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Carbon dioxide (CO2) is an important greenhouse gas, and the atmospheric concentration of
CO2 has increased by more than 100 ppm since prior to the industrial revolution.  The global
oceans are considered an important sink of atmospheric CO2, since approximately one third of
the anthropogenic emissions are absorbed by the oceans. To be able to model the global carbon
cycle and the future climate, it is important to have knowledge of the processes controlling the
air-sea exchange of CO2. In this thesis, measurements as well as a model is used in order to
increase the knowledge of the exchange processes.

The air-sea flux of CO2 is estimated from high frequency measurements using three methods;
one empirical method, and two methods with a solid theoretical foundation. The methods are
modified to be applicable for various atmospheric stratifications, and the agreement between
methods is good in average.

A new parameterization of the transfer velocity (the rate of transfer across the air-sea
interface), is implemented in a Baltic Sea model. The new parameterization includes also the
mechanism of water-side convection. The impact of including the new parameterization is
relatively small due to feedback processes in the model. The new parameterization is however
more representative for flux calculations using in-situ measurement or remote sensing products.
When removing the feedback to the model, the monthly average flux increases by up to 20% in
some months, compared to when water-side convection is not included.

The Baltic Sea carbon budget was estimated using the Baltic Sea model, and the Baltic
Sea was found to be a net sink of CO2. This is consistent with some previous studies, while
contradictory to others. The dissimilarity between studies indicates the difficulty in estimating
the carbon budget mainly due to variations of the CO2 uptake/release in time and space. Local
variations not captured by the model, such as coastal upwelling, give uncertainties to the model.
Coastal upwelling can alter the uptake/release of CO2 in a region by up to 250%. If upwelling
would be included in the model, the Baltic Sea might be considered a smaller sink of CO2.
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1. Introduction 

Ever since the industrial revolution, measurements have shown a significant 
increase in global air temperature and sea level, as well as a decrease in 
northern hemisphere snow cover. This is effects of increasing greenhouse 
gas concentration in the atmosphere, and is likely caused by human activities 
such as fossil fuel burning and land use change (Forster et al., 2007). The 
most important anthropogenic greenhouse gas is carbon dioxide (CO2), 
which atmospheric concentration has increased from about 280 ppm in pre-
industrial times to the present level of 390 ppm. Consequently, CO2 plays a 
key role in climate and climate change. 

The global oceans absorb a large portion of the atmospheric CO2 as the 
net oceanic uptake corresponds to approximately one third of the anthropo-
genic emissions (Sabine et al., 2004). The positive aspect of the oceans car-
bon uptake is evident. An oceanic uptake of CO2 decreases the atmospheric 
concentration, and thereby diminishes the climate effect due to CO2 emis-
sions. The negative aspect is acidification of the oceans due to increased CO2 
uptake (Doney et al., 2009; Omstedt et al., 2010). A decreasing pH and a 
reduction in carbonate ion concentration, which follow an increased CO2 
concentration, have a negative impact of the oceans biota, especially the 
calcification in corals, carolline macroalge and planktonic organisms (Doney 
et al., 2009; Fabry et al., 2008; Hoegh-Guldberg et al., 2007). High latitude 
regions are particularly affected by acidification since cold water is more 
sensitive to changes in partial pressure of CO2 and naturally has a low con-
centration of carbonate ions. 

In order to model the future climate and study the effects of an increased 
atmospheric CO2 concentration, it is necessary to have knowledge of the 
carbon cycle. Since the oceans are an important net sink of CO2, it is im-
portant to understand the processes controlling the air-sea exchange of CO2. 
The flux of CO2 is mainly controlled by the difference of partial pressure of 
CO2 (pCO2) between air and sea surface. Anther controlling factor is the 
efficiency of transfer, often referred to as the transfer velocity, across the air-
sea interface. There are a number of ways to parameterize the transfer ve-
locity, and the most common way is to use wind speed square or cubic 
(Wanninkhof, 1992; Wanninkhof and McGillis, 1999; Nightingale et al., 
2000; Ho et al, 2006; Weiss et al., 2007; Wanninkhof et al., 2009). However, 
the transfer velocity likely also depends on parameters other than the wind 
speed, such as the sea state (Zhao et al., 2003; Woolf, 2005) and water-side 
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convection (Rutgersson and Smedman, 2010; Rutgersson et al., 2011). The 
number of different parameterizations indicates that further investigations 
are still needed in order to get a more complete picture of the processes con-
trolling the gas transfer. 

Analyzing direct measured fluxes of CO2 is one way to get further under-
standing of the factors controlling the transfer velocity. The fluxes are often 
measured with a gas analyzer in combination with a sonic anemometer, and 
for that purpose different methods can be used to estimate the fluxes. The 
most direct method, often used on land-based platforms, is the eddy-
covariance (EC) method (Aubinet et al., 2012). When measuring on a mov-
ing platform, such as on a ship or a buoy, corrections due to the platform 
motion needs to be done before the EC method can be applied. If such cor-
rection cannot be performed other flux estimation methods where the correc-
tion is not necessary can be used, e.g. the inertial-dissipation (ID) method 
(Large and Pond, 1981; Anderson, 1993; Yelland and Taylor, 1996) or the 
cospectral-peak (CSP) method (Sørensen and Larsen, 2010).  

On a global scale, the ocean is a net sink of CO2, while on a more regional 
scale the ocean can either act as a sink or a source. As to whether or not the 
ocean act as a source or a sink depends mainly on the ocean circulation and 
the transfer of CO2 to the deep ocean. The Baltic Sea is a small semi-
enclosed sea on relatively high latitudes, and strongly influenced by biologi-
cal effects in near coastal areas as well as coastal upwelling. Previous studies 
of the Baltic Sea carbon budget have given somewhat ambiguous results 
(Thomas and Schneider, 1999; Algesten et al., 2006; Kuss et al., 2006; 
Wesslander et al., 2010; Löffler et al., 2012; Kuliński and Pempkowiak, 
2012), which would mean that more research is needed to fully understand 
the processes influencing the carbon budget. 

1.1 Objective and aims 
The main objective of this thesis is to investigate methods of air-sea flux 
measurements and parameterizations, and to study the impact of different 
methods when calculating the Baltic Sea carbon budget. The tools for the 
analysis involve in-situ measurements, remote sensing, and a Baltic Sea 
model. The specific aims are: 
• To estimate the instrumental uncertainty for estimations of the transfer 

velocity, a controlling factor in the air-sea exchange of gases (Paper I). 
• To study the spatial, seasonal and annual variation of atmospheric CO2 

concentration, and develop an expression for the atmospheric CO2 con-
centration in the Baltic Sea region (Paper II). 

• To study different methods for estimation of CO2 fluxes using high fre-
quency data, and to improve those methods (Paper III). 
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• To implement different parameterizations for the transfer velocity in a 
Baltic Sea model, and estimate the impact on the carbon budget (Paper 
IV). 

• To study the impact of upwelling on the air-sea exchange and the carbon 
budget (Paper V). 
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2. Model and measurements 

2.1 The Östergarnsholm site 
The Östergarnsholm site has been running since 1995, and its performance 
has been investigated in several papers. The measurement site is located on 
the small flat island Östergarnsholm east of Gotland in the Baltic Sea 
(Figure 1). A 30 m high measurement tower is situated on the southernmost 
tip of the island around 1 m above sea level. The tower is instrumented with 
for example Gill sonic anemometers at three levels (9, 16.5 and 25 m above 
the tower base) and LICOR LI-7500 at two levels (9 and 25 m above the 
tower base). The LICOR LI-7500 is an open path infrared gas analyzer, 
which in combination with a sonic anemometer, measures high-frequency 
fluxes of CO2 and water vapor.   

 
Figure 1. Map illustrating the location of the Östergarnsholm site in the Baltic Sea. 
The position of the tower, the SAMI sensor, and the Waverider buoy (FMI) is 
shown. 
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Measurements of sea surface temperature (SST) and pCO2 in water (pCO2w) 
are made using a SAMI-CO2 sensor (Submersible Autonomous Moored 
Instrument) (DeGrandpre et al., 2000), anchored at 4 m depth 1 km southeast 
of the tower. In addition, SST is measured at 0.5 m depth by a Directional 
Waverider buoy (DWR) (operated by the Finnish Meteorological Institute, 
FMI), located 4 km southeast of the tower. 

The LICOR LI-7500 is sensitive to condensation on the analyzer window; 
hence data with a high relative humidity should be rejected from further 
analysis. Low wind speed and small turbulent fluxes are associated with 
noise; therefore, also data with low wind speeds and small fluxes should be 
excluded from analysis of the CO2 flux. Furthermore, it is difficult to meas-
ure air-sea fluxes of CO2 since CO2 is such a small atmospheric constituent. 
It is therefore necessary to perform a quality control of the data, preferable 
by manually control the individual spectra. 

2.1.1 The flux footprint 
The measured flux at the tower originates from an upwind area some dis-
tance from the tower. The size of the area as well as the distance depends on 
the measurement height and the atmospheric stratification, as the footprint 
area and the distance increase with height and increasing stability. There are 
several methods to estimate footprint (Vesala, 2008). For Östergarnsholm 
the footprint has been estimated using expressions of atmospheric dispersion 
(Smedman et al., 1999; Högström et al., 2008).  

Smedman et al. (1999) investigated the flux footprint area for three meas-
urement levels on the tower.  It was found for the 10 m level that 90% of the 
fluxes originate from areas beyond 250 m, 50% originate from beyond 670 
m, and 70% originate from 250-1700 m. For the 18 m level the analogous 
distances are: 450 m, 1250 m, and 450-3200 m. Similarly for the 26 m level 
the distances are: 770 m, 1980 m, and 770-5300 m. The wave field in the 
footprint area could be influenced by shallow water effects, although Smed-
man et al. (1999) found the shallow water effect to be small for all measure-
ment heights. A thorough investigation by Högström et al. (2008), using 
several buoys and ship measurements, showed that for situations with winds 
from the 80°-210°-sector, the measurements at the tower on Östergarnsholm 
truly represent open sea conditions. For other wind directions, the measure-
ments are either influenced by Gotland or disturbed by the tower itself. In 
Paper I, the importance of measure pCO2w within the footprint area of the 
measured flux is investigated. It is shown that for wind directions in the sec-
tor 80°-160°, the SAMI is in the footprint of the measured flux. It is im-
portant to be aware of this when studying the processes controlling the flux, 
especially during periods of large horizontal heterogeneity.  
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2.2 WDCGG data 
The World Meteorological Organization (WMO) provides observations of a 
number of atmospheric greenhouse gases from measurement stations around 
the world. The WDCGG data is free and available on the internet 
(http://ds.data.jma.go.jp/gmd/wdcgg/). In Paper II, six stations in the Baltic 
Sea region are used together with a station in the northern Atlantic (Figure 
2). The stations are: Zingst, Baltic Sea, Pallas-Sammaltunturi, Neuglobsow, 
Waldhof, Westerland, and Station M. The stations Baltic Sea, Zingst, and 
Pallas-Sammaltunturi are situated in or relatively close to the water basin; 
Neuglobsow and Waldhof are more continental stations; Westerland faces 
the North Sea; Station M (the Norwegian weather ship Polarfront) is used as 
a reference station in the Atlantic. The Baltic Sea and Station M measure-
ments are performed two times a week on ships, while for the other stations 
measurements are made continuously at fixed towers. The stations are locat-
ed at different altitudes, from sea surface level to 565 m above sea level, and 
the measurement height is between 5 and 30 m above the surface. 

 
Figure 2. Map of the WDCGG stations in the Baltic Sea region. 

2.2.1 Atmospheric CO2 calculations 
In Paper II, the WDCGG data is used to study the variation in time and space 
of CO2 over the Baltic Sea, using a simplified expression described by the 
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global trend, anthropogenic effects, and the natural seasonal cycle. This ex-
pression of atmospheric CO2 can be used in models (Paper IV), or when in 
situ measurements are not reliable or missing. 

The pCO2a can be expressed as the sum of three terms: 

 , (1) 

where xatm is the atmospheric partial pressure of CO2, xtrend the global trend, 
xanthropogenic the regional anthropogenic contribution, and xnatural the natural 
seasonal cycle of atmospheric CO2. The global trend was calculated using 
annually averaged pCO2 data from the relatively undisturbed Station M: 

 1.824 0.005 3278.2,  (2) 

where a is the time in unit of years, and t is the day number of the year for 
the years 1993-2005.The anthropogenic part is estimated as the annual dif-
ference from the global trend for each station. Since the southern part of the 
Baltic Sea region is more polluted from the European continent, than is the 
northern part, xanthropogenic can be derived as a function of latitude (Paper IV): 

 0.79 53, (3) 

where l denotes the latitude (°) in the Baltic Sea region. The natural seasonal 
cycle can be described using a harmonic equation (Thoning et al., 1989; 
Paper II): 

 2 /365.25 4 /365.25 , (4) 

where Aa and As are the annual and semi-annual harmonics, respectively, and 
θa and θs are the phases. Also the natural cycle have a latitude-dependence, 
and the parameters of harmonics and phases can be expressed as (Paper IV): 

 0.096 1.5,  (5) 

 0.033 1.5,  (6) 

 1.6 1600,  (7) 

 0.8 48. (8) 

2.3 Galathea 3 
Galathea 3 was a Danish research expedition which sailed around the world 
from August 2006 until April 2007 (Hilligsøe et al., 2011). A total of 71 
research projects where conducted on board the ship measuring meteorologi-
cal, biological, and chemical parameters.  Continuously measurements of 
CO2 were performed during the entire expedition. A LICOR LI-7500 togeth-
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er with a Gill sonic anemometer, were mounted 11 m above sea level at the 
roof of the bridge on starboard side of the ship. The sea surface pCO2 was 
measured with an equilibrator. Furthermore, six accelerometers were placed 
onboard in order to measure the movement of the ship.  

When measuring on board a ship, measurements can be disturbed by flow 
distortion from the ship itself. The flow distortion should be estimated for 
the specific ship, and data corrected for. However, this was not done for the 
ship and the data for the Galathea 3 expedition. In order to reduce the impact 
of flow distortion, only situations with winds from certain wind directions 
(0°-135°) are used in the analysis of the Galathea data. Furthermore, the 
same quality control of the spectra as performed on the Östergarnsholm data, 
are made also for the Galathea data. A huge amount of data was the outcome 
of the Galathea 3 expedition. In Paper III, a smaller data set of good quality 
data off the northwest coast of Africa was selected. 

2.3.1 Correction of platform motion 
When measuring on a moving platform, the measurements are disturbed by 
the motion of the platform. This disturbance is often seen in spectra as a 
peak in the 0.1-1 Hz frequency interval, which is in the energy containing 
range of the spectrum. If the motion of the platform is detected, the motion 
can be corrected for. The coordinate system of a moving platform is in mo-
tion relative to the fixed reference frame of the Earth, and this must be taken 
into account and corrected for. On board the ship during the Galathea 3 ex-
pedition there were 6 accelerometers placed to detect the ship movement. A 
correction for the ship motion during the Galathea 3 expedition is performed, 
with some modifications, according to Shao (1995).  

There are 6 directions of motion that describes the movement of the mov-
ing platform. This motions can be expressed by the velocity of the centre of 
mass, CMU , and the angular velocity, Ω , which are defined as: 
 

 , , , (9) 

 

 , , .  (10) 

The reference frame fixed to the ship is defined using a right handed Carte-
sian coordinate system so that the x-axis points in the sail direction aligned 
with the longitudinal axis of the ship, the y-axis points left relative to the sail 
direction, and the z-axis points upwards. A right handed Cartesian coordi-
nate system is also defined for the Earth fixed reference frame with the x-
axis pointing in the ship sail direction. The angles of motion φ (roll), θ 
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(pitch) and ψ (yaw) are defined so φ  is positive when the left hand side of 
the ship is up, θ is positive if the front of the ship is down and ψ  is positive 
if the front of the ship points to the left relative to the mean path. A vector 
V’ in the ship coordinate system can be transformed into V in the Earth co-
ordinate system by rotation: 

 

 ′,  (11) 

where TE is a transformation matrix: 
 

. 
  (12) 

The corrected wind, U, in the Earth coordinate system is calculated using the 
following expression: 

 

 	 ′ , (13) 

where U’ is the measured wind in the ship coordinate system, and R’sonic is 
the position of the sonic anemometer in the ship coordinate system. Vs is the 
translation motion obtained when integrating the translation acceleration, As, 
with respect to time: 

 

 2 , (14) 

where   (i = 1-6) is the acceleration measured by the 6 accelerometers. The 
terms , ,  represent the angular acceleration, and ̅ , ,  gives 
the positions of the accelerometers relative to the centre of the bridge (which 
is here consider to be origin of coordinates). 

Spectra describe the turbulent energy as a function of frequency where 
low frequencies correspond to large scale turbulence and high frequencies 
correspond to small scale turbulence. It is assumed that local isotropy is pre-
vailing, and the slope in the high frequency part of a spectrum is -2/3. As a 
spectrum can be assumed to have a certain shape (Kaimal et al., 1972), it can 
be used as a quality control of the measurements. Figure 3 illustrates the 
difference in spectra and co-spectra between before and after correction for 
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platform motion. The disturbance in this example is shown in the spectrum 
of the vertical wind component (w) as a peak in frequency interval 0.1-03 Hz 
(Figure 3a). The measurements of scalars such as CO2 (c) are not affected by 
the platform motion, and thus no correction is needed (Figure 3b). The dis-
turbance is shown in the wc co-spectrum, although more evident in the figure 
with linear y-axis (Figure 3d) than in the figure with logarithmic y-axis 
(Figure 3c). 

 
Figure 3. Example of 30-min a) spectrum of the vertical wind component (w); b) 
spectrum of CO2 (c); c) wc co-spectrum (absolute value); d) wc co-spectrum with a 
linear y-axis. The thin line represents uncorrected data, and the thick line data after 
correction for platform motion have been made. The data is from the Galathea 3 
expedition. 

2.4 A Baltic Sea model 

In Paper IV, a process-oriented biogeochemical ocean model of the Baltic 
Sea (Omstedt et al., 2009) is used to analyze the carbon budget and the effect 
of various air-sea exchange parameterizations. The Baltic Sea is divided into 
13 natural sub basins (See Figure 2 in Paper IV), which are coupled to each 
other using strait flow models. The properties in each basin are horizontally 
averaged and vertically resolved. The model is forced by meteorological data 
as well as river runoff and net precipitation data. A total of fourteen model 
equations describe the physical (conservation of momentum, heat, salinity, 
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turbulent kinetic energy, and dissipation of turbulent energy), biological 
(depth- and time-dependent phytoplankton abundance) and chemical part 
(acid and basic carbon, nutrients, and oxygen) of which the model is based 
on. Atmospheric CO2 calculations in the model are made in accordance with 
the expression developed in Paper II using WDCGG data. Furthermore, the 
model also simulates sea ice formation and decay in each basin (Omstedt 
1990; Omstedt and Nyberg, 1996). The percentage of the basin area covered 
by ice is calculated in each basin, and consequently, when there is ice-
coverage the flux of CO2 at the specific basin is decreased by the same per-
centage as the ice-coverage. 

2.5 Remote sensing 
Satellite data of sea surface temperature (SST) are used in Paper V. The data 
is from the Advanced Very High Resolution Radiometer (AVHRR), onboard 
the National Oceanic and Atmospheric Agency (NOAA) satellites. The 
German Federal Maritime and Hydrographic Agency in Hamburg process 
data from two satellites using the TeraScan software (Siegel et al., 1994). 
The main objective of using satellite data in Paper V is to identify the area of 
upwelling off the southeast coast of Gotland. For that purpose, a maximum 
horizontal coverage is desirable. However, due to factors such as quality 
control and cloud cover there are gaps in the satellite SST data. Most of the 
gaps are filled using a gap filling technique where gaps in the data are filled 
with the nearest neighbor in time. 

To identify the upwelling area, an upwelling detection method is used. In 
this method, the SST difference and the distance from the coast identify and 
limit the upwelling area. The SST one day before the upwelling event starts 
is chosen as SST0. The SST difference is the difference between SST0, and 
the SST for a specific pixel. If the SST difference is >1°C, it is assumed that 
the pixel is within the upwelling area. Furthermore, it is also assumed that 
upwelling will not occur further from the coast than 50 km. 
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3. Air-sea flux estimations 

3.1 Bulk formulation 
The flux of a gas across the air-sea interface is mainly controlled by the dif-
ference in partial pressure between the water and air. Other constraining 
factors are the solubility of the gas in sea water, and the transfer velocity. 
The air-sea flux of e.g. CO2 can hence be expressed as: 

 ∆ ,  (15) 

where k is the transfer velocity (m s-1), K0 is the solubility (mol m-3 atm-1), 
and ΔpCO2=pCO2w-pCO2a. The solubility (calculated according to Weiss, 
1974) depends on SST and salinity, since an increasing SST as well as an 
increasing salinity act to decrease the solubility of the gas. The transfer ve-
locity is the velocity at which rate the gas is transferred across the interface, 
and is controlled by various physical processes such as micro breaking, 
small scale and large scale turbulence, waves, rain, surface film, bubbles and 
sea spray. The transfer velocity is the most uncertain parameter in Equation 
15 and there exist a number of various parameterizations of the transfer ve-
locity. Since many of the processes controlling the transfer velocity direct or 
indirect depend on wind speed, the transfer velocity is often calculated as a 
function of wind speed squared or cubic (Liss and Merlivat, 1986; Wannink-
hof, 1992; Wanninkhof and McGillis, 1999; Nightingale et al., 2000; Ho et 
al., 2006; Weiss et al., 2007; Wanninkhof et al., 2009). However, the most 
commonly used equation is the formulation by Wanninkhof (1992): 

 0.31 ,  (16) 

where Sc is the dimensionless Schmidt number (the ratio of the kinematic 
viscosity of the water and the diffusion coefficient of the gas), and is deter-
mined as a function of SST and salinity. In Equation 16 the transfer velocity 
has the unit cm h-1.  Another formulation, fitted to a larger set of data than 
the Wanninkhof (1992) formulation, is the expression by Nightingale et al. 
(2000): 

 0.222 0.333 .  (17)  



 21

The number of different parameterizations indicate the difficulty in de-
termine an accurate transfer velocity valid for different conditions and envi-
ronments. It is therefore suggested that other parameters than wind speed, 
e.g. bubbles (Keeling, 1993), sea state (Zhao, 2003; Woolf, 2005), and wa-
ter-side convection (Rutgersson and Smedman, 2010; Rutgersson et al., 
2011), should be included in the parameterization of the transfer velocity. 

3.1.1 NOAA-COARE 
The NOAA-COARE (National Oceanic and Atmospheric Administration – 
Coupled Ocean-Atmosphere Response Experiment) bulk flux algorithm is a 
physically-based parameterization of the transfer velocity (Fairall et al., 
2000; Jeffery et al., 2007). The algorithm is based on surface renewal theory, 
and both molecular diffusion and turbulent mixing in air and water are in-
cluded.  The transfer velocity is expressed as a function of resistance in the 
air and water: 

 ∗ ,  (18) 

where u
*
 is the atmospheric friction velocity (m s-1), αs is the dimensionless 

solubility parameter, ρ is the density (kg m-3), and r is the dimensional re-
sistance. Here a and w denotes air and water, respectively. The resistance in 
the water can be divided into various components, e.g. molecular and turbu-
lent resistances, and the resistance due to bubbles (Woolf et al., 1997). One 
advantage of using the NOAA-COARE algorithm is that additional process-
es known to affect the transfer velocity easily can be added. 

3.1.2 Water-side convection 
When surface water is cooled, the density at the surface increases, and con-
vective mixing is the result. The mixing disturbs the diffusive sub-layer and 
act to decrease the resistance to transfer, thus the transfer velocity increases. 
It was illustrated by Rutgersson and Smedman (2010) and Rutgersson et al. 
(2011) that water-side convection has a significant effect on the air-sea ex-
change of CO2. 

Rutgersson et al. (2011) used the NOAA-COARE algorithm and the con-
cept of resistance to describe the effect of water-side convection on the 
transfer velocity: 

 
1 ∗∗ ,  (19) 

where rwc is the resistance to transfer due to the effect of water-side convec-
tion, u

*w is the friction velocity in water, and γ is an empirical constant. The 
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term w
*
 is the convective velocity scale describing the strength of water-side 

convection, and is defined as: 

 ∗ 1/3, (20) 

where zml is the mixed layer depth (m), and B is the water-side buoyancy 
flux. 

3.2 Direct flux measurement techniques 
Different techniques can be used to estimate fluxes using high frequency 
measurements. The most direct method is the eddy-covariance (EC) method 
commonly used for flux estimations at land-based platforms. When measur-
ing on a moving platform, corrections due to the movement of the platform 
must be applied before using the EC method. If such a correction cannot be 
performed other flux measurements techniques can be used, e.g. the fre-
quently used inertial dissipation (ID) method or the relatively new cospec-
tral-peak (CSP) method. The last two methods both use frequency ranges 
where there is no disturbance from the platform motion. 

3.2.1 The eddy-covariance (EC) method 
The EC method is a technique where high frequency data are used to directly 
estimate fluxes, turbulent kinetic energy and variances. Multiplying the per-
turbations of e.g. carbon dioxide and the vertical velocity, and applying 
Reynolds averaging gives the flux of carbon dioxide: 

 ′ ∙ , (21) 

where w is the vertical wind component (m s-1) and ρc is the mass density of 
CO2 (kg m-3). The overbar denotes mean, and the prime a perturbation from 
the mean. The first term on the right hand side in Equation 21 is the turbu-
lent part, while the second term is the part of the flux related to mean vertical 
motions. 

The density fluctuations measured by the gas analyzer are contaminated 
by simultaneous measurements of temperature and moisture. This can be 
corrected for using the Webb-Pearman-Leuning (WPL) correction (Webb et 
al., 1980). Sahlée et al. (2008) evaluated an alternative method, the direct 
conversion (DC) method, where the corrections due to the artificial density 
fluctuations are made on the high frequency time series before the flux cal-
culation. The advantage of using the DC method is that corrections can be 
made for spectra calculations. The CO2 flux using the DC method is derived 
as: 
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 ′ ′, (22) 

where c is the mixing ratio of CO2 and ρd is the mass density of dry air (kg 
m-3). 

When analyzing turbulent fluxes from high frequency measurements on a 
moving platform using the EC method, it is important to correct for the plat-
form motion. Integrating a co-spectrum gives the total co-variance, and thus 
the flux. Disturbances at any frequency will affect the flux, although the 
effect will be more noticeable if the disturbance is in the energy containing 
range. In the example of 30-min period of data illustrated as spectra and co-
spectra in Figure 3, the difference between the flux calculated with the EC 
method before and after the motion correction is 11%. 

3.2.2 The inertial dissipation (ID) method 
The ID method is a flux estimation technique frequently used on moving 
platforms such as ships and buoys. The flux of a scalar is calculated using 
the normalized turbulent kinetic energy budget (TKE) (Sjöblom and Smed-
man, 2002), and the scalar variance budget (Sørensen and Larsen, 2010) 
assuming stationary and homogeneous conditions. Under the assumption that 
the turbulent transport of variance and the pressure transport in the TKE 
budget can be neglected (Large and Pond, 1981; Edson et al., 1991), the flux 
of CO2 is calculated as: 

 ′ ′ / / ∗ ,  (23) 

where α is the Kolmogorov constant for the u-component of the wind and β 
is the Kolmogorov constant for CO2. Both α and β needs to be determined 
experimentally. Several studies have suggested different values for α, alt-
hough one commonly used value is 0.52 and suggested by Högström (1990). 
ϕm is the normalized mechanical production of TKE, ϕNc is the normalized 
dissipation of CO2, and z/L is dimensionless stability parameter where z is 
the measurement height (m) and ∗ / ′  is the Obukhov length 
(m). T0 is a reference temperature (K), κ is the von Karman constant = 0.40, 
g is the acceleration due to gravity (m s-2), θv is the virtual potential tempera-
ture (K), and ′  is the flux of virtual potential temperature (m s-1 K). Fur-
thermore, Su (m

2 s-2) is the spectral density for the u-component of the wind, 
and u

*
 is the friction velocity (m s-1) here described as: 

 ∗ / / ,  (24) 

where U is the mean wind speed (m s-1) at the measurement height. Although 
the ID method has a solid theoretical foundation, there are several variables 
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and constants that need to be determined, and thereby add to the uncertain-
ties of the method. Additionally, estimating u

*
 using Equation 24, z/L must 

be known, and to estimate z/L, u
*
 is required. The stability function z/L must 

therefore be determined by iteration or some kind of bulk formula. Further-
more, the ID method only gives the magnitude of the flux, and hence the 
direction has to be determined otherwise. In Paper III, the bulk formulation 
according to Launiainen (1995) is used to calculate z/L, which is performed 
using bulk Richardson number (Rb): 

 
∆ ∆∆ ∆ ,  (25) 

where θv is the virtual potential temperature, and V is the v-component of the 
wind. 

In Paper III, the Kolmogorov constant, β, is determined using Öster-
garnsholm data. Assuming that the EC method is the most correct method 
for a land based site as Östergarnsholm; the β for which the ratio of EC and 
ID estimated flux is close to 1, is considered to be the true β. The Kolmogo-
rov constant for CO2 is hence determined to β = 0.68. In previous studies β 
have values in the range 0.78-0.89 (Ohtaki, 1982; Verma and Anderson, 
1984; Iwata et al., 2005), and the main factor influencing the difference be-
tween different studies is in Paper III addressed to the uncertainties of the ID 
method, especially the determination of the ϕ-functions.  

3.2.3 The cospectral-peak (CSP) method 
The CSP method was developed and analyzed by Sørensen and Larsen 
(2010). It is a simple, essentially empirical method, where the peak of the 
co-spectrum is used. A co-spectrum illustrates the co-variance between e.g. 
w and CO2 for different frequency ranges. If the shape of the co-spectra is 
known and universal, then a limited spectral range of the co-spectrum can be 
used to calculate the flux. According to Kaimal et al. (1972), the peak of a 
normalized co-spectrum of w and a scalar such as CO2 has the value 0.25: 

 0.25, (26) 

where npeak refers to the peak frequency. Under neutral conditions, the peak 
frequency is found in the range	0.01 0.2, where f is the normalized 
frequency	 / . The flux can thus be calculated as: 

 ′ ′ . .  (27) 

Since Equation 27 is only valid under neutral conditions, the CSP method 
needs modifications to be usable for other stratifications. During stable strat-
ification, the co-spectra peak move towards higher frequencies and at the 
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same time the amplitude is narrowed. In Paper III, a modification is made 
using bulk Richardson number (Equation 25), to divide the Östergarnsholm 
data into two different stability ranges.  It is found that during unstable strati-
fication ( 0.1 0), the amplitude of the co-spectra is in the normal-
ized frequency range 0.05-0.3, while for stable stratification (00.05) the frequency range is 0.08-0.5. Furthermore, using data from Öster-
garnsholm, it is found that the amplitude value for the normalized co-spectra 
was closer to 0.30 than 0.25. As the co-spectra moves toward higher fre-
quencies during stable stratification, the amplitude frequency can interfere 
with the frequency of disturbance from the platform motion. To avoid the 
interference, a frequency range lower than the amplitude can be chosen. In 
Paper III, a frequency range where the normalized co-spectra value is 0.20 is 
chosen. 

3.2.4 Comparison of methods 
The different methods for direct flux measurements described in the previ-
ous sections are applied to estimate the CO2 flux using data from Öster-
garnsholm and Galathea. The agreement between the different methods is 
quite good in average, although the scatter is considerable (Figure 4 and 
Figure 5). For the Östergarnsholm data the ID and SCP methods have a ten-
dency to underestimate the fluxes compared to the EC method, especially for 
larger fluxes. For smaller fluxes, the ID and CSP methods seems to overes-
timate the fluxes. For Galathea data, the CSP and the EC methods agree 
well, although the ID method tends to underestimate negative fluxes com-
pared to the EC method. 

When measuring fluxes at a land based platform the EC method is pre-
ferred, although for a moving platform carefully investigation of the flow 
distortion and the motion of the platform must be performed before using the 
EC method. If those corrections cannot be performed accurately, the ID 
method or CSP method should be applied since a motion correction is then 
not necessary, and these methods are less sensitive to flow distortion (Larsen 
et al., 2001). However, the ID and SCP methods also have disadvantages. 
The ID method is specifically sensitive to the accuracy of the temperature 
measurements used to calculate the bulk Richardson number. An accuracy of 
0.5K, results in an uncertainty of 18% for the fluxes calculated with the ID 
method. 

Both the ID and the CSP methods can give incorrect fluxes if spectra or 
co-spectra do not have the expected universal shape. In prominent swell 
cases, the inertial subrange moves towards higher frequencies, and there is 
an additional peak in the velocity spectra (Smedman et al., 2003). If the in-
fluence of swell is not captured in the frequencies used in the ID and CSP 
methods, there will be errors in the calculated flux. Furthermore, during 
swell there is a negative imbalance in the TKE budget, which introduce addi-
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tional errors in the ID method if not corrected for. Since all three methods 
have disadvantages when measuring on a moving platform (if necessary 
corrections cannot be performed), calculating a mean of the fluxes using the 
different techniques, might be a good approach to obtain realistic fluxes. 

 
Figure 4. Fluxes of CO2 (µmol m-2 s-1) at the Östergarnsholm site estimated using 
different methods for direct measurements; a) the EC method versus the ID method, 
b) the EC method versus the CSP method, and c) the CSP method versus the ID 
method. The solid line represents the 1:1 line. 
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Figure 5. As Figure 4, but for Galathea data. 

3.2.5 Instrumental uncertainty 
When estimating the transfer velocity from measurements, it is important to 
be aware of the instrumental uncertainty (Paper I). The mean percentage 
uncertainty of k can be obtained from Equation 15 and calculated as: 

 
∆ ∆ ∆ ∆ , (28) 

where Δ represent the mean relative instrumental uncertainty in measure-
ments. During a period from April to June 2006 two gas analyzers LI-7500 
were mounted at 9 m level in the tower at the Östergarnsholm site. A com-
parison between the two instruments is shown in Figure 6, where the CO2 

flux is estimated with the two instruments using the EC method. Using the 
difference between the two instruments, an uncertainty of flux measurements 
(the first term in Equation 28) is calculated to 17%. Assuming that SST has 
an uncertainty of 0.2 K, and the salinity is estimated with an uncertainty of 
0.5 psu, the uncertainty in the solubility (the second term on the left hand 
side in Equation 28 is estimated to 1%. The absolute value of (pCO2w-
pCO2a) is of the order of 100 µatm. The pCO2a has an accuracy of 3 µatm, 
and the SAMI sensor gives an accuracy of 1 µatm. Hence, the last term in 
Equation 28 is estimated to 4%. Substituting these terms into Equation 28, 
the mean percentage uncertainty in the measured transfer velocity is slightly 
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below 20%. It can thus be concluded that the largest uncertainty is in the flux 
measurements. 

 
Figure 6. Comparison of CO2 fluxes (ppm m s-1) estimated with two LI-7500 in-
struments mounted on the same level in the tower at the Östergarnsholm site. 

3.3 Modeled fluxes 
In Paper IV, fluxes of CO2 and oxygen (O2) are studied using the Baltic Sea 
model described in Section 2.4. The model runs for a 50 year period (1960-
2009), and the NOAA-COARE algorithm is used to parameterize the trans-
fer velocity. The effect of water-side convection is also included in the trans-
fer velocity to investigate the effect on the modeled fluxes.  

Figure 7 illustrates modeled monthly average pCO2 in water and air, sea 
surface concentration of oxygen, oxygen saturation concentration (O2s), and 
fluxes of CO2 and O2

 in the Eastern Gotland basin. There is an apparent sea-
sonal variation in both CO2 and O2. The sea surface pCO2 is higher in winter 
and lower in summer, which is related to decomposition and photosynthesis. 
In Paper II, a similar variation for the atmospheric pCO2 is shown, although 
the pCO2avariation is much smaller compared to the pCO2w variation. The O2 
concentration is also related to decomposition and photosynthesis as the 
concentration is largest in spring and lowest in autumn. The flux of CO2 is 
negative (downward directed) during summer, and positive (upward di-
rected) during winter. For O2 fluxes, the direction of the fluxes has the oppo-
site sign.  
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Figure 7. Monthly average modeled a) pCO2a (dashed line) and pCO2w (solid line); 
b) O2 and O2s; c) CO2 fluxes; d) O2 fluxes, in the Eastern Gotland basin. 

The NOAA-COARE algorithm according to Fairall et al. (2000) without 
water-side convection is here used as a reference run (F00), and compared to 
the model run where the water-side convection is included according to Rut-
gersson et al. (2011) (R11). Since the mixed layer depth is larger during 
winter and lowest during summer, the largest effect from including water-
side convection is expected in winter. However, the effect of water-side con-
vection is assumed to be largest during low to moderate wind speeds. For 
higher wind speeds more wind induced disturbances will dominate the dis-
turbance of the molecular diffusion layer. Since, the wind speed is generally 
higher during winter; this will diminish the effect of water-side convection. 
It is shown in Paper IV that including the water-side convection results in a 
small change in the fluxes, and the largest difference between the runs F00 
and R11 is found in spring and late autumn (Figure 8a and b). The relatively 
small effect of including water-side convection is due to feedback processes 
in the model. Including water-side convection will increase the transfer ve-
locity during conditions with large mixing depth and low to moderate wind 
speeds. An increased transfer velocity will lead to an increased flux. During 
winter when the flux is positive, an increased flux will lead to a decreased 
pCO2w, and this will in turn decrease the flux. A third run (R11b) is made in 
Paper IV, where the water-side convection is included in the parameteriza-
tion of the transfer velocity although F00 is used for model calculations. 
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Thus in the model run R11b there is no feedback effects from including wa-
ter-side convection. Comparing the model runs F00 and R11b (Figure 8c 
and d), the effect of including water-side convection is larger than when 
studying the R11 run, especially in winter when the relative difference be-
tween F00 and R11b is 20%. This corresponds to calculating the fluxes with 
pCO2w from a fixed source (in situ measurements or satellite estimates). 

 
Figure 8. The difference in fluxes of CO2 and O2 between F00 and R11 (a and b), 
and between F00 and R11b (c and d). 

Furthermore, the changes in the formulation of k also have an effect on the 
vertical distribution of CT (total dissolved inorganic carbon), O2, and pH in 
the water column. The greatest changes are found at lower depth near the 
bottom, where O2 and pH increases, and CT decreases for the model run R11 
compared to the model run F00. This would mean that the Eastern Gotland 
basin absorb less carbon, becomes less anoxic and less acidic when water-
side convection is included in the formulation of k.  

3.4 Air-sea exchange during coastal upwelling 
When the wind blows parallel to the coast with the coast on the left hand 
side (on the northern hemisphere), the surface water will be transported 90° 
out of the coast due to Ekman transport and frictional forces. At the coast, 
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the water will be replaced by water from the ocean interior, and thus cold 
nutrient rich water will be transported up to surface. Since the CO2 concen-
tration is increasing with depth, upwelling also result in an increased sea 
surface concentration of CO2. Coastal upwelling is a frequently occurring 
phenomenon in the Baltic Sea; in some areas present up to 25-30% of the 
time (Gidhagen, 1987; Lehmann et al., 2012). Costal upwelling in the Baltic 
Sea generally occurs in summer and autumn when there is a strong thermal 
stratification with warmer water at the surface, and colder water below. 
Since the winds in the Baltic Sea have a great variability, the upwelling 
events last during shorter time periods of a few days up to one month.  

The eastern coast of Gotland is affected  by upwelling when the prevail-
ing wind has a south- to southwesterly direction. Figure 9 shows satellite 
images of SST off the east coast of Gotland, illustrating the development of 
an upwelling event during July 2005. Before the upwelling, July 14, the area 
is rather homogeneous with a SST of 20-22°. The coming days, there is an 
increasing heterogeneity with areas of colder water, and during July 20-22 
there is a pronounced continuous area of colder water along the coast. 

 
Figure 9. Daily average satellite images of SST in the area of Gotland in the Baltic 
Sea. 

In Paper V, four upwelling events off the east coast of Gotland were selected 
using measurements of SST, pCO2w, wind direction and wind speed from the 
Östergarnsholm site. The indicators of upwelling events used to select the 
periods are south- to southwesterly winds, rapid decrease of SST, and at the 



 32 

same time increase in pCO2w. During an upwelling event, the strength of the 
upwelling can vary as the wind direction and speed varies. Strong wind 
speed increase the strength of upwelling, since water from lower depth can 
then be lifted to the surface.  

Fluxes of CO2 is estimated both using the EC method (measured fluxes), 
and using the bulk formulation (Equation 15) together with Equation 17 
(calculated fluxes). The transfer velocity is calculated both using Equation 
17 (calculated transfer velocity), and using EC-estimated flux into Equation 
15 (measured transfer velocity). When comparing calculated and measured 
fluxes during an upwelling event in July 2005 (Figure 10a), there is an evi-
dent difference in magnitude. A difference in magnitude between calculated 
and measured CO2 fluxes were also shown by Pettersson et al. (2010) who 
investigated an upwelling event at the Östergarnsholm site in August 2005. 
Furthermore it can be noticed that both the measured and the calculated 
fluxes decrease during the upwelling event, which should be expected as the 
ΔpCO2 decrease. As the fluxes decrease, the difference between measured 
and calculated fluxes also decreases. The transfer velocity shows similar 
pattern as the flux with a significant difference in magnitude between the 
calculated and measured value, which decrease somewhat during the 
upwelling event (Figure 10b). 

 
Figure 10. Fluxes of CO2 (µmol m-2 m-1) and k (cm h-1) during an upwelling event in 
July 2005: a) EC-fluxes (open circles) and fluxes calculated with bulk formula 
(filled circles); b) k according to Equation 17 (filled circles), and k calculated using 
EC-fluxes (open circles). 

One explanation to the differences between measured and calculated fluxes 
is due to the fact that the measurements of pCO2w do not represent the flux 
footprint area during conditions with south- to southwesterly winds. Hence, 
the SAMI sensor measurements during a heterogenic situation such as 
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upwelling may not be representative for the flux measurements. Another 
factor of uncertainty is the fact that the fluxes reflect the exchange at the 
actual surface, while the SAMI sensor is deployed at 4 m depth. The layer of 
4 m closest to the surface is generally assumed to be well mixed, but if that 
is not case, this can give error in the calculated air-sea exchange. Yet another 
source of error is the parameterization of k, which may not be accurate dur-
ing a situation with upwelling. 

During another upwelling event, in October 2008, flux measurements 
were available on two levels (10 m and 26 m). Also during this period there 
is a major difference in magnitude between measured and calculated fluxes, 
and in addition there is a difference in direction of the flux (Figure 11a). 
There is also a significant difference between fluxes measured at 10 m and 
26 m, both in magnitude and direction during October 24. The difference 
between the fluxes at different measurement levels is due to the difference in 
flux footprint area. The difference in k during the October period (Figure 
11b) shows the same patterns as the fluxes. Most of the time the measured k 
has a negative sign, which is due to different sign in the ΔpCO2 and the flux 
measurements. 

 
Figure 11. The same as Figure 10, although CO2 fluxes and k from an additional 
level is added. Open circles represent 10 m level, and crosses represent 26 m level. 
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4. The carbon budget 

To accurately estimate the carbon budget is important when modeling the 
future climate. Previous attempts to estimate the Baltic Sea net uptake or 
release of CO2 have yielded somewhat ambiguous results (Thomas and 
Schneider, 1999; Algesten et al., 2006; Kuss et al. 2006; Wesslander et al., 
2010; Löffler et al., 2012; Kuliński and Pempkowiak, 2012). 

All the studies mentioned above, except Kuliński and Pempkowiak 
(2012), used in-situ measurements of pCO2w; either by measuring pCO2w 
directly or by measuring parameters (such as dissolved inorganic carbon, 
total organic carbon, or pH and the total alkalinity), which can be used to 
calculate pCO2w. The CO2 flux was calculated using a bulk formulation and 
a parameterization of k based on wind speed. Thomas and Schneider (1999) 
used Equation 16 (Wanninkhof, 1992) to parameterize k; Algesten et al. 
(2006) used the parameterization according to Wanninkhof and McGillis 
(1999); Kuss et al. (2006) used Kuss et al. (2004); Wesslander et al. (2010) 
used Wanninkhof (1992); Löffler et al. (2012) used Wanninkhof (2009). 
Kuliński and Pempkowiak (2012) calculated the carbon budget for the entire 
Baltic Sea, including export and import from the North Sea, precipitation, 
fisheries, rivers, point sources, return flux from sediments, and sedimenta-
tion. The air-sea exchange was calculated as the rest term in the budget. 

In Paper IV, the carbon budget is estimated using the Baltic Sea model. 
The three model runs (F00, R11, and R11b) give somewhat different budget 
results (Figure 12a). According to the results in Paper IV the Baltic Sea acts 
as a sink of CO2. However when including water-side convection in the pa-
rameterization (R11), the sink is somewhat smaller, and when the feedback 
is removed (R11b), the sink is even smaller. The relative difference between 
the model runs is 6.5% between F00 and R11, and 24% between F00 and 
R11b. Furthermore, O2 is a Baltic Sea source, and comparing the model runs 
F00 and R11 result in a small difference of 4.5%, where the model run R11 
result in a somewhat smaller source than F00 (Figure 12b). The budget cal-
culation using model run R11b result in a large difference from the two other 
model runs, with a relative difference of 117% and the opposite sign. The 
reason for this major dissimilarity is due to the fact that the largest effect of 
water-side convection in the model run R11b is in winter when the O2 fluxes 
are negative. Hence these negative fluxes will increase in magnitude, and the 
result will be a net sink 
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Figure 12.  Baltic Sea uptake/release of Tg CO2 (a) and O2 (b) during the time peri-
od 1960-2009 from the model runs F00 (solid thick line), R11 (solid thin line), and 
R11b (dashed line). 

The results from the various studies of the carbon budget are not always in 
line with each other (Table 1). Some of the results are mainly consistent with 
the result in Paper IV (Thomas and Schneider, 1999;Kuss et al., 2006), while 
others are partly contradictory (Algesten et al., 2006; Wesslander et al. 
(2010); Löffler et al., 2012; Kuliński and Pempkowiak, 2012). There is a 
seasonal variation in the uptake/release of carbon in the Baltic Sea, and thus 
the sea could act as a sink some parts of the year, and a source during other 
parts (Omstedt et al., 2009).  In addition there are also annual variations, 
where one year the sea can act as a sink, while other year it acts as a source. 
Hence, when comparing results, it is important to choose the same time peri-
ods. There is also a spatial variations, as some parts or basins in the Baltic 
Sea can act as sinks, while other act as sources. In Paper IV, it was shown 
that the central and large basins Eastern Gotland basin, North and Western 
Baltic, and Bornholm basin are the largest sinks, while other basins such as 
Kattegat and Gulf of Finland act as sources.  

One possible source of error in the budget estimations with the Baltic Sea 
model could be local variations not captured by the model, such as the effect 
of upwelling. During upwelling the sea surface concentration of CO2 in-
creases. During periods with negative CO2 fluxes, the flux will be reduced, 
whereas when the flux is positive, the flux will increase. In Paper V, coastal 
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upwelling is shown to have a major impact on the east coast of Gotland, as 
the CO2 uptake/release changes during upwelling by 19-250%.  

Table 1.Uptake/release of CO2 for different regions with results from previous stud-
ies along with results from Paper IV.  The time period is the same time period as in 
the previous studies. From Paper IV, the result is from all three model runs; F00, 
R11, and R11b. 

Region Time 
period 

Paper IV Previous 
studies 

Authors of previous 
studies 

 F00 R11 R11b

Baltic Proper a 1994-
1995

–0.90 –0.88 –0.87 –0.9 ± 
0.09

Thomas and Sch-
neider (1999) 

Gulf of Both-
niab  

2002 –0.34 –0.33 –0.24 +2.9 Algesten et al. 
(2006)

Arkona Basin 2003-
2004

–1.41 –1.36 –1.65 –3.6 Kuss et al. (2006) 

East Gotland 
Sea           

1994-
2008

–0.57 –0.52 –0.44 +1.64 Wesslander et al. 
(2010)

Bornholm 
Basin        

1994-
2008

–1.86 –1.86 –2.14 +2.34 Wesslander et al. 
(2010)

Kattegat   1994-
2008

+1.50 +1.51 +1.51 –1.16 Wesslander et al. 
(2010)

Bothnian Bay 1999-
2009c

+0.28 +0.29 +0.35 +0.14 Löffler et al. (2012) 

Bothnian Sea 1999-
2009c

–0.14 –0.13 +0.052 –0.73 Löffler et al. (2012) 

Baltic Sea 2002-
2008d 

–0.55 –0.51 –0.48 +0.25 Kuliński and 
Pempowiak (2012) 

aBaltic Proper consists of Arkona Basin, Bornholm Basin, Eastern Gotland Basin, and North 
and Western Baltic.  
bGulf of Bothnia consists of the basins Bothnian Bay and Bothnian Sea. 
cLöffler et al. (2012) used data from 1999 to 2010, although, the model in the present study 
only runs until the end of 2009. 
dKuliński and Pempowiak (2012) used data from several different sources from different time 
periods, although, the most important sources are valid for the time period 2002-2008 (Karol 
Kuliński, personal communication, October 8, 2012). 
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5. Summary and conclusions 

CO2 is the most important anthropogenic greenhouse gas, and in order to be 
able to model the future climate, it is important to have knowledge of the 
processes controlling the air-sea exchange as well as the carbon budget. 
Such knowledge can be obtained by for example analyzing in-situ measure-
ments of CO2 fluxes. On a global scale the ocean is a net sink of CO2, while 
on a regional scale the ocean can be either a source or a sink. 

High frequency data from the Östergarnsholm site and the Galathea 3 ex-
pedition was used to compare different methods for flux estimation: the EC 
method, the IDM method, and the CSP method. The Kolmogorov constant 
for CO2, used in the IDM method, was estimated to have the value 0.68. This 
value is somewhat lower than estimates from previous investigations, which 
is most likely due to the number of uncertainties in the IDM method, espe-
cially in the determinations of the ϕ–functions. The CSP method, originally 
developed for neutral stratification, was modified to be usable during differ-
ent stratifications. All three methods have advantages and disadvantages 
when measuring on a moving platform, and hence a mean of the methods 
can be a more robust way to determine fluxes than to rely on a single meth-
od. 

There exist a number of different parameterizations of the transfer veloci-
ty, where most of them are functions of the wind speed. The NOAA-
COARE algorithm is a physical-based parameterization, where the transfer 
velocity is described as the resistance to transfer in air and water.  One ad-
vantage of the NOAA-COARE algorithm is that additional processes affect-
ing the transfer velocity can easily be added. A Baltic Sea model was used in 
order to investigate the impact of adding water-side convection to the pa-
rameterization of transfer velocity. The impact of including water-side con-
vection was rather small due to feedback processes in the model. When re-
moving the feedback, the impact was significantly higher, especially in win-
ter, and the relative difference between the original NOAA-COARE algo-
rithm and including water-side convection was at most of 20%. 

The air-sea exchange during four upwelling events off the east coast of 
Gotland was analyzed. The CO2 flux was measured directly using the EC 
method. The flux was also calculated using a bulk formula with the Nightin-
gale et al. (2000) expression for the transfer velocity. The measured fluxes 
showed a significant larger magnitude than the calculated flux using the bulk 
formulation. The difference is partly due to the fact that the measured pCO2w 
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is not in the flux footprint area during upwelling. An expression for the 
transfer velocity, probably impropriate for conditions such as upwelling, can 
be another explanation to the large difference. Furthermore, the instrumental 
uncertainty is relatively high and in the order of 20%. 

The carbon budget was also investigated using the Baltic Sea model. It 
was shown that the Baltic Sea is a net sink of CO2, and a source of O2, alt-
hough it varies in different regions of the Baltic Sea as some basins are sinks 
while others are sources. The uptake/release of CO2 in previous studies is 
compared to the uptake/release estimates in Paper IV. Some previous studies 
of uptake/release of CO2 in the Baltic Sea are consistent with the result from 
the Baltic Sea model, while others are contradictory. As the model estimate a 
mean value for each basin, local variations such as coastal upwelling is not 
captured by the model. It was shown that for an area off the east coast of 
Gotland, the uptake/release of CO2 can be changed by 19-250% due to 
upwelling. 



 39

6. Acknowledgements 

First and foremost I would like to thank my supervisors Anna Rutgersson 
and Erik Sahlée. I am very grateful to Anna Rutgersson for all the advices, 
the fruitful discussions, and for sharing your knowledge with me. You have 
been a good role model, inspired me to perform good quality research, and 
encouraged me to push my limits. I am also very grateful to Erik Sahlée. 
Thanks for your good scientific ideas and advices, for sharing your 
knowledge (especially on eddy-covariance measurements), and for the good 
support.  

I would like to thank all the researchers and technicians involved in the 
CO2 measurements during the Galathea 3 expedition. I especially want to 
thank Lise Lotte Sørensen at DMU for welcoming me at Risø/DMU, and for 
introducing me to the Galathea data. Your enthusiasm for research has been 
very inspiring to me. Thomas Bjerring Kristensen is acknowledged for valu-
able help with the motion correction.  

I would like to thank the members in the Baltic-C group for interesting 
meetings, and response to my work with the Baltic Sea model. I especially 
thank Anders Omstedt at GU for the access and introduction to the model. 
Also Moa Edman at GU is acknowledged for practical help with the model. 

I also want to acknowledge Kimmo Kahma and Heidi Pettersson at FMIR 
for the access of sea surface temperature measurements from the wave rider 
buoy. 

I would like to thank all the present and former researchers and PhD stu-
dents at LUVAL for a good working environment. The members in the me-
teorology group are acknowledged for interesting seminars and discussions: 
Ann-Sofi, Ulf, Sven, Hans, Conny, Cecilia, Björn, Erik N, Petra, Johan, Ol-
of, Eva, Andreas, Adam, Monica, Matthias, Sindu, and Gaëlle. I especially 
would like to thank Hans Bergström for practical work with the Öster-
garnsholm measurements, and for sharing MATLAB-programs of spectra 
and statistics. I am also very grateful to Sindu Raj Parampil for all the work 
put into the satellite data and budget calculations. Thank you for the good 
cooperation. I also want to thank my former PhD colleague Alvaro Semedo 
for always being supportive. 

I would like to thank the administrative staff at the department: Eva, 
Christina, Susanne, Britt, Ingegerd, and all the others. Thanks to Taher and 
Anna at the Geocentrum printing office. Thanks to Leif for providing tea, 
and for help with practical things. Tomas Nord is gratefully acknowledged 



 40 

for help with computer stuff. Thanks for the rescue of my computer more 
than once. 

I would like to thank my colleague and friend Julia Hytteborn with whom 
I have shared office since the beginning of my PhD studies. Without your 
support and encouragement I would never had make it the whole way 
through. I also want to thank my friend and former office-mate Zairis 
Coello. Thanks a lot for the good support and your friendship. I also want to 
thank my present office-mate Estuardo Guinea Barrientos for good compa-
ny. 

I am very grateful to my friends and family. Thanks to my parents Evy 
and Östen who always encourage me to study. Thanks to my sister Stina for 
all the support, and the knitting advices. Thank you also for all the help with 
the kids, especially during the last couple of month. I could not manage 
without you. I am also very grateful to my mother-in-law Susanne, who is 
always supportive and helpful.  

I am very grateful to my husband Mikael and our beautiful sons Artur and 
Aleksander. Your love and support means everything. Thanks for your pa-
tience during the final stage of this thesis, as I worked a lot of late evenings 
and weekends. 

Finally, I would like to thank the anonymous person who saved my life 
ten years ago by donating his/hers liver. I am very grateful to you. I am also 
very grateful to the doctors and nurses at Akademiska Sjukhuset (Uppsala 
University Hospital) involved in the transplantation and the aftercare that I 
am still receiving. 



 41

7. Sammanfattning på svenska (Summary in 
Swedish) 

Koldioxidflöden mellan hav och atmosfär - analysmetoder och påverkan 
på kolbudgeten 
Koldioxid, CO2, är en viktig växthusgas. Koncentrationen i atmosfären på-
verkas i hög grad av mänskliga aktiviteter så som användning av fossila 
bränslen, cementproduktion och förändrad markanvändning. Jämfört med 
strax innan den industriella revolutionen har CO2-koncentrationen i atmosfä-
ren ökat med mer än 100 ppm. Studier har visat att haven globalt sett är en 
sänka av CO2, det vill säga att en större andel CO2 absorberas av haven jäm-
fört med vad som släpps ut till atmosfären. Ungefär en tredjedel av den 
mängd CO2 som släpps ut genom mänskliga aktiviteter tas upp av haven. På 
en regional skala kan dock haven vara både en källa och en sänka beroende 
på region. När man vill använda klimatmodeller för att få kunskap om det 
framtida klimatet är det viktigt att ha kunskap om de processer som kontrol-
lerar utbytet av CO2 mellan hav och atmosfär. I den här avhandlingen har in 
situ-mätningar av koldioxidflöden studerats för att öka kunskaperna om 
ubytesprocesserna. Koldioxidflöden har även beräknats med hjälp av en 
modell där olika metoder för paramteriseringen av flödet använts och analy-
serats.  

Det finns olika metoder för att beräkna flöden utifrån högfrekventa mät-
ningar. Tre olika metoder har utvärderats i den här avhandlingen: ’eddy-
covariance’-metoden, ’inertial dissipation’-metoden och ’cospectral-peak’-
metoden. Metoderna användes dels på data från en stationär marin mätstat-
ion, Östergarnsholm, och dels på data som insamlades under forskningsex-
peditionen Galathea 3. Kolmogorov-konstanten för CO2, som används i ’in-
ertial dissipation’-metoden, uppskattades till värdet 0.68, vilket är något 
lägre än tidigare studier. Detta anses bero på osäkerheten i ’inertial dissipat-
ion’-metoden, där en rad olika variabler måste bestämmas. ’Cospectral-
peak’-metoden är ursprungligen endast giltig för data då atmosfären är ne-
utralt skiktad, och metoden utvecklades därför för att vara giltig under alla 
atmosfäriska förhållanden. Jämförelser mellan de olika metoderna visade en 
i genomsnitt god överenstämmelse både för data från Östergarnholm och 
från Galathea. Om ’eddy-covariance’-metoden ska ge korrekta flöden när 
mätningar görs ombord på ett fartyg måste relevanta korrigeringar göras dels 
på grund av båtens rörelser, men också på grund av distorsion av flödet på 
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grund av fartyget. Alla tre metoderna för flödesberäkningar har fördelar och 
nackdelar när flödena mäts på en plattform i rörelse och om relevanta korri-
geringar inte kan göras. I dessa fall kan det vara ett mer robust tillvägagång-
sätt att beräkna ett medelvärde av flödet med de tre olika metoderna, än att 
förlita sig på enbart en enskild metod. 

Det finns en rad olika uttryck för parameterisering av transferhastigheten 
(utbyteshastigheten mellan luft och hav). De flesta av dessa parameterise-
ringar uttrycks som en funktion av vindhastigheten. NOAA-COARE-
algoritmen är en mer fysikalisk formulering av CO2-utbytet, där transferhas-
tigheten beskrivs i termer av resistanser i både luft och vatten. NOAA-
COARE-algoritmen har fördelen att processer som styr transferhastigeten 
enkelt kan läggas till. En östersjömodell användes för att studera effekten av 
att lägga till konvektion i vattnet i flödesparameteriseringen. Det visade sig 
att konvektionen endast hade en liten effekt på flödet. Anledning till det tros 
vara återkopplingen i modellen där en ändring påverkar variabler som i sin 
tur minskar den ursprungliga ändringens betydelse. När återkopplingen mel-
lan den nya parameteriseringen och modellberäkningarna togs bort, blev 
effekten desto större. Den relativa skillnaden mellan orginalversionen av 
NOAA-COARE och versionen när konvektionen i vattnet inkluderades, var 
så stor som 20% under vintern. Detta är relevant för in-situ-mätningar där de 
oceaniska förhållanden inte påverkas av val av parameterisering av transfer-
hastigheten. 

Fyra perioder med uppvällning längs med Gotlands östra kust har i den 
här avhandlingen analyserats med hjälp av mätningar från Östergarnsholm 
och satellit-data. Under perioder med upvällning transporteras ytvattnet ut 
från kusten och ersätts med kallare vatten som härrör nedanför termoklinen. 
Det uppvällda vattnet är kallt, är rikt på näring, och har en hög koncentration 
av CO2. Koldioxidflödet beräknades dels med ’eddy-covariance’-metoden, 
och dels med en bulkformulering där en vindberoende parameterisering för 
transferhastigheten användes. Det visade sig att det uppmätta flödet (flödet 
beräknat med ’eddy-covariance’-metoden) ger betydligt större flöden än när 
flödet beräknas med bulkformuleringen. En trolig förklaring är att mätningen 
av partialtrycket av CO2 vid vattenytan, som används i bulkformuleringen, 
inte är representativ för det uppmätta flödets källområde. Att det upmätta 
partialtrycket är i källområdet av det uppättaflödet är speciellt viktigt under 
perioder med stor horisontell heterogenitet som till exempel är vanligt när 
den biologiska aktiviteten är stor längs med kusten, eller då det är uppväll-
ning 

I den här avhandlingen har även en CO2-budget för Östersjön beräknats 
med hjälp av östersjömodellen. Det visade sig att Östersjön är en netto-sänka 
av CO2. Detta resultat stämmer väl överens med en del tidigare studier, me-
dan andra studier har fått motsägande resultat. Östersjömodellen ger ett me-
delvärde för varje bassäng i Östersjön, vilket innebär att den inte fångar reg-
ionala variationer så som uppvällning. Resultat i den här avhandlingen visar 
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att i en region med uppvällning kan CO2-budgeten ändras med 250% jämfört 
med om det samma period inte är uppvällning. Om uppvällning inkluderats i 
Östersjömodellen skulle det troligen visa sig att Östersjön är en mindre 
sänka av CO2. 
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