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Abstract 
 
The Carbon dioxide (CO2) concentration in the atmosphere has increased dramatically 
since the start of the industrialisation. The effects that the increase of CO2 has on the 
future climate are still not fully investigated. CO2 in the atmosphere contributes to the, 
for all life on earth, necessary greenhouse effect. It is confirmed that higher CO2 
concentration in the atmosphere increases the green house effect, which results in 
higher temperature. The main source to the increase of CO2 is burning of fossil fuels. 
The change in land use is also a contribution to the increase of the CO2 concentration 
in the atmosphere. The largest sinks of CO2 are organic consumption and oceanic 
uptake. The organic consumption of CO2 varies a lot at higher latitudes due to the 
difference in vegetation between the seasons. During the warmer seasons the 
consumption of CO2 is large and during the winters the consumptions of CO2 is 
practically zero. The ocean uptake of CO2 varies also a lot during the year because the 
CO2 dissolves more easily in cold water. 
 
The purpose of this study is to analyse CO2 concentration and air-sea fluxes of CO2 
measured at Östergarnsholm, a small flat island east of Gotland in the Baltic Sea, and 
compare the results to previous studies. The CO2 concentration data was collected 
between 1997 – 1999 and 2001 – 2003. The CO2 flux data was collected between 
2001 and 2003. 
 
The analysis of the CO2 concentration showed that for the period 1997 to 1999, the 
CO2 concentration at Östergarnsholm was lower than for the reference series from a 
Polish site in the Baltic Sea. A correction was made by adding 27 ppm to the 
Östergarnsholm series. The annual fluctuations of CO2 concentration at 
Östergarnsholm are significant (about 40 ppm). During the summer 1998, the 
expected decrease was not as large as it should be because of the El Niño outbreak 
97/98 and the locally cold and rainy summer.  
 
The direct measured CO2 fluxes were corrected with the well known Webb correction 
before they were analysed. The CO2 fluxes are wind dependant – higher wind speed 
give higher CO2 flux. The CO2 fluxes are also dependant of the difference in partial 
pressure between the air and the water. Parameterised CO2 fluxes were calculated and 
compared to the direct measured CO2 fluxes. The parameterisations use a quadratic as 
well as a cubic wind dependency. To calculate the parameterised CO2 fluxes, a fixed 
value of the difference in partial pressure between the air and the water was used 
because the CO2 in the water was not measured. The parameterised CO2 fluxes wind 
dependency agreed with the direct measured CO2 fluxes. 
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Sammanfattning 
 
Koldioxid(CO2)-koncentrationen i atmosfären har ökat stadigt sen början av 
industrialiseringen. Effekten som de ökade CO2-halterna kommer ha på framtidens 
klimat är ännu inte helt utrett. CO2 bidrar till den livsviktiga växthuseffekten. Det är 
en ökning av växthusgaser, bland annat CO2, som leder till en ökning av 
växthuseffekten. Ökad växthuseffekt leder till högre temperatur på jorden. Den största 
ökningen av CO2 i atmosfären beror på förbränning av fossila bränslen. Även 
förändringen i markanvändning leder till ökade halter av CO2. De största sänkorna av 
CO2 är den organiska konsumtionen av CO2 och havens upptag av CO2. Den 
organiska konsumtionen av CO2 varierar mycket under året och är som störst under de 
varmare månaderna. Havens upptag av CO2 varierar också mycket under året 
eftersom havens förmåga att lösa CO2 beror på vattnets temperatur. 
 
Syftet med den här studien är att analysera CO2-koncentrationen och CO2-flödena 
mellan hav och luft på Östergarnsholm, en liten, låg ö öster om Gotland. Resultaten 
jämförs med tidigare studier. CO2-koncentrationsdata samlades in mellan 1997 – 1999 
och 2001 – 2003. CO2-flödesdata samlades in mellan 2001 och 2003. 
 
Analysen av CO2-koncentrationen visar att under perioden 1997 till 1999 är CO2-
halterna för låga på Östergarnsholm. En korrektion gjordes genom att lägga till 27 
ppm till de uppmätta CO2-halterna. Årsvariationerna av CO2-halterna är mycket 
tydliga men sommaren 1998 sjunker inte CO2-halten till så låga värden som de borde 
vara. Att CO2-halterna inte sjönk mer beror dels på El Niño-utbrottet 97/98 och dels 
på den lokalt kalla och regniga sommaren. 
 
De direkt mätta CO2-flödena korrigerades med hjälp av den välkända Webb-
korrektionen innan de analyserades. CO2-flödena är beroende av vindhastigheten – 
högre vindhastighet ger högre CO2-flöden. CO2-flödena beror också på skillnaden i 
CO2-halt mellan luften och havet. Parameteriserade CO2-flöden beräknades och 
jämfördes med de direkt mätta CO2-flödena. De parameteriserade CO2-flödena 
beräknas antingen med kvadratiskt eller kubiskt vindberoende. För att beräkna 
parameteriserade CO2-flöden användes ett fast värde på skillnaden i CO2-halt mellan 
luften och vattnet eftersom CO2-halten i vattnet inte mäts. De parameteriserade CO2-
flödenas vindberoende stämde överrens med de direkt mätta CO2-flödena. 
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1 Introduction 
 
Since the start of the industrialisation (18th century), the amount of Carbon Dioxide 
(CO2) in the atmosphere has increased rapidly. The main reasons for this are the 
burning of fossil fuels and deforestation. The CO2 budget is not fully understood. Still 
the sources are of larger magnitude than the sinks found so far. One of the largest 
sinks of CO2 on the globe is the oceans, and they are also one of the largest reservoirs 
of CO2. Thus, models that predict the earth’s future climate have to be able to 
calculate the air-sea CO2 fluxes in a correct way. Large errors and wrong 
parameterisations of air-sea fluxes of CO2 in the climate models may lead to too high 
or too low levels of CO2 partial pressure (concentration) in the air in the models. If the 
models get too high levels of CO2 concentration, it would increase the effect of the 
greenhouse effect to unrealistic levels, if the models get too low levels of CO2 
concentration, the greenhouse effect would be underestimated.  
 
The CO2 measurements used in this study are taken at Östergarnsholm, a small flat 
island east of Gotland in the Baltic Sea. The CO2 data is collected at 9 metres above 
the ground in a 30 metre high instrumented measuring tower. Other parameters in this 
study are also taken from the Östergarnsholm-tower, except for the wave data, which 
is taken from a buoy, situated 4 km southeast of Östergarnsholm. The buoy is run and 
owned by the Finnish Institute for Marine Research.  
 
The purpose of this study is to evaluate and analyse the partial pressure and fluxes of 
CO2 over the Baltic Sea and to compare the existing results from Östergarnsholm with 
other sites. At Östergarnsholm the CO2 fluxes are measured directly with an infrared 
open path gas analyser. At sites that do not have direct measurements of the CO2 
fluxes, as Östergarnsholm has, a parameterised CO2 flux can be calculated. To 
calculate the parameterised CO2 flux the difference in CO2 partial pressure between 
the air and the sea is needed. Also the wind speed is needed when calculating the 
parameterised CO2 flux. There are presently no measurements of CO2 in the water at 
Östergarnsholm. The data used in this study are from two periods, 1997 – 1999 and 
2001 – 2003. During the period 1997 to 1999 only the CO2 concentration in the 
atmosphere was measured and during 2001 to 2003 both concentration and CO2 
fluxes were measured. 
 
In this study, two different methods of calculating the CO2 fluxes, from Wanninkhof 
and McGillis (1992) and from Wanninkhof (1999), are compared to the direct 
measured fluxes CO2 from Östergarnsholm. The two parameterisations use a transfer 
velocity (kw) and the difference in partial pressure of CO2 between the air and the 
water to calculate the CO2 flux. The transfer velocity can be expressed in several 
ways. Wanninkhof and McGillis (1992) uses a quadratic wind speed dependence and 
Wanninkhof (1999) uses a cubic wind speed dependence for the transfer velocity.  
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2 Site and measurements 
 

2.1 The measuring site Östergarnsholm 
 
The measurements used, except for the water temperature and wave data, are taken on 
the small island Östergarnsholm, a very flat and low island situated 4 km east of 
Gotland, see Figure 2.1. The measuring tower stands on the south end of the island, 
about one metre above mean sea level and slightly more than ten metres away from 
the shoreline. The measurement conditions are very close to “open sea” during winds 
from north east to south west (60 – 220 degrees). This is carefully investigated in 
Smedman et al. (1999). Winds from 220 – 340 degrees are influenced by Gotland and 
used as “land reference”. Since the instrumentation is placed on the south side of the 
tower, data during winds from north can not be used, due to flow distortion from the 
tower.    
 

 
Figure 2.1 Map over the Baltic Sea with Östergarnsholm, the Finnish wave rider buoy and the Polish 
measuring site. The tower is placed at the south tip of Östergarnsholm (from Johansson, 2003). 
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2.1.2 Instrumentation 
 
A closed path, differential, non-dispersive, infrared gas analyser from LI-COR (Li-
6262) was used for the CO2 measurements from 1997 – 1999. The measurements 
from 2001 to 2003, were taken by the Li-7500, an open-path, non-dispersive infrared 
gas analyser also from LI-COR, using a sampling frequency of 20 Hz. The analysers 
measure how much of the infrared radiation that has been absorbed by the CO2 and 
the water vapour. All CO2 and turbulence measurements of CO2 are made at a height 
of 9 metres above the surface (about 10 metres above the sea level). Figure 2.2 shows 
the open-path LI-7500 together with a SOLENT sonic anemometer used for 
measuring the fluctuations of the wind components.  
 
 
           a)                    b) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2.2.a Schematic picture of the LI-7500. 
Figure 2.2.b The LI-7500 and a SOLENT sonic anemometer, view to the south from the measuring site. 
(Photo by E. Sahlée). 
 
 
 
The Östergarnsholm CO2 flux measurements were collected during three periods; 
October to December 2001, June 2002 and September to October 2003. For the flux 
calculations a total of 1184 thirty-minute averages are used. For the mean CO2 
concentration measurements from 1997 to 1999 a total of 81740 ten- and thirty- 
minutes averages are used.  
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The temperature and horizontal wind are measured by slow response (1 Hz) profile 
instruments. For the wind measurements cup anemometers are used.  
 
The water temperature and wave data are taken from a wave rider buoy situated 4 km 
south east of Östergarnsholm. The buoy is run and owned by the Finnish Institute for 
Marine Research.    
 

 

2.2 Other measuring sites used in this study 
 
CO2 concentration data is also used from the Mauna Loa series on Hawaii (19°32' N, 
155°35' W), run by U.S. Dept. of Commerce – NOAA. The Mauna Loa in-situ 
measurements are taken at 3397 metres above mean sea level. Data has also been used 
from the Polish Baltic Sea station (55° 25' N, 17° 04' E) run by Morski Instytut 
Rybacki (WDCGG-data, WMO), see Figure 2.1. Air samples are collected weekly in 
glass flasks at 28 metres above the sea level from ferry boats running between 
Gdynia, Poland and Karlskrona, Sweden. The air samples are collected at the same 
position every week and are analysed with infrared gas analysers. The Polish CO2 
concentrations are used to correct the Östergarnsholm CO2 data from 1997 – 1999. 
Polish data collected at occasions with shorter time between the samples are 
compared to the Östergarnsholm CO2 data from 2001 and 2002. No Polish CO2 data 
was available for 2003.  
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3 Theory 
 

3.1 The carbon cycle 
 
Before the industrialisation, the level of CO2 concentration in the atmosphere was 
about 280 ppm, which can be compared to modern levels of about 380 ppm. Figure 
3.1 shows monthly averages of CO2 taken at the Mauna Loa observatory on Hawaii, 
where an increase of about 60 ppm is seen between 1958 and 2004.  
 
The CO2-levels show large annual fluctuations due to organic consumption of CO2 – 
photosynthesis. The photosynthesis is mostly active during spring and summer, which 
results in low CO2 concentration in the air during these warmer seasons. The 
consumption is balanced by organic respiration and decomposition of organic matter. 
Since the northern hemisphere has a larger land cover than the southern hemisphere, 
the fluctuations of the CO2 concentration become more significant there. The organic 
consumption of CO2 in the oceans is not insignificant but since the oceans have large 
concentrations of inorganic carbon the decrease of atmospheric CO2 is not as large as 
it could be. The air-sea exchange is not the only way for carbon to end up in the 
oceans; runoff water carries carbon in the form of hydrogen carbonate (HCO3

-) to the 
oceans. Biological production also increases the carbon concentration, but only for a 
short time because most of the production takes place in the sea surface layer where it 
is rapidly recycled.    
 

 
Figure 3.1 The Mauna Loa, Hawaii, CO2 series with monthly averages from 1958 to 2004 with clear 
annual cycles, (C.D. Keeling, T.P. Whorf, and the Carbon Dioxide Research Group. Scripps Institution 
of Oceanography (SIO) University of California, La Jolla, California, USA). 
 
The increased levels of CO2 are entirely due to human activities; burning of coal, oil, 
gas and woods. The burning of forests is a part of the natural carbon cycle, i.e. it does 
not lead to anthropogenic releases of CO2 if the forests are replaced. When the 
reforestation is insufficient, the balance of the production and the consumption of CO2 
by vegetation is disturbed. Another CO2 source is cement production.    



 10

The main CO2 sources and their contribution to the global carbon are: 
- Fossil fuel burning and cement production:  6.3 billion tons per year 
- Forest burning and soil disruption:   1.7 billion tons per year 
- Total anthropogenic contribution:  8.0 billion tons per year 

 
The main CO2 sinks and their contribution to the global carbon are: 

- Storage in the atmosphere:    3.2 billion tons per year 
- Oceanic uptake:    1.7 billion tons per year 
- Forests/vegetation regrowth:   3.0 billion tons per year 
- Missing sink:     0.1 billion tons per year 
- Total CO2 sinks:    8.0 billion tons per year 

 

 
Figure 3.2 The global carbon cycle and carbon reservoirs (billion tons per year). The big arrows show 
the natural fluxes and the thin black arrows show the size of the carbon contribution due to human 
activities, the thin grey arrows show the size of the carbon sinks. The figures in grey are the change in 
the carbon reservoirs due to human activities (Bernes, 2003). 
 
The increase of CO2 in the atmosphere is due to anthropogenic emissions. The total 
emissions of anthropogenic CO2 through the years have been much greater than the 
atmospheric increase of 100 ppm. As can be seen in Figure 3.2, not all of the 
anthropogenic emissions of CO2 stay in the atmosphere. This is due to large sinks on 
earth. At present the increase of CO2 in the atmosphere is less than 50% of what it 
would be if no anthropogenic CO2 would be accumulated in the oceans or on land 
(IPCC, 2001). 

3.2 Ocean uptake of carbon dioxide 
 
The second largest CO2-sink on earth is the oceans (only the vegetation regrowth is 
larger). A big difference between the oceans and the continents is the long time uptake 
of CO2. The long time capacity of the deep oceans to accumulate CO2 is several times 
larger than the capacity of the continents to accumulate CO2. The only thing 
preventing a total uptake of the anthropogenic CO2 into the oceans is that it takes very 
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long time for the oceans to mix, i.e. it takes long time for the surface water to sink to 
the deep oceans. 
    
The following chemical reactions describe the oceanic uptake of atmospheric CO2 
(Andersson, 2004); 
 
CO2 (g) ↔ CO2  (aq)         (3.1) 
CO2  (aq) + H2O ↔ H2CO3 (aq)      (3.2) 
H2CO3 (aq) ↔ H+ (aq) + HCO3

- (aq)      (3.3) 
HCO3

- (aq) ↔ H+ (aq) + CO3
2- (aq)      (3.4) 

 
Here (g) stands for gas and (aq) for aqueous solution.  
Gaseous CO2 dissolves in the water (3.1) and forms carbonic acid (3.2). The carbonic 
acid forms bicarbonate (3.3), hydro carbonate and carbonate ions (3.4). All of these 
reactions are in chemical equilibrium, i.e. carbon exists in all of these forms 
simultaneously in the water. 
 
CO2 dissolves more easily in cold water than in warm water; and more easily in sea 
water than in pure water, because sea water naturally contains carbonate ions. Another 
factor affecting the ocean’s ability to dissolve CO2 is the period of time since the 
water was at the surface. The longer time the water has spent in the deep ocean, the 
more easily it dissolves CO2 because the concentration is low compared to the 
atmospheric levels (Andersson, 2004).  
  
The air-sea exchange of CO2 only affects the upper hundred metres of the oceans. If 
the surface water does not sink deeper in the ocean, the CO2 will re-escape into the 
atmosphere when the surface water is heated. When the water sinks, the new surface 
water is able to take up more CO2.  
 
At high latitudes these effects will be added together; the cold water dissolves easily 
CO2 and also, the ocean water is sinking in the Polar Regions in the large scale ocean 
circulation. This results in mostly negative CO2 fluxes, i.e. ocean uptake of CO2 at 
high latitudes, see Figure 3.3. Closer to the equator the CO2 fluxes are mostly 
positive. 
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Figure 3.3 The mean annual air-sea CO2 flux over the globe. The CO2  flux is mostly negative at high 
latitudes and mostly positive closer to the equator. The CO2 flux is calculated with the quadratic wind 
speed relation (Wanninkhof, 1992), (Figure from Takahashi et al. 2002). 

 

3.3 Carbon dioxide fluxes 
 

3.3.1 Eddy correlation method 
 
In this study direct measurements of CO2-flux over the sea surface are made with the 
eddy correlation method. By using Reynold’s averaging, the flux can be calculated 
from the fluctuations of CO2; cρ′ , and the vertical wind fluctuations w’. Both CO2 and 
vertical wind speed fluctuations are sampled with a frequency of 20 Hz. The 
correlation gives the turbulent vertical flux of CO2 (Fc);  
 

cc wF ρ′′= .         
 (3.5) 
 
The measured flux has to be corrected because of the water vapour transport and the 
heat transport. The well recognised Webb correction (Webb et al., 1980) is used. The 
magnitude of the correction can be significant. The basic idea behind the Webb 
correction is the absence of mean vertical transport of dry air, i.e. there is no sink of 
air at the ground. Conservation of mass will give a mean vertical flow since the 
density of the upward-moving air is lower than for the air transported down because 
upward-moving air is warmer and contain more water vapour. 
 
The actual flux of CO2 is therefore the measured flux plus the Webb correction. The 
correction must be included to give the mean vertical transport of CO2.   
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ccc wwF ρρ +′′= .        
 (3.6) 
 
The vertical velocity of the transport is a function of water vapour and heat fluxes, 
and is expressed as follows; 
 

T
Tww

w
a

v ′′
++

′′
= )1( µσ

ρ
ρ

µ ,         

 (3.7) 
 
where µ is the ratio of the specific gas constants for water vapour (Rv) and for dry air 
(Rd), vw ρ′′  is the flux of water vapour and aρ  is the mean density of dry air. σ  is the 

mixing ratio of the water vapour and the dry air, Tw ′′  is the sensible heat flux and T  
is the mean temperature. 
 
Equation (3.6) and (3.7) gives the final expression for the corrected CO2 flux; 
 

Tw
T

wwF c
v

a

c
cc ′′++′′+′′=

ρ
µσρ

ρ
ρ

µρ )1( .     

 (3.8)  
 

3.3.2 Parameterisations  
 
When it is not possible to measure the CO2 flux directly, a parameterisation of the 
CO2 flux can be used. The parameterisation uses the difference in partial pressure of 
CO2 between the sea surface and the air ( 2pCO∆ ) together with a transfer velocity 
( wk ) in the bulk method; 
 

2pCOkF wc ∆⋅= .        
 (3.9) 
 
The transfer velocity is the velocity of the CO2 exchange, and it is usually expressed 
as a function of wind speed. Different relations are used, the two most frequent are: 
 

Sc
uKkw

66031.0 2
0 ⋅⋅⋅= ,       

 (3.10) 

Sc
uKkw

6600283.0 3
0 ⋅⋅⋅= .        

 (3.11) 
  
(3.10) presented in Wanninkhof (1992) and (3.11) presented in Wanninkhof and 
McGillis (1999). K0 is the solubility constant of the gas, i.e. how much of the gas that 
can dissolve in water. The solubility is temperature dependant, for gases the solubility 
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decreases with higher temperature. The solubility is also dependant of the salinity in 
the water. u is the wind speed at a certain height and DSc υ=  is the Schmidt number; 
a temperature dependent, dimensionless quantity proportional to the viscosity divided 
by the molecular diffusivity. The Schmidt number is used as normalisation, to be able 
to compare transfer velocities over different seas during different conditions. 
 
These two different expressions for transfer velocities give similar CO2 fluxes for low 
wind speed, but when it comes to higher wind speed, equation 3.11 gives higher 
fluxes than equation 3.10 (McGillis et al., 2004). The reason of the similarity for the 
two parameterisations at low wind speeds is due to the much smaller constant in 
equation 3.11. 

 

3.4 Wave steepness 

The wave steepness is the relationship between the height and the length of a wave 
(Figure 3.4). It is calculated to investigate the CO2 flux – wave steepness relation. To 
calculate the wavelength, the deep water phase speed ( pc ) has to be calculated first; 

p
p n

gc
⋅

=
π2

 ,         

 (3.12) 

(Arya, 1988). Here np is the frequency of the dominating waves and g the acceleration 
of gravity. 

An empirically found correction to deep water, has to be included for waves moving 
faster than 6.5 ms-1 (E. Sahlée, 2005, pers. comm.); 

98487.03858.1037433.0 2 −⋅+⋅−= ppp ccc .     
 (3.13) 

 

 
Figure 3.4 Schematic picture of a wave.  
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The wavelength can then be expressed as;  
 

p

p

n
c
⋅

=
π

λ
2

,         

 (3.14) 
 
from which the wave steepness (S) can be calculated; 
 

λ
sH

S = .         

 (3.15) 
 
Hs is the significant height of the dominating waves. In deep water the waves start to 
break at a critical value of 0.14 for the wave steepness (McKee Smith, 1997). 



 16

4 Results 
 

4.1 Evaluation of carbon dioxide dataset 
 
During 1997 to 1999 the LICOR instrument LI-6262 at Östergarnsholm was used 
without calibration of the CO2 concentration. The uncorrected CO2 partial pressure 
data is plotted in Figure 4.1. as daily mean values.   
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Figure 4.1 Uncorrected carbon dioxide for wind directions between 60 and 220 degrees, daily means 
for the period 1997-1999. 
 
Daily means of CO2 concentration in Figure 4.1 show short time variations. The 
annual cycle is clear, with minimum concentration of CO2 during the summers and 
maximum during the winters. In Figure 4.2 the monthly means of CO2 concentration 
are shown. 
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Figure 4.2 Uncorrected monthly mean values of CO2 from Östergarnsholm for winds from the water 
(diamonds) and winds from land (triangles). Reference series from Mauna Loa, Hawaii (circles) and 
from the Baltic Sea north of Poland (dots). 
 
 
The CO2 concentration at Östergarnsholm is unrealistically low compared to the 
reference series from Mauna Loa, Hawaii and the Baltic Sea data collected north of 
Poland, Figure 4.2. This indicates that the data from Östergarnsholm need to be 
calibrated. The data collected north of Poland are used to correct the measurements 
from the Östergarnsholm site due to their similar conditions (i.e. situated over sea), 
and due to that the Polish CO2 data is collected at a rather short distance from 
Östergarnsholm. The monthly averages of the CO2 concentration at Östergarnsholm 
were compared to the monthly averages of the CO2 concentration from the Polish 
series, and the mean difference in CO2 concentration between the two data sets was 
calculated to 27 ppm. These 27 ppm are added to correct the values for the 
Östergarnsholm series (see Figure 4.3). After the correction, the Polish and the 
Östergarnsholm series are similar over the year but with a slightly larger amplitude for 
the Östergarnsholm series. The series oscillates also regularly around the Mauna Loa 
series.  
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Figure 4.3 The upper panel shows corrected CO2 concentration at Östergarnsholm for the period 1997 
to 1999 for winds from the water (diamonds) and winds from land (triangles). Reference series from 
Mauna Loa, Hawaii (circles) and from the Baltic Sea north of Poland (dots). The lower panel shows 
temperature at 8 metres at Östergarnsholm. 

  
 

4.2 Analysis of the CO2 concentration series  
 
The CO2 concentration during the summer of 1998 was very high at Östergarnsholm, 
there was almost no observable decrease during the summer months at all. This can 
mainly be explained by two factors; the globally higher CO2 concentration, (WMO, 
2004), see Figure 4.4, and the cold summer, see Figure 4.3. The globally high 
concentration 1998 is due to the very strong El Niño event 1997/1998 (WMO, 2004). 
The cold and rainy summer lead to a decrease in the biological activity and a very low 
CO2 consumption during the summer 1998.  
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Figure 4.4 CO2 growth rate for the years 1983 to 2002, globally and for the two hemispheres (WMO, 
2004). 
 
The difference in the CO2 concentration between the different wind directions at 
Östergarnsholm is rather surprising (Figure 4.3). During summer, the levels are much 
higher in the air that has been transported over Sweden and Gotland than in the air 
that comes from the Baltic Sea. Theoretically the consumption of CO2 should be 
higher over land than over the sea. This should result in higher CO2 levels for the air 
that has been transported over the Baltic Sea.        
 
Noticeable is also the difference in CO2 levels during the winters 97/98 and 98/99. 
The air coming from the Baltic Sea has higher levels of CO2 than the air coming from 
land. But there is a difference between the two winters 97/98 and 98/99; the CO2 
levels were higher in the winter 98/99 than the winter 97/98 at Östergarnsholm. The 
Polish data differs, from the Östergarnsholm data during the winters. The Polish series 
has higher CO2 concentration the winter 97/98 than the winter 98/99.  
 
The different appearance of the Mauna Loa series compared to the two Baltic Sea 
series can be explained by the sites short distance to the equator (where the difference 
between the seasons is smaller than in the Baltic Sea region) and the high altitude; 
3397 metres above mean sea level. The Mauna Loa CO2 series represents a global 
value, not directly influenced by processes near the surface and thus results in a 
smoother curve and a displacement of the phase of the seasonal variation.    
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4.3 Fluxes of carbon dioxide 
 

4.3.1 The Webb correction 
 
The Webb correction is normally a significant part of the total CO2 flux, sometimes 
almost 100%. It is not unusual that the correction changes the sign of the resulting 
CO2 flux and gives it a different sign than the measured CO2 flux. In this study the 
average value of the correction for all CO2 flux data is 34%.  
 
October 24, 2001 has been studied more closely; see Figure 4.5 and Figure 4.6.  
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Figure 4.5 Fluxes during October 24. With uncorrected fluxes (stars), the Webb correction (x-marks) 
and the corrected flux (dots). 
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Figure 4.6 Fluxes in relation to the wind speed. With uncorrected fluxes (stars), the Webb correction 
(x-marks) and the corrected flux (dots). 
 
 
The 24th of October the CO2 fluxes at Östergarnsholm varied from slightly negative to 
positive and back to negative again. As seen, the Webb correction sometimes changes 
the sign of the CO2 flux. Here the Webb correction is positive during the whole period 
(this is not always the case). The flux-wind speed relation is not very clear for the 
period but there is a small increase of the fluxes amplitude with higher wind speed. 
The Webb correction’s dependency of the wind speed is also not very clear. 
 

4.3.2 Factors influencing the CO2 flux 

Three extended periods, October-December 2001 (Figure 4.7), June 2002 (Figure 4.8) 
and September-October 2003 (Figure 4.9), were studied separately by showing 
smoothed curves of the CO2 fluxes at Östergarnsholm together with the CO2 
concentration, wave steepness, wind speed and the air- and water temperature. These 
quantities were shown to see if they were in relation to the CO2 flux. The Polish series 
was shown as a reference to the CO2 concentration at Östergarnsholm. Unfortunately 
there were no Polish CO2 data available for 2003. For the period 2001 the levels of 
CO2 agree very well with the Polish data, but for the period 2002 the difference is 
larger between the Östergarnsholm series and the Polish series. This is probably due 
to problems with the calibration of the CO2 instrument at Östergarnsholm. 
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Figure 4.7 CO2 flux, CO2 concentration, wave steepness, wind speed and temperature in the air and in 
the water 2001. Every point represents a 24 hour average. For the CO2 concentration the Polish Baltic 
Sea site (circles) is used as reference. 
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Figure 4.8 CO2 flux, CO2 concentration, wave steepness, wind speed and temperature in the air and in 
the water 2002. Every point represents a 24 hour average. For the CO2 concentration the Polish Baltic 
Sea site (circles) is used as reference.  
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Figure 4.9 CO2 flux, CO2 concentration, wind speed and temperature in the air and in the water 2003. 
Every point represents a 24 hour average. There were no CO2 data collected at the Polish Baltic Sea 
site during the period. No wave data were available for this period.  
 
In November 2001 (Figure 4.7) and in September 2003 (Figure 4.9), the fluxes are 
negative (downwards) and in June 2002 (Figure 4.8) the fluxes are changing from 
negative to positive. In agreement with the Wanninkhof theory, the fluxes are wind 
speed dependent; higher wind speeds give larger amplitude of the CO2 flux. This will 
be considered more closely later in this study. During the period 2001 (Figure 4.7) the 
relation between the CO2 flux and the wind speed is obvious. If the wind speed was 
the only factor influencing the CO2 flux, the curves should have been more related, 
but the difference in CO2 partial pressure between the water and the air is also 
influencing the CO2 flux. The figures showing wave steepness are similar to those for 
wind speed. During 2003, wave data were not available at the time of this study, 
therefore no wave steepness was calculated for this period. 
 
For 2001 and 2002 the variations of the mean value of the CO2 concentration in the 
atmosphere are simultaneous with the CO2 fluxes. When the CO2 fluxes get larger 
positive or negative amplitude, the CO2 concentration in the air becomes larger 
respectively smaller, see Figure 4.7 and Figure 4.8.  
 
For the data from 2001 and 2002, the positive as well as the negative CO2 fluxes tend 
to be larger, when the water temperature is higher than the air temperature. For the 
2003 series, the CO2 fluxes are smaller during such conditions but at the same time 
the wind speed is rather low, which shows how big influence the wind speed has on 
the CO2 fluxes. 

4.3.3 CO2 flux – wind relation 
 
The CO2 flux-wind speed relation and the CO2 flux-wave steepness relation were 
studied separately. The CO2 flux-wind speed relation was studied and compared to 
existing results by McGillis et al., (2004), Figure 4.10. Even though no CO2 
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measurements were taken in the water at Östergarnsholm, parameterised fluxes as in 
equation 3.9 were calculated with a fixed 2pCO∆  of 70 ppm (Kuss et al., 2004). This 
is a rough estimation since the difference in the CO2 partial pressure between the 
water and the air varies a lot over the year. The CO2 flux was calculated using two 
expressions for the transfer velocities (equations 3.10 and 3.11). The calculations of 
parameterised CO2 fluxes were only done for the data from 2001 (Figure 4.11). The 
parameterised CO2 fluxes increase with the wind speed, as do the directly measured 
CO2 fluxes.   
 

 
Figure 4.10 CO2 flux – wind speed relations from McGillis et al. (2004). The lines represent different 
parameterisations of the transfer velocity and the dots represent measured fluxes close to the equator. 
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Figure 4.11 CO2 flux – wind speed relations at Östergarnsholm. The solid line represents quadratic 
flux-wind relation (Wanninkhof and McGillis 1992) and the dashed line represents cubic flux-wind 
relation (Wanninkhof 1999). Both the quadratic and cubic relations are calculated with fixed∆ pCO2 
=70 ppm. The dots represent measured fluxes. 
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Figure 4.12 CO2 flux – wind speed relations for the Östergarnsholm series, October-December 2001 
(dots), June 2002 (squares) and September-October 2003 (diamonds). 
 
 
 
To be able to make a comparison, the unit of the Östergarnsholm fluxes was changed 
from mg·m-2s-1 to mol·m-2yr-1. Here 1 mg·m-2s-1 is equivalent to 6.3131 mol·m-2yr-1. 
The differences between Figure 4.10 and Figure 4.11 are due to the different 
conditions of the measuring sites. The McGillis (2004) data sets are collected close to 
the equator, where the fluxes are positive and of larger amplitude. The parameterised 
CO2 fluxes at Östergarnsholm are, however, in qualitative agreement with McGillis 
(2004). It is possible to see an increase of the magnitude of the CO2 fluxes with higher 
wind speed in Figure 4.10, as the transfer velocities in equation 3.10 and 3.11 suggest.   
 

 

4.3.4 CO2 flux – wave steepness relation 
 
The CO2 flux – wave steepness relation was calculated to see if there are other effects, 
apart from to the wind speed, that influences the CO2 flux. The relation is shown 
below.  
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Figure 4.13 CO2 flux – wave steepness relation for measurements at Östergarnsholm from October-
December 2001 (dots) and June 2002 (squares). The critical value when the waves start to break, 0.14, 
is marked with a solid line.  
 
The CO2 flux – wave steepness relation (Figure 4.13) is rather similar to the CO2 flux 
– wind speed relation (Figure 4.12). This is not surprising since the wave steepness is 
closely related to the wind speed, as confirmed in Figure 4.14. The critical value for 
the steepness, when the waves start to break is 0.14, (McKee Smith, 1997). It is for 
wave steepness higher than the critical value that the CO2 fluxes grows rather 
drastically. The reason why the CO2 fluxes become much larger at a wave steepness 
of about 0.17, could be explained by other factors like white capping and bubbles, 
these effects are not investigated more closely here. 
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Figure 4.14 Wave steepness – wind speed relation for October-December 2001 (dots) and June 2002 
(squares). 
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The relation between the wave steepness and the wind speed is close to linear. This 
shows that the wave steepness is strongly wind speed dependant.  
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5 Summary and conclusions 
 

5.1 The CO2 concentration 
 
The CO2 concentration data from Östergarnsholm during the period 1997 to 1999 are 
in qualitative agreement with the Polish reference series after correction. The 
difference in CO2 concentration between the wind sector 60-220 degrees and the wind 
sector 220-340 degrees is significant. The winds coming from the western sector give 
higher CO2 concentrations than the winds coming from the sector 60-220 degrees 
during the summers and lower CO2 concentrations during the winters. An explanation 
to the higher CO2 concentration, for the sector 220-340 degrees, during the spring and 
summer could be that the air transported from west is influenced by the Atlantic and 
the air transported from the sector 60-220 degrees is influenced by the Eurasian 
continent; i.e. the air coming from west could be considered as “ocean influenced” 
and the air coming from east to south as “land influenced”.     
 
During the winter the results are in contrary to what could be expected. Theoretically 
the CO2 concentration should be larger over land than over sea during winter since 
there is practically no organic consumption of CO2 over land during winter and since 
the oceans can dissolve more CO2 when it is cold. The unexpected results for the 
winters could be explained by looking at a larger scale, i.e. the air transported from 
west is influenced by the Atlantic and the air transported from south is influenced by 
the Eurasian continent (cf. the results for the summers above). 
 
The difference in CO2 concentration between the two winters 97/98 and 98/99 can be 
explained by the warmer winter 98/99 (Figure 4.3), which made it more difficult for 
the CO2 to dissolve in the water. This is in contrary with the Polish series though, 
which has higher CO2 concentration for the winter 97/98 than for the winter 98/99.   
 
For the periods October-December 2001, the CO2 concentration at Östergarnsholm is 
in agreement with the Polish reference series, but for June 2002, the CO2 
concentration at Östergarnsholm is lower than the Polish reference series. The 
difference in CO2 concentration between Östergarnsholm and the Polish series during 
the period 2002 could be explained by poor calibration of the instrument. The data 
were corrected at a later time with an empirically found relation. During September-
October 2003, there were no reference series available. 
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5.2 The CO2 fluxes 
 
The magnitudes of the fluxes are of reasonable levels. The fluxes are mostly negative 
at Östergarnsholm, just as they theoretically should be at high latitudes. 
   
The two parameterised CO2 fluxes agree, to a certain extent, with the direct measured 
CO2 fluxes. No conclusions should be drawn from this, since a fixed value for the 

2pCO∆  is used. In reality, the 2pCO∆  varies a lot over the year. 
 
The wind speed and the difference in partial pressure of CO2 between the water and 
the air are the largest influencing factors of the CO2 fluxes. It is possible to see an 
increase of the CO2 fluxes with increased wind speed. It is also possible to see an 
increase of the CO2 fluxes with increased wave steepness. At a steepness of over 0.17, 
the CO2 fluxes increase rapidly, which could be an effect of the breaking waves. 
 
The wave steepness is linearly related to the wind speed. The CO2 flux – wave 
steepness relation may seem like another way of plotting the CO2 flux – wind speed 
relation. But there are other factors, like white capping and bubbles, connected to the 
waves influence on the CO2 flux.  
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