Sea is divided into 13 sub-basins (Fig. 
5a). Each sub-basin is coupled with surrounding sub-basins through in- and 
outflows. The calculated properties, temperature, salinity and current veloc-
ity, are horizontally averaged over each basin. The basins are resolved in the 
vertical by an expanding grid ranging from 1 m at the boundaries up to 2–10 
m, depending on the depth of the basin. Description of the turbulence and the 
implementation of the wave breaking effect are described in paper II. The 
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wave breaking effect had a significant impact on both surface currents and 
the temperature profile. 

Input to the model is meteorological data and river runoff together with 
water-level in the North Sea. The meteorological forcing, including tempera-
ture, geostrophic wind, cloud cover and relative humidity, is from ERA40 
data (1958–2001) and the SMHI (1x1)° gridded data set (2002–2004). See 
Omstedt et al. (2005) for an evaluation of the difference between the two 
data sets. The model was run for the period November 1958 until December 
2004.  

4.2. RCA3 
The Rossby Centre atmospheric regional climate model, version 3 (RCA3) 
has been developed at the Swedish Meteorological and Hydrological Insti-
tute (SMHI) and its domain includes Europe (Fig. 5b). It is a hydrostatic 
model, incorporating terrain-following coordinates, semi-Lagrangian semi-
implicit calculations, and a 30-min time step; the horizontal resolution is 
0.44° (approximately 50 km) and the model is vertically resolved in 24 lev-
els up to 10 hPa. In paper III, the model is forced at the lateral boundaries 
and the lower boundary, i.e. sea surface temperature (SST) and ice, by 
ECMWF reanalysis data (ERA-40). Paper III also uses phase speed and 
direction of dominant waves from the same dataset, calculated using the 
WAM model (WAMDI Group, 1988). Surface layer relationships according 
to MOST are used below the lowest model level at 90 m above mean sea 
level to calculate the wind speed at 10 m and temperature and specific hu-
midity at 2 m. The turbulent fluxes are calculated according to Woetmann-
Nielsen (1998) with some minor changes (see Appendix B and Eqs. (12)–
(15) in paper I). The roughness length in the original version of the RCA 
model is described by: 
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where ( is set to 0.014 and 0.032 over open and coastal water, respectively, 
and f is a wind speed weighting function for the transition between smooth 
and rough flow. The wind stress is achieved in the model using a drag coef-
ficient calculated for the lowest model level (CD90) instead of 10 m. For more 
detailed information regarding the RCA model and its components, see, for 
example, Jones et al. (2004). 
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4.3. Roughness length model 
The work of Papadimitrakis and Papaioannou (2003) was based on the idea 
that all waves above a critical frequency, �cr, will break and, referring to an 
effective variance of the sea surface, ae, will contribute to the formation of 
z0. Now all waves do not break everywhere and at all times. Then, using a 
spectral wave breaking probability model of Papadimitrakis (2005), rough-
ness can be expressed as: 
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where B is the overall breaking probability. 
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 micro-scale 
level, without air entrainment. These breakers are thus invisible to the eye. 
The micro-scale breakers may then trigger larger scale spilling on the front 
side of the wave crest, with air entrainment and white-capping, as a conse-
quence. Plunging is more dramatic with the overturning of the wave crests, 
which collapse when touching on the sea surface. Plunging breakers are 
most common near the shore, but are also present in the open ocean, in se-
vere seas. 

As presented in Phillips (1977) the critical frequency, �cr, may be calcu-
lated from a critical phase speed given by: 

 c
c
orbcr quAc ��    (26) 

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 
and 2muc

orb �  is the orbital velocity induced by the wave at its crest.  
- = 0.5 is suggested for spilling breakers (Wu and Yao, 2004). - = 0.75 is 
suggested for plunging breakers, based on observations by Wu and Nepf 
(2002). The critical frequency, �cr, is obtained using a dispersion relation-
ship, and the relation between phase speed, frequency and wave number 
(i.e., Eqs. 1 and 3). 

A spectral model first presented by Klotz (1982) and later modified by re-
sults from Kitaigorodskii (1961), Toba (1973) and Liu and Lin (1982) was 
used both for the spectrum, S, itself and for the spectral moments, mi, and the 
spectral bandwidth, �. 
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The breaking probability distribution pB is based on a frequency depend-
ing limiting amplitude (which depends on §, � and *� ), above which the 
waves are breaking (Banner and Phillips, 1974), and the joint density distri-
bution of amplitude and frequency�(Yuan, 1982). The overall breaking prob-
ability is achieved by the integral over all frequencies of pB: 

 
�

�
0

�dpB B    (27) 

For more details see paper IV. 
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5. Heat fluxes during the UVCN regime 

5.1. Parameterisations 
In paper I new expressions of the exchange coefficients for heat and humid-
ity valid for the UVCN regime were developed using data from the Öster-
garnsholm station. The sea state was set to mixed sea such that the Eqs. 18b 
and 18c were used for $m during unstable atmospheric stratification. 

The expressions for unstable conditions when the UVCN-regime is not 
present (–L < 150 m) are: 
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and is valid when 0 < U10 < 14 m s–1. For wind speeds above 14 m s–1 the 
values valid for 14 m s–1 were used. 

The expressions for the UVCN regime (–L > 150 m and U10 > 9 m s–1) 
are: 
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and is valid up to 14 m s–1. For higher wind speeds the coefficients is set to 
constant to the values valid for 14 m s–1. The enhancement in heat transfer 
coefficients is thus described by a function of wind speed and temperature 
difference ;T = �s – �10. Fig. 6 shows the CHN for different wind speeds and 
temperature differences including data from both the MIUU instrument and 
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from the sonic anemometer. The lines represent the parameterisations, thick 
line being valid during the UVCN regime. 

 
Figure 6. Sensible heat transfer coefficient for different wind speeds and tempera-
ture differences. Thin line is Eq. (28) and thick line Eq. (30). 

5.2. Results in the ocean model 
The expressions were implemented into the PROBE-Baltic model. Three 
simulations were performed: a Reference run, one with no feedback on SST 
(UVCN1), and one with feedback included (UVCN2). The long-term effect 
is an increase in heat fluxes of up to 10 W m–2 as a monthly average for the 
Baltic Sea when including the effects of the UVCN regime (Fig. 7). The 
effect is more pronounced for the latent heat flux, since the sensible heat flux 
is small during these very close to neutral situations. With the feedback 
(UVCN2), however, the sensible heat flux is somewhat reduced, as an effect 
of lower SST. The results can briefly be summarised as: 

The annual total turbulent heat flux (sensible + latent) for the Baltic Sea is 
increased by about 3 W m–2 or 10%. However, for wind speeds above 9  
m s–1 the latent heat flux is increased by 20%. The increase can be on the 
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order of 100 W m–2 for periods of one to several days. The increase of the 
heat fluxes is most pronounced during the autumn and winter (Fig. 7). 

With the feedback (UVCN2) the increased latent heat flux during autumn 
and winter reduces the mixed layer depth in the ocean as well as the surface 
water temperature (by 0.3°C). A corresponding warming of the surface is 
seen during spring. 

To conclude: It is of great importance to include the UVCN regime for 
extended model simulations, for example in climate simulations. If it is not 
included the heat fluxes will be systematically underestimated during near-
neutral, high wind speed situations (as shown also by Sahlée et al., 2008b). 

 
Figure 7. Monthly averages of (a) latent and (b) sensible heat flux using the 
PROBE-Baltic model for the entire Baltic Sea. 
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6. Momentum flux during swell 

6.1. Parameterisations 
The Östergarnsholm data, including the filtered swell data described in sec-
tion 3.3, were used to develop expressions for the drag coefficient (to be 
used in PROBE-Baltic model, paper II) and the roughness length for mo-
mentum (to be used in RCA3, paper III) valid for wind sea, growing/mixed, 
sea and for wind-following swell (angle between wind and dominant waves 
being less than 90°). The data were divided into wind sea where $m was de-
scribed by Eq. (18a) and into swell where Eq. (18d) was used. 

The new expressions for the neutral drag coefficient and the Charnock pa-
rameter for wind sea are: 
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For wind-following swell conditions the new expressions are: 
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Expression (33) and (35) were developed by finding the best agreement be-
tween measured and calculated values of *u . This was done to avoid the 
impact of spurious correlation (also discussed in Smith et al., 1992 and sec-
tion 3.2). This parameterisation gives weaker wave dependence than using a 
simple best fit method, as lower weight is given to extreme values. The wind 
sea value of ( is close to 0.009, when wave age impact is neglected, and the 
wind-following swell value is 0.00045, i.e. about 20 times smaller than for 
wind sea conditions. 
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Fig. 8 shows the neutral drag coefficients Eqs. (32) and (34) as a function of 
wind speed. No significant systematic wave age (cp/U10) dependence is seen 
after the division into wind sea and swell. 

 
Figure 8. Neutral drag coefficient CDN for growing/mixed sea and following swell 
conditions. Data are bin averaged and the error bars display 95% confidence interval 
of the mean values. 

The relatively small wave age dependence found here for CDN during wind 
sea was explained in Smedman et al. (2003), who demonstrated that z0 
(through () is not governed solely by wave age, but also by the swell pa-
rameter E1/E2 (shown in paper IV as well). When lacking information about 
this parameter, we suggest using the weak wave age dependence. 

The original set up of RCA3 uses (�= 0.014. It is assumed that several 
constants in RCA3 are tuned to that value of ( and are valid for wind sea. 
Since our aim is to investigate the effect of swell in the model, we choose to 
apply the wave age dependence from Eq. (33) and (35), but scale these equa-
tions by 1.6 (dividing the original (�= 0.014 with the mean wind sea  
(�= 0.009 obtained in this study). It is also possible that this upscaling of our 
data is relevant for the larger sea areas like the Atlantic Ocean and the Medi-
terranean Sea since the background amount of swell is larger there, com-
pared to the Baltic Sea (cf. paper IV and section 3.2). When calculating z0 
during swell in the model the impact of smooth flow is not included, i.e. Eq. 
(17) is used instead of Eq. (24). 
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6.2. Results in the ocean model 
The new expressions of CDN were implemented in the ocean model PROBE-
Baltic to investigate the effect of swell on the oceanic surface layer (paper 
II). Since no wave model was included we did a sensitivity test with two 
simulations, one reference (CDu) with only growing/mixed sea, and one 
assuming wind-following (CDw0) swell, when the wind speed was lower 
than 8 m s–1. The model was run for 45 years and the analysis was done for 
the Eastern Gotland basin but the other basins and the Baltic Sea as whole 
are expected to follow the same pattern. 

 
Figure 9. Current profiles of speed (left) and direction (right) at two occasions. 

The results can briefly be summarised as: 
The 45-year average of the surface stress is reduced by 6% for wind-

following swell. For wind speeds below 8 m s–1 the stress is reduced by 20% 
as an average. Current velocity (Fig. 9) is altered during periods with low 
wind speed, occasionally on the order of 0.1 m s–1. The temperature and the 
mixing depth in the ocean are not significantly changed. This depth is mainly 
governed by the turbulent mixing of the ocean surface layer and is most 
likely more influenced by high-wind situations than the low-wind situations 
when swell is present. 

To conclude: The implementation of the swell effect influences surface 
stress, current velocity and direction, but not significantly the ocean mixed-
layer depth in a process oriented ocean model. 
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6.3. Results in the atmospheric climate model 
The new expressions of ( were implemented in the RCA3 regional climate 
model, covering Europe, to investigate the atmospheric effects of the re-
duced wind stress due to swell (paper III). A three-year analysis of three 
areas (shown in Fig. 5b) and the entire model domain and also two case stud-
ies were presented. 

The swell frequency (from RCA3 and ERA-40) (here defined as  
cp/u* > 30) was investigated in the three regions (Fig. 10). During summer-
time the wave field is dominated by swell and present about 80% of the time 
for all areas, but there is a decrease in frequency in the Baltic and North Seas 
during the winter. Swell conditions with unstable stratifications are most 
common during the autumn and winter months, and most frequent in the 
Mediterranean Sea. 

As a three-year average, the wind stress is reduced by 2–12% in the inves-
tigated regions due to swell, with the largest reduction being in the Mediter-
ranean Sea. When considering only swell situations, the stress is reduced by 
20–26%. The heat fluxes are also significantly reduced. 

There is certain cooling (up to 0.2°C, Fig. 11b) and drying (up to 0.4  
g kg–1, Fig. 11c) of the MABL, while wind speed is being horizontally redis-
tributed (Fig. 11a). Mean low-level cloud cover is reduced by up to 30% 
over the Mediterranean Sea and the local precipitation is reduced by more 
than 10% (largest impact on convective precipitation), mostly over the sea 
areas (Fig. 11d). 

A case study of an area dominated by swell demonstrated that the impact 
on the near surface parameters in the atmosphere is locally significantly 
greater in time and space (more than 1 m s–1 and 1°C for wind speed and 
temperature). 

Smedman et al. (1994) found that, during swell, the wind speed is nearly 
constant from a few meters above sea level to heights of several hundred 
meters; this is also seen in LES (Sullivan et al., 2008). By assuming constant 
wind speed from 90 m down to 10 m during swell in the model, the wind 
speed at 10 m above mean sea level is enhanced by up to 0.3 m s–1 as a 
three-year average. 

To conclude: Implementing the swell effect is mainly important for wind 
stress and heat fluxes. Humidity, low-level cloud cover and convective pre-
cipitation were influenced, resulting in lower values, especially over the 
Mediterranean Sea. Swell has significantly different impacts in different 
areas, and could possibility affect circulation patterns in a global model. To 
include all swell effects, further investigation is needed to implement the 
changed turbulence structure evident in observations made under swell con-
ditions. 
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Figure 10. Monthly distribution of swell cases (cp/u* > 30). The white bars include 
both unstable and stable stratification, whereas the black bars represent only unsta-
ble swell events. 

 

 
Figure 11. Fields of yearly difference at the lowest model level (swell run – refer-
ence run). The ten outer grid cells are excluded from the analysis. 
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7. Evaluation of roughness length model 

As proposed by Melville (1977) a large part of the wind stress is formed 
from small scale breaking waves by air-flow separation. The models by Pa-
padimitrakis and Papaioannou (2003) and Papadimitrakis (2005) together 
constitute a roughness length model by using the probability of wave break-
ing and by using a critical frequency, above which the breaking waves con-
tribute to the roughness lengths. Some modifications were also made in this 
study (paper IV) to account for a wind driven surface current. 

The roughness length model was run with the wave spectral model de-
scribed in paper IV, with wind speed, wave age and significant slope (as 
function of wave age, see paper IV) as input. The wave breaking was as-
sumed to be of spilling breaker type (A = 0.5 in Eq. 26). In Fig. 12 the mod-
elled drag coefficient (calculated from z0, and using the §–� relationship 
obtained by Östergarnsholm data) is shown together with the Östergarn-
sholm wind sea measurements. Compared to our measurements the drag 
coefficient is well modelled, but the dependence of wave age is more pro-
nounced in the model. The deterministic model by Papadimitrakis and Pa-
paioannou (2003) (PP in Fig. 13) assumes that all waves above the critical 
frequency, �cr, break and this was previously shown to result in too high 
roughness. Fig. 13 shows z0/� from the roughness model of its present sto-
chastic form (now with §–� from Young, 1999), together with some earlier 
investigations (Donelan et al., 1993; Hwang, 2005). It underestimates the 
roughness length compared to these investigations, perhaps due to the back-
ground swell in those studies. The value of A is not conclusive, and this con-
tributes to further uncertainties. 

It remains to evaluate the model during more extreme wind conditions, 
with background swell, and during dominant swell. 
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Figure 12. Observed neutral drag coefficient in comparison with modelled values. 
Errorbars show the 95% confidence interval of the mean. 

 
Figure 13. Modelled dimensionless roughness in comparison with earlier studies. PP 
refers to Papadimitrakis and Papaioannou (2003). 
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8. Summary and conclusions 

The present work focuses on two different processes of importance for air–
sea exchange that are not presently accounted for in models. Firstly, the 
UVCN-regime (Unstable Very Close to Neutral regime), that enhances the 
upward sensible and latent heat fluxes during very near neutral (slightly un-
stable) atmospheric stratification. Secondly, swell (mainly long and fast 
waves which are not locally generated), which travel in approximately the 
same direction as the wind and gives a reduced drag coefficient. 

Using data from Östergarnsholm, new expressions were developed for the 
turbulent exchanges of sensible and latent heat and momentum for the 
UVCN-regime and for different wave states, including wind sea and wind-
following swell. These expressions were implemented in the process-
oriented ocean model PROBE-Baltic, covering the Baltic Sea and in the 
atmospheric regional climate model RCA3, covering Europe and eastern 
Atlantic Ocean. 

In the presence of the UVCN-regime the exchange coefficients were en-
hanced for both sensible and latent heat. The long-term impact on the 
PROBE-Baltic model was enhanced heat fluxes up to 10 W m–2 during the 
autumn and winter months. The effect was more pronounced for the latent 
heat flux, since the sensible heat flux is small during these very close to neu-
tral situations. The increase could be on the order of 100 W m–2 for periods 
of one to several days. The mixed layer depth in the ocean was reduced dur-
ing autumn and winter as well as the surface water temperature (by 0.3°C). 
A corresponding warming of the surface was seen during spring.  

Wind-following swell reduced the roughness length and drag coefficient, 
compared to wind sea conditions. In average the drag coefficient was low-
ered by about 40%. The 45-year average of the wind stress in the PROBE-
Baltic model was reduced by 6% for wind-following swell. Below 8 m s–1 
the stress was reduced by 20% in average. As a result current velocity was 
altered during periods with low wind speed. The temperature and the mixing 
depth in the ocean were not significantly changed.  

In a 3-year simulation in RCA3, the wind stress was in average reduced 
by 2–12% (depending on the region) due to wind-following swell, the high-
est reduction being in the Mediterranean Sea. When considering only swell 
situations, the stress was reduced by 20–26%. The heat fluxes were also 
significantly reduced. There was in average a small cooling (up to 0.2°C) 
and drying (up to 0.4 g kg–1) of the MABL while wind speed was being hori-
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zontally redistributed. The mean impact was large on the low-level cloud 
cover which was reduced by up to 30% over the Mediterranean Sea and the 
precipitation was reduced by more than 10% (strongest impact on convective 
precipitation). When investigating limited periods the impact on the atmos-
phere can be significantly greater (more than 1 m s–1 and 1°C in the investi-
gated case study). 

The wave field and the roughness length at the Östergarnsholm site was 
studied and compared to other investigations. It is very likely that differ-
ences between different investigations are a function of the typical back-
ground long wave field at each specific site. The roughness length was also 
seen to be dependent on both wave age and the background amount of swell.  

The roughness length model based on the assumption that the small scale 
stochastically breaking waves form the roughness length was run. In com-
parison with the Östergarnsholm data there was a good agreement. In com-
parison with other investigations the model underestimated the roughness 
length. This could be due to that the model does not account for the back-
ground swell, possibly present in those investigations. 

 
To conclude: 

< It is of great importance to include the UVCN-regime for extended 
model simulations, for instance in climate simulations. If it is not 
included the heat fluxes will be systematically underestimated dur-
ing near-neutral, high wind speed situations. 

< The implementation of the swell effect in a process oriented ocean 
model is important for the wind stress and current velocity. 

< In a regional climate model the swell effect is mainly important to 
wind stress and heat fluxes and at some regions to low-level clouds 
and convective precipitation. Swell has significantly different im-
pacts in different areas, and could possibility affect circulation pat-
terns in a global model. 

< For conditions with dominant wind driven sea the background 
swell enhances the roughness length.  

< The roughness model based on short breaking waves explains much 
of the observed wind stress. 

 
Future work: To include all swell effects, further investigation is needed 

to implement the changed turbulence structure evident in observations made 
under swell conditions. The impact of counter swell on the momentum flux 
and the atmospheric and oceanic circulation needs to be established. The 
roughness length model needs to be evaluated for swell situations and severe 
seas. 
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10. Summary in Swedish 

Studie av utbytesprocesser mellan hav och atmosfär i 
havs- och klimatmodeller 
För förståelse, beskrivning och prognoser av såväl väder och klimat används 
olika typer av modeller. När man modellerar atmosfären och havet är det av 
vikt att beskriva kommunikationen mellan havet och atmosfären på ett kor-
rekt sätt. Gränsytan mellan atmosfären och havet är en viktig källa till turbu-
lens i både atmosfären och havet och här finns ett betydande utbyte av im-
puls (friktion), värme (sensibelt) och vattenånga (latent värme). Processer 
över hav är särskilt viktiga då 70% av jordens yta är täckt av hav. Transpor-
ten eller flödena av impuls, värme och fukt ombesörjs av turbulenta virvlar 
vars skalor är för små för att kunna beskrivas i modeller. Dessa behöver där-
för uttryckas med förenklingar (parametriseringar). Den klassiska Monin-
Obukhovteorin beskriver olika parametrar i atmosfärens ytskikt och relaterar 
dessa till varandra. Med hjälp av denna teori använder de flesta modeller sig 
av utbyteskoefficienter för att räkna ut de turbulenta flödena. Dessa relaterar 
då flödena till den aktuella skillnaden i vindhastighet och t.ex. temperatur 
mellan havsytan och en viss nivå ovanför havsytan. 

I denna avhandling har mätdata använts från en forskningsstation på en 
udde på den lilla ön Östergarnsholm som ligger öster om Gotland. Där finns 
en 30-metersmast med instrument på flera höjder. En bit ut till havs finns 
även en vågboj. Genom att använda sig av data när vindriktningen kommer 
från havet erhålls information om förhållanden över havet.  

Två processer i det marina atmosfärsytskiktet undersöktes där den klas-
siska Monin-Obukhovteorin inte stämmer. En av dem är UVCN-regimen 
(instabilt men mycket nära neutral skiktning) och den andra är dyning. När 
UVCN-regimen dominerar är både värme- och fuktflödet förhöjt jämfört 
med när denna regim inte är aktiv. När den andra processen, dyning, domi-
nerar vågfältet, d.v.s. när havsvågorna rör sig fortare än vinden, blir impuls-
flödet mindre än under vinddriven sjö om vinden och vågorna rör sig i sam-
ma riktning. 

Med mätningarna från Östergarnsholm har nya uttryck för utbyteskoeffi-
cienterna för värme- och impulsflödena utvecklats. Dessa uttryck har an-
vänts i havsmodellen PROBE-Baltic som är utvecklad för Östersjön, och i 
den regionala atmosfäriska klimatmodellen RCA3 som täcker Europa och 
östra Atlanten. 
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Den långsiktiga effekten av UVCN-regimen i PROBE-Balticmodellen var 
en ökning av det totala värmeflödet över Östersjön med uppemot 10 W m–2 
under senhösten. Ökningen av värmeflödet kunde under perioder på flera 
dagar vara av storleksordningen 100 W m–2. Det översta välomblandande 
skiktet i vattnet blev något grundare under hösten och vintern vilket fick till 
följd att skillnaden i yttemperaturen blev något större mellan sommar och 
vinter. 

Vindföljande dyning i PROBE-Balticmodellen minskade impulsflödet 
med 6% i genomsnitt eller med 20% för vindar under 8 m s–1 (på 10 meters 
höjd). Ytströmmens storlek och riktning påverkades, men temperaturen och 
blandningsdjupet var inte så känsliga. Blandningsdjupet påverkas mer av 
situationer med hög vind då den uppkomna turbulensen i vattnet kan blanda 
om ett djupt skikt, men dyning är dominerande först när vi har svag vind.  

Effekten av dyning var större i klimatmodellen RCA3. Här minskade im-
pulsflödet med 2–12% i genomsnitt under en 3-årssimulering, beroende på 
plats. Störst effekt syntes över Medelhavet, där det också är relativt vanligt 
med dyning. Minskningen var 20–26%, om man bara ser på dyningssituatio-
ner. Även värmeflödena minskade. Det blev i genomsnitt lite kallare och 
torrare över havsområdena. Låga moln och konvektiv nederbörd påverkades 
och över Medelhavet kunde mängden låga moln reduceras med upp till 30% 
och nederbörden med mer än 10%. Lokalt under kortare perioder var effek-
ten av dyning mycket större. 

På 1970-talet lades en teori fram att det är de korta brytande (ofta osynli-
ga för ögat) vågorna som ger upphov till friktionen mellan luften och havs-
ytan. I denna avhandling har gjorts en utvärdering av en modell som beräk-
nar friktionen och även tar med i beräkningarna att bara en viss andel av 
vågorna bryter. I jämförelse med mätningarna från Östergarnsholm kunde 
modellen förklara mycket av hur friktionen beror på vindhastighet, våghöjd 
och hur utvecklade vågorna är. Att modellen gav lägre värden på friktionen 
än andra studier kan kanske förklaras med att dyning inte beskrivs i model-
len. 

Sammanfattningsvis är det mycket viktigt att inkludera UVCN-regimen i 
klimatsimuleringar. Annars kan värmeflödena systematiskt underskattas 
under nära neutrala situationer med hög vind. Det är alltså viktigt att inklu-
dera dyningseffekten för att få korrekta impulsflöden (att friktionen vid ytan 
blir rätt). I havsmodeller är det särskilt viktigt för att få riktiga ytströmmar, 
medan det i en regional klimatmodell är viktigt för konvektiv nederbörd och 
låga moln, särskilt där avdunstningen är hög, som i Medelhavet. Det är möj-
ligt att dyning också är viktig för cirkulationsmönstret i en global klimatmo-
dell. Teorin om att det är de korta brytande vågorna som skapar skrovlighe-
ten på havsytan förklarar mycket av den uppmätta friktionen. 
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