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Methane in the Baltic and North Seas and a reassessment 

of the marine emissions of methane 
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Abstract. During three measurement campaigns on the Baltic and North Seas, atmospheric and 
dissolved methane was determined with an automated gas chromatographic system. Area- 
weighted mean saturation values in the sea surface waters were 113 + 5% and 395 + 82% (Baltic 
Sea, February and July 1992) and 126 + 8% (south central North Sea, September 1992). On the 
bases of our data and a compilation of literature data the global oceanic emissions of methane 
were reassessed by introducing a concept of regional gas transfer coefficients. Our estimates 

computed with two different air-sea exchange models lie in the range of 11-18 Tg CH 4 yr -•. 
Despite the fact that shelf areas and estuaries only represent a small part of the world's ocean 
they contribute about 75% to the global oceanic emissions. We applied a simple, coupled, three- 
layer model to evaluate the time dependent variation of the oceanic flux to the atmosphere. The 
model calculations indicate that even with increasing tropospheric methane concentration, the 
ocean will remain a source of atmospheric methane. 

Introduction 

Methane is an atmospheric trace gas that contributes about 

15% to 'the greenhouse effect [Houghton et al., 1990] and plays 

an important role in tropospheric and stratospheric chemistry 

[Cicerone and Oremland, 1988]. Today, the global tropospheric 

concentration of methane is increasing at an annual rate of about 

0.7-1% [Steele et al., 1987, 1992; Khalil and Rasmussen, 1990]. 

On the basis of estimates of the sources and sinks of methane, 

predictions of further impacts on the world's climate can be 

made. Therefore it is necessary to evaluate the contributions of 

natural and anthropogenic sources to the global budget of 
methane. The world's oceans, as a natural source of methane, 

play only a modest role in the global methane budget. Oceanic 

emissions account for about 2% of all natural and anthropogenic 

sources [Cicerone and Oremland, 1988]. However, an accurate 

assessment of the oceanic source is still missing because of the 

paucity of available data [Ehhalt, 1974; Ehhalt and Schmidt, 

1978; Cicerone and Oremland, 1988; Lambert and Schmidt, 

1993]. 

In this paper we present recent measurements of atmospheric 
and dissolved methane from different marine environments. Data 

sets from two cruises on the Baltic Sea and one campaign on the 

North Sea, together with data from the literature, are the basis for 
a reassessment of the release of methane from the ocean to the 

atmosphere. Using a simple three-layer model, we evaluate the 
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interface due to increasing tropospheric methane concentrations. 
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Study Areas and Cruise Tracks 

Baltic Sea 

On basis of the hydrographic and bathymetric conditions the 

Baltic Sea can be divided into a series of basins (e.g., Belt Sea, 

Bornholm Sea, Gotland Sea, and Bothnian Sea) [Ehlin, 1981; 

Omstedt, 1990]. These basins (except the shallow transition 

basins Kattegat, Belt Sea, and Arkona Sea) are characterized by a 

permanent salinity stratification [Kullenberg, 1981]. The 

freshwater supply from the rivers and the discontinuously 

inflowing saline North Sea water result in a brackish surface 

layer and more saline deep and bottom water masses. The two 

Baltic cruises took place in February 1992 and July/August 1992 
on the German research vessel R/V Alexander von Humboldt. On 

the first cruise we occupied 63 stations in the southern Belt Sea, 
Arkona Sea, Bornholm Sea, and Gotland Sea. The second cruise 

covered 23 selected stations with the same coordinates as those 

occupied during the first cruise (Figure 1 a). 

North Sea 

The North Sea forms part of the European shelf and can be 
classified as a coastal sea. In contrast to the Baltic, the North Sea 

is characterized by the great influence of tidal motions on the 

ecological conditions. Owing to the tides, pronounced horizontal 

and vertical exchange and transport effects occur. The salinity 

distribution is dominated by water masses entering from the 

North Atlantic and the British Channel [Otto et al., 1990]. Our 

measurements were made during a campaign on the research 

platform R/P Nordsee (September 1992) located in the southern 

part of the central North Sea (54042 ' N, 7ø10 ' E) (Figure lb). 

Methods 

For the determination of atmospheric and dissolved methane 

we used a gas chromatographic (GC) system which was operated 
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Figure 1 a. Cruise tracks (not all stations indicated) of the two cruises on the Baltic Sea. 

semiautomatically during the first cruise and fully automatically 

during the following cruises. Air was pumped continuously (1- 

2 L min -i) through 9.6 mm (OD) (6.4 mm (ID)) polypropylene 
tubing from the ship's mast into the lab. The maximum length of 

the tubing was 90 m (R/P Nordsee), resulting in a maximal 

flushing time of about 3 min. The location of the air inlet was 

chosen to avoid contamination from the exhaust of the ship's 

engine. Seawater was pumped continuously (15 L min -1 Baltic 
Sea, 30 L min 'l North Sea) from a depth of 3-5 m into the lab 
using the ship's water pumps. By means of a seawater-air 

equilibrator developed by R.F. Weiss (Scripps Institution of 

Oceanography, La Jolla, California) the surface seawater was 

equilibrated with sample air (for details, see Butler et al. [1988]). 

Temperature differences between the seawater and the water in 

the equilibrator due to heating from the pumps were observed 

during the three expeditions. The differences ranged from 

2 + 0.1øC (winter cruise, Baltic Sea) to 0.8 + 0.1øC (summer 

cruise, Baltic Sea) and 0.5 +0.1øC (North Sea). Therefore 

calculated saturation values were corrected for this temperature 

difference. Possibly occurring methane production within the 

equilibrator was only observed during the second Baltic Sea 

cruise and was eliminated by cleaning when necessary. 

The setup of our system consisted of four sample gas streams 

(ambient air, equilibrator headspace, and two standards) which 
could be selected for analysis with a system of three magnetic 

valves. Before the analysis the sample gas streams were dried 

with Sicapent TM (phosphorus pentoxide drying agent with 
indicator, E. Merck, Darmstadt, Germany). After the sample 

stream passed the moisture trap a 2-mL thermostated sample loop 

was flushed for 5 min with a sample flow of 25 mL min -1 and 
then the sample was injected. We used helium (55 mL min -1) as 
carrier gas and hydrogen (30mL min -•) and synthetic air 
(250 mL min -1) as flame gases. For the gas chromatographic 
separation we used a packed column (1.80 m x 3.2 mm, stainless 

steel) filled with washed molecular sieve 5A (mesh 80/100, 

Alltech Associates, Inc.). The GC oven was operated 

isothermally (60øC), and the heated zone of the flame ionization 

detector was held at a temperature of 250øC. Two sets of standard 

gas mixtures were used for calibration. On the first cruise we 

used a mixture of methane in synthetic air with methane mixing 

ratios of 1.80 and 5.96 parts per million by volume (ppmv) + 5%. 

The second set had methane mixing ratios of 1.73 and 3.02 ppmv 

+ 2% in synthetic air and was calibrated by the manufacturer 

(DEUSTE Steininger GmbH, Miihlhausen, Germany) against 
standards of the U.S. National Institute of Standards and 

Technology (Gaithersburg, Maryland). The average absolute 

error of a single measurement was + 0.1 ppmv. 

During the Baltic Sea cruises the measurements of 

atmospheric and dissolved methane were performed when the 

ship was on station (time resolution 10 min on the first cruise and 
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Figure lb. Location of the research platform R/P Nordsee in the 
south central North Sea. 

25 min on the second). The number of measurements during a 

single station varied, depending on the time spent at the position. 
Measurements of the standard gas mixtures were performed 

during the time when the ship moved to the next station. A 
continuous working mode was applied on the R/P Nordsee. 

During this campaign a series of measurements of atmospheric 
and dissolved methane followed by standards was repeated every 
125 min. 

Saturation values were calculated as the ratio of dissolved 

methane to the expected equilibrium value derived from the 

ambient air concentration by applying the equation of 

Wiesenburg and Guinasso [1979]. Fluxes of methane across the 

seawater-atmosphere interface were computed with the equations 

of Liss and Merlivat[1986]. The transfer coefficient was 

corrected according to the Schmidt number Sc of methane 

(Sc=kinematic viscosity of seawater/diffusion coefficient of 

methane) at the actual salinity and temperature of the seawater. 

Diffusion coefficients were obtained from the expression of 

dtihne et al. [1987], and the kinematic viscosity was calculated 

with the equations given by Sledlet and Peters [1986]. All 

meteorological and oceanographic data were obtained from the 

ships' records and conductivity-temperature-depth (CTD) 

measurements performed during the cruises. The wind speed, 

recorded at different heights during the three expeditions, was 

normalized to a 10-m height by using a neutral drag coefficient 

[Garratt, 1977]. 

concentrations of methane (Figures 2a and 2b). The atmospheric 

mixing ratios during both cruises were almost uniform and 
ranged from 1.58 to 2.68 ppmv (average 1.89ñ0.16 ppmv, 

winter cruise) and 1.72 to 2.22 ppmv (average 1.89ñ0.09, 

summer cruise). An overview of the average saturations 

measured on the two cruises is given in Figure3. The 

comparison of the two data sets shows a strong seasonal 
variation. During winter conditions (February 1992) the area- 

weighted average sat•ration waq 11 • 4- 5%, which is rmmh lower 
than the area-weighted average saturation of 395 ñ 82% found 
under summer conditions (July/August 1992) (Table 1). A more 

detailed description of the distribution of the methane saturation 

is obtained by looking at the saturations observed in the different 

basins of the Baltic Sea (Table 2). The mean saturation values 

were generally higher in summer compared with winter, but the 
differences were not uniform. In the southern Belt Sea we found 

the strongest differences, whereas the saturation values of the 
eastern Gotland Sea show only a modest variation. A slight trend 

of decreasing saturation values from the southern Belt Sea 

(162ñ 41%) to the western Gotland Sea (104ñ2%) was 
observed in winter. This trend was more pronounced during the 

summer cruise. During the summer expedition the saturation 

values ranged from 3760ñ3520% (southern Belt Sea) to 

160 + 24% (eastern Gotland Sea). The data from the southern 

Belt Sea generally show great variability compared with data 
from the other basins. However, measurements at stations in the 

southern Belt Sea or Arkona Sea, which are expected to have 

coastal influences, showed significantly higher values during 

both cruises. The Oder Bight, a part of the southern Arkona Sea 

and influenced by the plume of the river Oder, is a good example 

of a coastal area. We observed in this region a clear relationship 

between salinity and methane water concentrations (Figures 4a 

and 4b). During both the winter and the summer cruise the 

concentrations of dissolved methane in the Oder Bight decreased 

with increasing salinity. 
For each station we calculated flux densities based on the 

actual saturation value and the actual wind speed normalized to 

10 m height. These flux densities computed with the equations of 

Liss and Merlivat [1986] ranged during the winter cruise from 
0.11 ñ 0.28 10 '3 nmol m '2 S '1 to 0.17 ñ 0.03 l•mol m -2 s '•. For the 
summer expedition we calculated flux densities of 1.17 + 

0.23 10'3 nmol m -2 s 'l to 13.9ñ 2.3 nmol m '2 s -l (Table 1). 
In September 1992 we measured atmospheric and dissolved 

methane in the southern central North Sea at one station during 

14 days, which provided a time series (Figure5a). The 

atmospheric mixing ratio ranged from 1.70 to 2.46 ppmv, with 

an average value of 1.92 ñ 0.10 ppmv. Except for three single 

measurements, the surface water was supersaturated with 

methane during the campaign. During the first 3 days the 

saturation shows a slight decreasing trend from 140% to 115%, 

then for the next 5 days the values increase up to 140%. During 

the following 5 days the saturation values slightly decrease again 

to saturation values of about 115% (Figure5b). Since the 

saturation values showed no significant trend, we averaged them 

over the measurement period, 126 ñ 8%. The calculated flux 

densities were in the range of-6.6 ñ 8.0 10 -3 nmol m -2 s -• to 
0.12 ñ 0.03 nmol m -2 s -1 The average flux density was 0.025 q- 
0.023nmolm '2 • s- (Table 1). 

Results 

During both Baltic Sea cruises the surface waters were found 

to be supersaturated with respect to the ambient atmospheric 

Discussion 

Methanogenesis (anoxic microbial fermentation of organic 

matter) is the sole known pathway for the formation of biogenic 
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Figure 2a. Dissolved and equilibrium methane concentrations during the winter cruise on the Baltic Sea 

(equilibrium values calculated after Wiesenburg and Guinasso [ 1979]). Abbreviations are a, southern Belt Sea; b, 
Arkona Sea; c, Bornholm Sea; d = eastern Gotland Sea; e, western Gotland Sea; and f, Oder Bight. 

methane iri marine sediments and anoxic marine basins [Cicerone 

and Oreroland, 1988]. Besides this biogenic methane, seepages 

of thermogenic methane, which is mainly a product of petroleum 
formation, occurs in shelf areas [Hovland et al., 1993]. The 

presence of methane in surface waters of estuarine, deltaic, and 
shallow coastal waters may be predominantly due to the 

production of methane in sediments enriched in organic material, 
riverine sources, or shallow submarine sources [Butler et al., 

1987; de Angelis and Lilley, 1987; Ward et al., 1989; Cynar and 
Yayanos, 1992; Hovland et al., 1993; Jones and Amador, 1993]. 
The observation of methane supersaturation in the surface layer 

of the open ocean, away from sedimentary sources, raises some 

questions which remain unanswered. The reported concentrations 
of dissolved methane in the surface layer cannot be explained by 

the normal methanogenesis mechanism, which requires strictly 
anoxic and highly reducing conditions, or by physical transport 
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Figure 2b. Dissolved and equilibrium methane concentrations during the summer cruise on the Baltic Sea 
(equilibrium values calculated after Wiesenburg and Guinasso [ 1979]). Abbreviations are a, southern Belt Sea; b, 
Arkona Sea; c, Bornholm Sea; d = eastern Gotland Sea; e, western Gotland Sea; and f, Oder Bight. 
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Figure 3. Overview of the mean supersaturations in various basins of the Baltic Sea. 

processes. Therefore an additional in situ mode of methane 

production is required [Scranton and Brewer, 1977; Scranton 

and Farrington, 1977; Owens et al., 1991 ]. Various mechanisms 

have been discussed, e.g., formation in anoxic microniches (i.e., 

in decaying organic particles, faecal pellets, or zooplankton guts) 
or production in association with phytoplankton [Scranton and 
Brewer, 1977; Traganza et al., 1979; Burke et al., 1983; Conrad 

and Seller, 1988; Bianchi et al., 1992; Karl and Tilbrook, 1994]. 
Production of methane in marine environments by a 

Table 1. Summary of Results Obtained From Various Cruises 

nonbiological mechanism, e.g., photoproduction, has not been 

observed [Wilson et al., 1970]. 

Methane saturation data from other shelf areas comparable 

with the Baltic Sea are rare (Table 3). Nevertheless, 

measurements in coastal regions, e.g., the southern California 

Bight [Cynar and Yayanos, 1992] or the estuarine-deltaic system 

of the Orinoco River/Gulf of Paria [Jones and Amador, 1993] 

show also significant seasonal variations. 

Determination of the methanogenesis and methane oxidation 

Average Mean Number of 
Atmospheric Saturation, % Stations 

Mixing Ratio, ppmv 

Flux Density, nmol m '2 s 'l 

Minimum Maximum 

Baltic Sea I 

Feb. 1992 1.89 4- 0.16 113 4- 5 a 63 0.11 4- 0.28 10 '3 0.168 4- 0.025 

Baltic Sea II 

July 1992 !.89 4- 0.09 395 4- 82 a 23 !.!7 4- 0_23 10 '3 !3.89 4- 2_00 

North Sea 

Sept. 1992 1.92 4- 0.10 126 4- 8 117 b -6.6 + 8.0 10 '3 0.117 ñ 0.032 

Flux densities F are from the air-sea exchange model of Liss and Merlivat [1986] as follows: F = methane transfer coefficient TCH 4 X 
2/3 1/2 , AC; Tcm=O.17 wind speed at 10-m height ulo (600/Sc) , ulo < 3.6 m s 'l' TCH 4 = (2.85 Ul0 - 9.65) (600/Sc) , 3.6 < Ul0 < 13 m s q' TCH 4 

- (5.9 ulo - 49.3) (600/Sc) 1/2, s '1. - ulo > 13 m 

a Values are area weighted. 
b Value indicates number of measurements at the fixed station. 
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Table 2. Methane Saturations of Various Basins of the Baltic Sea in Winter and Summer 

Southern Belt Sea Arkona Sea Oder Bight 

Winter Summer Winter Summer Winter Summer 

Average,_+ lc• 162 _+ 40 3757 _+3524 117 _+6 168 _+ 10 

Maximum 262 _+ 105 15,040 _+ 789 128 _+ 8 190 -+ 12 

(497 -+ 110) 

115 _+ 7 653 _+ 943 

127 _+ 8 4526 _+ 273 

Mininum 120 _+ 8 412 _+ 119 110 _+ 9 151 _+ 9 106 _+ 7 162 _+ 9 

Number of Stations 17 2 12 2 9 14 

Bornholm Sea Eastern Gotland Sea 

Winter Summer Winter Summer 

Western Gotland Sea 

Winter 

Average, _+ lc• 107 _+ 3 157 121 _+ 14 160 -+ 24 

Maximum 112 -+ 9 165 -+ 11 156 _+ 7 215 _+ 116 

Minimum 101 _+ 7 148 _+ 10 108 _+ 8 131 _+ 8 

Number of Stations 10 1 10 4 

104 _+2 

107_+7 

101_+8 

All values are in percent. Parentheses indicate extreme maximum. 

rates in the sediments of the brackish water ecosystem at the east 

coast of the Island of Riigen (southern Arkona Sea) showed that 

methanogenesis rates are relatively high. However, 2-68% of the 

produced methane is oxidized within the sediments and thc 

methanogenesis rates depend strongly on the availability of 

organic matter [Berger and Heyer, 1990; Heyer et al., 1990]. 

Nevertheless, the observation of high summer saturations in the 

shallow southern Belt Sea (depths < 25 m) and the Oder Bight 

(depths < 20 m) might be caused by sedimentary production of 

methane and/or riverine inputs. On the last day of the 
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Figure 4a. Dissolved methane in the Oder Bight in February 1992; correlation coefficient r 2 = 0.6497 (number of 
samples n = 9). 
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Figure 4b. Dissolved methane in the Oder Bight in July 1992; correlation coefficient r 2= 0.6868 (number of 
samples n = 18). 

7.8 

measurement program in the Oder Bight the wind speed 

increased from low (1.5-7.0 m s 'l) to high speeds with peaks of 
15.7 m s 4. At the same time, we observed at a station, which had 
been sampled 2 days before during low wind speeds, a 
considerable increase of the dissolved methane from 

8.16 + 3.10 nmol L '• to 120.2 q- 3.16 nmol L '•. This might be 
explained by enhanced release of methane from disturbed 

sediments to the well-mixed water column (water depth at this 

station, 11 m) or advection of methane-enriched water from a 

different source region. This temporary change of the saturation 

is reflected by the scatter of the data in Figure 4b. 

Methane seeps as another possible source of dissolved 

methane are documented for the Kattegat and Skagerrak region 

[Hovland et al., 1993] and are not known for the measurement 

area. The slightly lower supersaturation observed in the deeper 

and stratified northern basins might be explained by horizontal 
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Figure 5a. Dissolved and equilibrium methane concentrations in south central North Sea (equilibrium values 
calculated after Wiesenburg and Guinasso [ 1979]). 
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Figure 5b. Saturation of methane at the R/P Nordsee in the south central North Sea. 

flows of surface waters from the well-mixed shallow southern 

basins (southern Belt Sea, Arkona Sea) to northern basins 

(Bornholm Sea, Gotland Sea) in conjunction with additional 
riverine sources. 

The saturation values observed in the south central North Sea 

are comparable with observations of Conrad and Seller [ 1988] in 
the southern North Sea and the British Channel in January 1979 
and October 1980. Measurements from Scranton and McShane 

[1991] in the southern bight of the North Sea and the plume of 
the Rhine and Scheldt Rivers in March 1989 ranged from 95- 
130% (offshore) up to 12,000% (near shore) saturation. In fall 

the water column around the location of the R/P Nordsee (water 
depth 30 m) is typically well-mixed and influenced by water 

masses coming from the German Bight [Otto et al., 1990]. 
Salinity measurements during the campaign confirm this 
hydrographic situation. Therefore the observed saturations which 

were most of the time significantly higher than 100% could result 

from rivefine sources (rivers Elbe and Weser) or release from 

sediments. Active methane seepages reported for the northern 

region of the North Sea [Hovland et al., 1993] do not influence 

the south central North Sea. Methane releases from oil and gas 
rigs which are located in the southern North Sea seem to be 

negligible [Scranton and McShane, 1991] and probably do not 
influence the waters around the R/P Nordsee. 

The flux densities calculated for the three expeditions 

(Table 1) are in good agreement with fluxes given in the 
literature (Table 3). A compilation of methane measurements in 

marine environments (only measurements in the surface layer are 
considered) shows that the occurrence of methane 

supersaturation is not limited to biologically productive areas 

(i.e., estuaries, coastal zones, and upwelling areas) (Table 3). 

Where no saturation value was reported, we estimated this value 

from the seawater concentration using (if available) the sea 

surface temperature and salinity and assuming an annual 

tropospheric growth rate of 0.8%. Saturation equilibrium or 

undersaturation have been observed only in a few cases. 

Undersaturation might be the result of seasonal effects due to 

changes of hydrographic parameters, especially the sea surface 
temperature. 

There is a clear trend toward higher supersaturation ratios in 

coastal and highly productive environments. The data listed in 

Table 3 indicate that most parts of the ocean act as a source for 

methane. One has to be aware, however, that there is a tendency 

to make oceanographic measurements during the spring, summer, 
and fall seasons. Seasonal differences can cause considerable 

variation in the distribution of methane in biologically productive 

regions (e.g., Baltic Sea), so that the present data set is likely to 

be biased toward the higher saturation ratios typical of the 
warmer seasons. 

On the bases of our own results and the literature data in 

Table 3 we reassessed the oceanic flux of methane as the sum of 

regional fluxes from the different oceanic provinces of the 

world's oceans. Using the bathymetric classification of oceanic 

provinces by Menard and Smith [1966], regional annual mean 
methane transfer coefficients were calculated. These coefficients 

were derived from matrices of mean annual CO2 transfer 

coefficients computed with the National Center for Atmospheric 
Research Community Climate Model 1 (NCAR CCM1) (D. J. 

Erickson, private communication, 1994). Two parameterizations 

of the air-sea exchange were applied, the recently published 

stability dependent model of Erickson [1993] (hereinafter 

referred to as E 93) and the widely used relationship of Liss and 
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Table 3. Compilation of Methane Measurements in Surface Waters of Various Marine Environments 

Saturation, Flux Density, Number of Date 
% nmol m -2 s -• Stations 

Reference 

Lake Nitinat 

Chesapeake Bay 
Saanich Inlet 

Saanich Inlet 

Alsea Bay 

Yaquina Bay 
Salmon Bay 

Yaquina Bay 
Saanich Inlet 

Pettaquamscutt River estuary 

Hudson River estuary 

Amvrakikos Bay, Greece 

Red Sea 

Black Sea 

Southem Beaufort Sea 

Northwestern Gulf of Mexico 

Western Mediterranean 

Philippine Sea 
North Molucca Sea 

Celebes Basin 

Gulf of Aden 

Westem Sagami Bay, Japan 
Black Sea 

Southern North Sea 

NW Mediterranean Sea 

Southem California Bight 

Southem California Bight 

Sea of Okhotsk, ice covered 
ice free 

1900 

1100-1700 

1300 

1300 

300-29000 

300-11600 

5200-12400 

100-5500 a 

1200 

8000-11000 

2500- 7200 

522 

146 - 974 

170 

180 

100 - 790 a 

85 - 260 a 

120- 23900 

260 

120, 790 a 
380 a 

700, 3100 a 
140- 170 a 

150 a 

200- 500 

95- 12000 

477 

181 - 2625 

85 - 4600 a 

125 - 42000 a 

130 - 430 a 

150 a 

_< 7500 

>_ 1000 

2.09 

(0.03 - 15.2) 

1.41 - 3.28 

0.03 

4.70 - 49.19 b 
0.217 - 3.906 c 

Estuaries 

1 

6 

1 

1 

7 

9 

1 

10 

1 

8 

3.54-4.48 

0.167 

12 

cont. 

0.31 

0.07- 700 

Coastal and Shelf 

1 

1 

18 

25 

50 

1 

2 

1 

2 

4 

1 

1 

75 

1 

70 

0.04, 1.7 1 

1.39 

Nov. 1967 Lamontagne et al. [1973] 
June 1968 Swinnerton et al. [1969] 

June 1978 Lilley et al. [1982] 

July, Aug. 1978 Bullister et al. [1982] 
1979 - 1982 de Angelis and Lilley [ 1987] 

1983 - 1984 Butler et al. [1987] 

1983, Aug. 1986 Ward et al. [1989] 

Aug. 1989, Aug. Scranton et al. [1993] 
1990, May, June, 

Aug. 1991 

March, Aug. 1991 de Angelis and Scranton [ 1993] 
July 1993 H.W. Bange et al. (1994) d 

June 1967 Lamontagne et al. [1973] 

May 1967 
Aug. 1974 MacdonaM [1976] 
Aug. 1975 
1975- 1976 Brooks et al. [1981] 

July 1978 Traganza et al. [ 1979] 
Nov., Dec. 1984 Belviso et al. [1987] 

July 1987 
Feb. 1988 

July 1988 
March 1989 

Oct. 1989 

May 1990 
Nov. 1989 

March 1990 

Jan. 1990 

July 1990 
March 1991, 
summer 1992 

Jean-Baptiste eta/. [ 1990] 
Gamo et al. [ 1988] 

Reeburgh et al. [ 1991 ] 
Scranton and McShane [ 1991 ] 

Lambert and Schmidt [ 1993] 

Cynar and Yayanos [ 1992] 

Ward [ 1992] 

Lammers [ 1993] 

Western tropical North 
Atlantic 

Eastern tropical North Pacific 
Norwegian Greenland Sea 
Greenland Ice Pack 

Sargasso Sea 
Caribbean Sea 

Cariaco Trench 

Gulf of Mexico 

Mediterranean Sea 

Eastern Mediterranean Sea 

Atlantic Ocean, Sargasso Sea 
South Pacific, Antarctica 

North, South Pacific 

Antarctica, ice covered 

Western subtropical North- 
Atlantic 

Eastern tropical North Pacific 
Atlantic Ocean 

Mediterranean Sea 

130(120-150) 
130 (120-150) 
140(120-150) 

130 (120-170) 

130(120-130) 

140 (130-140) 

150(120-160) 
160 

130 

130 

100 

100 

130 

80 

148-231 

100-180 

110 ñ 5 

110 - 200 a 

Oligotrophic and Transitional 

25 

50 

70 

23 

6 

3 

4 

1 

1 

1 

_< 0.08 

6 

16 

10 

0.03 

0.01 

9 

cont. 

10 

May1970 
June 1970 

Aug. 1971 

Aug. 1971 

May 1971 

May1967 

May1967 

Lamontagne et al. [ 1973] 

June 1968 Swinnerton et ai. [ 1909] 

Feb. 1971 Williams andBainbridge [1973] 

Nov., Dec. 1972 Lamontagne et al. [1974] 

Feb. 1975 Scranton and Brewer [ 1977] 

May 1979 Burke et al. [ 1983] 
Jan., Feb. 1979, Conrad and Seiler [1988] 

Oct., Nov. 1980 

Aug., Sept. 1980 Lavoie et al. [1982] 
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Table 3. (continued) 

Saturation, Flux Density, Number of Date 
% nmol m '2 S '1 Stations 

Reference 

Mid-Atlantic Ridge 12N- 15N 
Loihi Seamount, Hawaii 
Cariaco Basin 

East Pacific Rise 11N-13N 

Northeast Atlantic 47N,20W 

100- 130 a 

80 a 

104 

120, 110 • 
125 +9 

0.003 

0.020 

Aegean Sea 176 + 16 0.021 
Northwestern Levantine Basin 118 + 7 0.035 

Eastern Ionian Sea 135 + 24 0.040 

Arabian Sea 170 

Walvis Bay 200- 30000 

3 

1 

1 

2 

cont. 

cont. 

Upwelling 

1 

9 

Subtropical North Atlantic 287 1 
Equatorial Pacific 110-120 cont. 

Equatorial Pacific 105 + 2 0.005 cont. 
Arabian Sea 192 0.05 - 0.16 13 

(157- 286) 
Peruvian Coast 86 - 438 - 0.006 - 0.097 7 

Feb., March 1985 Charlou et al. [1988] 

Sept. 1985 Gatno et al. [1987] 
Jan., Feb. 1986 Ward et al. [1987] 

Dec. 1986 Charlou et al. [1991 ] 

April, May 1992 S. Rapsomanikis et al. 
(unpublished 
data 1992) 

July 1993 H.W. Bange et al. (1994) a 

June 1967 Latnontagne et al. [1973] 

Dec. 1975 - Scranton and Farrington [ 1977] 
Jan. 1976 

July 1978 Traganza et al. [1979] 

July 1979 - R.F. Weiss (personal 
June 1980 communication, 1981) 

Feb., March 1990 Bates et al. [1993] 
Sept., Oct. 1986 Owens et al. [1991] 

March, April 1992 Lammers and Suess [1994] 

Numbers in parentheses indicate ranges. Cont. indicates continous measurements. 
• Values are extrapolated; for details see text. 
b Values are measured. 
c Values are calculated. 

a Reference is The Aegean Sea as a source of atmospheric nitrous oxide and methane, submitted to Marine Chetnistry, 1994. 

Merlivat [1986] (hereinafter referred to as LM 86). The resulting 

matrices were plotted and analyzed graphically to derive the 

mean CO2 regional transfer coefficients. These values were 

corrected according to the Schmidt numbers Sc of methane and 

carbon dioxide at a salinity of 35%o 

TCH 4 = Tco2(Wcco2/WCcH4) 0'5 

where T is the transfer coefficient. 

The Schmidt numbers for CO2 were calculated with the 

equation given by Erickson [1993]. Annual mean sea surface 

temperatures for each oceanic province were derived from 

monthly data fields which were used as input for the calculations 

of the transfer coefficients with the NCAR CCMI (D. J. 

Erickson, personal communication, 1994). The resulting methane 

transfer coefficients TCH 4 and sea surface temperatures are listed 

in Table 4. Since the spatial resolution of the NCAR CCMI was 

2.8 ø x 2.8 ø latitude-longitude (i.e., 8192 grid points), some of the 

oceanic provinces were characterized by less than 10 grid points. 

Therefore the mean values of these provinces (e.g., Gulf of 

Califomia, Baltic Sea, Red Sea etc.) have to be regarded as 

uncertain. Additional uncertainties in the wind and temperature 

fields and the applied equations used in the CCM1 introduce an 

error for the transfer coefficient of at least 50% [Erickson, 1988]. 

Regional methane fluxes So across the air-sea interface were 

calculated with the equation 

S o = ,4 TCH 4 (SR C a -Ca) 

where TCH 4 is the methane transfer coefficient (listed in Table 4), 

SR is the saturation ratio (SR = saturation/100), A is the area of 

the oceanic province, and Ca is the equilibrium seawater 
concentration for a tropospheric mixing ratio of 1.7 ppmv 

calculated with the equation of Wiesenburg and Guinasso [ 1979] 

with a salinity of 3 5%o (except for the estuary province where we 

used 18%0) and the annual sea surface tempermum of the oceanic 

province. 

Following the concept of the regional transfer coefficients, we 

tried to compute the corresponding regional methane saturation 

values. Again we used the classification of Menard and Smith 

[ 1966], but in this case we additionally distinguished between the 

shelf and the open ocean region of an oceanic province. (Menard 

and Smith [1966] defined the shelf region as the whole region 

from the shoreline to the base of the steep continental slope.) The 
methane saturation values were taken from the overview in 

Table 3. If saturation values were reported for an open ocean or a 

shelf region, then we calculated the mean saturation value 

applying the following procedure: when different types of 
saturation values (i.e., mean values, ranges, and single values) 

existed, we decided to give the reported mem• values high weight 

and the ranges low weight. In the cases of reported ranges we 
calculated the mean by using the maximum and the minimum 

values when more than one range was given for the same region. 

When only single values for a region were available, we took the 

average. Oceanic regions represented only by three single values 
or less were not considered. Table 5 gives an overview of the 

flux densities and the resulting sea-to-air fluxes from the various 

oceanic provinces. Because saturation data were only available 
for 70% of the world's ocean area, we extrapolated the missing 

fluxes using area-weighted saturation values for the open ocean 
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Table 4. Regional Sea Surface Temperatures (SST) and Methane Transfer Coefficients TCH 4 

SST + 1 c•, TCH 4 + 1 c• a, TCH 4 + 1 c• b, 
K 10 '5 m s '• 10 '5 m s '• 

Pacific Ocean 287.8 + 1.5 6.2 + 4.0 3.9 + 1.7 

Asiatic Mediterranean 300.4 + 0.3 3.6 + 1.6 2.5 + 1.3 

Bering Sea 276.7 + 4.0 7.2 + 1.7 3.9 + 0.7 
ß an. ..,.x• •. ß. • ..,.x• .__ x•.,o 

Yellow and East China Sea 290.6 + 7.0 5.7 + 2.5 3.8 + 1.4 

Sea of Japan 283.3 + 8.7 4.9 + 1.6 3.4 + 0.9 
Gulf of California c 293.1 3.0 2.4 

Atlantic Ocean 283.8 + 1.4 6.2 + 3.4 3.8 + 1.5 

American Mediterranean 298.0 + 1.3 4.8 _+ 1.7 3.7 + 1.2 

European Mediterranean 292.6 + 5.6 3.3 _+ 1.0 2.3 + 0.8 
Black Sea c 285.2 2.6 2.0 

Baltic Sea • 277.4 2.6 2.3 

North Sea 282.7 + 4.1 3.9 + 0.7 3.0 + 0.4 

Indian Ocean 283.0 + 3.3 7.1 + 4.3 4.1 + 1.8 

Arabian Sea 300.2 + 0.9 3.7 _+ 1.2 2.7 + 1.1 

Red Sea • 299.3 2.5 1.6 

Persian Gulf: 299.0 2.4 1.2 

Arctic Ocean 252.6 + 15.1 0.97 + 0.44 0.77 + 0.35 

Arctic Mediterranean 253.2 + 17.4 0.91 _+ 0.33 0.76 _+ 0.29 

Global Mean a 286.2 6.0 3.7 

(5.6) • (3.3) e 

Source is Erickson [ 1993]. 
Source is Liss and Merlivat [ 1986]. 
Mean values are derived from less than 10 grid points. 
Values are area weighted. 
Global area weighted means are computed by Erickson [1993] and corrected for a sea surface temperature of 286.2 K. 

(120%) and the shelf regions (395%). Introducing area-weighted 

mean transfer coefficients of 6.2 10 '5 m s '• (E 93) and 3.7 10 '5 
-1 

m s (LM 86), we estimated the oceanic fluxes for the missing 

open ocean and shelf regions. 

In Table 5 we show separately the estuarine region which 

represents an important part of the oceanic methane source. The 

sum of the regional fluxes yielded global oceanic fluxes of 17.8 

Tg CH 4 yr '• (E 93) and 10.9 Tg CH 4 yr '• (LM 86) (Table 5). The 
discrepancy between the two values shows the great uncertainties 

which are introduced by different air-sea exchange models. 
Transfer coefficients derived from inc measurements and dual- 

tracer experiments indicated that calculations based on the 

approach of Liss and Merlivat [ 1986] seem to underestimate the 

gas transfer coefficient [Wanninkhof et al., 1993]. Thus our 

calculations suggest that the global oceanic methane flux lies in 

the range from 11 to 18 Tg CH 4 yr -• considering the result of the 
Liss and Merlivat [ 1986] model as a lower limit and the result of 

the Erickson model [1993] as a upper limit. This is still in 

reasonable agreement with the widely used estimation of 

Cicerone and Orernland [1988] (mean, 10 Tg CH4 yr '•' range, 5- 
20 Tg CH 4 yr -•) which is based mainly on the calculations of 
Ehhalt [1974] and an estimation published by Khalil and 

Rasmussen [1983] (13 Tg CH 4 yr-l). A recently published flux 
estimation of 10 Tg CH4/a [Lambert and Schmidt, 1993] is 
identical to the mean value of Cicerone and Oreroland [1988]. 

Despite the fact that shelf regions (including the estuaries) 

occupy only about 16% of the world's ocean area they contribute 

approximately 75% to the global oceanic methane emissions. 

Nevertheless, estimations of the oceanic flux of methane are 

generally suffering from the poor database and the neglect of the 

seasonal variability of the methane saturation in the seawater 

surface layer. A further uncertainty is caused by the fact that 

about 5% of the world's ocean (e.g., Arctic Ocean, Arctic 

Mediterranean, Sea of Okhotsk, Bering Sea, Baltic Sea, etc.) are 

temporarily covered by ice, and therefore no exchange of 

methane between the water and the atmosphere occurs during 

this period. 

Model calculations 

Despite the fact that the marine methane emissions play only a 

modest role in the global budget the following question arises: 

How does the oceanic flux respond to an increasing tropospheric 

methane mixing ratio? From ice core measurements it is known 

that since the beginning of the industrialization (approximately 

150 years ago), the tropospheric methane mixing ratio has 

increased from 0.8 ppmv to 1.7 ppmv [Houghton et al., 1990]. 

Reliable measurements of dissolved methane are available only 

since the late 1960s (see Table 3). Moreover, no continuous 

measurements of dissolved methane in representative areas of the 
world's ocean are available, so that no conclusions for the 

temporal development of the oceanic flux can be drawn. 

Our aim was to model the time dependent variation of the flux 

density across the ocean-atmosphere interface over a time of 100 

years to show the effect of increasing tropospheric methane on 
the marine methane emissions. The model consists of the 

following three coupled reservoirs (Figure 6): (1) mixed surface 

layer of the ocean, 
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Table 5. CH 4 Saturations and Fluxes for Various Oceanic Provinces 

Oceanic Region Area, 
103 km 2 

Erickson [1993] Liss and Merlivat [1986] 

Average Saturation, Flux Density, Oceanic Flux, Flux Density, Oceanic Flux, 

% nmol m '2 S -I Tg CH 4 yr 'l nmol m '2 S 'l Tg CH4 yr 'l 

Pacific Ocean 154,942 116 

(Pacific Ocean) (11,299) (240) 
(Sea of Okhotsk) (1254) (2739) 
Atlantic Ocean 73,899 124 
American Mediterranean 2468 145 

European Mediterranean 1045 185 
(European Mediterranean) (1465) (266) 
Black Sea 245 316 

(Baltic Sea) (382) (254) 
(North Sea) (575) (126) 
Arabian Sea 1560 192 

(Arctic Ocean) (5874) (259) 

Open Ocean 234,159 

(Shelf Regions) (20,849) 

Open Ocean 72,450 120 a 
(Shelf Regions) (34,527) (395) a 
(Estuaries) (1400) (1230) 

Open Ocean 306,609 

0.023 1.79 0.014 1.12 

(0.200) (1.14) (0.125) (0.71) 
(4.563) (2.89) (2.733) (1.73) 
0.037 1.40 0.023 0.87 

0.040 0.05 0.031 0.04 

0.059 0.03 0.041 0.02 

(0.116) (0.09) (0.080) (0.06) 
0.138 0.02 0.107 0.01 

(0.121) (0.02) (0.105) (0.02) 

(0.026) (0.01) (0.020) (0.01) 
0.061 0.05 0.045 0.04 

(0.118) (0.35) (0.093) (0.28) 

3.3 2.1 

(4.5) (2.8) 

0.029 1.08 b 0.018 0.65 c 

(0.434) (7.57) b (0.261 ) (4.54) c 
(1.876) (1.32) • (1.126) (0.80) • 

4.4 2.8 

(Shelf Regions) (56,776) (13.4) (8.1) 

Total 363,385 17.8 10.9 

Shelf regions are given in parentheses. All "area" data are from Menard and Smith [1966] except North Sea, Otto et al. [1990]; 
Arabian Sea, Owens et al. [1991 ]; and estuaries, Woodwell [ 1980]. The I; indicates sum. Flux densities F and oceanic fluxes So are 

calculated as follows: F = Tctt4 x (SR x Ca - Ca), where Tctt4 is gas transfer coefficient; SR, saturation ratio (saturation/100); and Co, 
equilibrium water concentration based on the tropospheric methane mixing ratio (1.7 parts per million by volume); So = F x A, where A 
is area of the oceanic province. 

• Value is area weighted extrapolation. 
b Value is calculated with global area weighted transfer coefficient Tctt4 = 6.2 10 '5 rn s 'l Erickson [1993]. 
' Value is calculated with global area weighted transfer coefficient Tctt4 - 3.7 10 -s rn s '• Liss and Merlivat [1986]. 

Stratosphere 

S S 

Troposphere 

-Ftr,s - 
OH 4 a)_•. 

Str {_Fo,t r - 
Ocean 

S o 

Figure 6. Scheme of the three-layer model; Fo, tr is flux density 
between the ocean o and troposphere tr; Ftr, s , flux density 
between the troposphere and stratosphere s; So, oceanic source; 

Str, tropospheric (i.e., terrestrial) source; and S.•, stratospheric 
sink. The label "a" indicates consuming reaction CH4 + OH 

.• CH 3 + H20. 

(2) troposphere, 

dCo Fo,tr 

dt H o 

E,,,r = E,.,r (Cw--G), 

dCtr Fo,tr Ftr,s 

dt H o Htr 

and (3) stratosphere: 

-- + Str - K C(o.) Ctr, 

des' • Flr,$ 

r,r.., (C,r--C.,) 

where 0 is ocean; tr, troposphere; s, stratosphere; w, dissolved 

methane; a, dissolved equilibrium methane calculated from the 

atmospheric value; C, methane concentration; H, height of the 

reservoir; C(OH), mean tropospheric OH concentration, and K, 
mean reaction constant for CH 4 + OH ,• CH 3 + H20. 
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Table 6. Parameters for the Three-Layer Model 

Model Input Range 

Height of ocean surface mixed layer a, m 
Height of troposphere, m 
Height of stratosphere, m 
Oceanic sourceb,Tg CH 4 yr '•' 
IU;lltCbtll•l •LIUIL,• , x•. X.,•x 4 yl 

Stratospheric sink c, Tg CH4 yr '• 
Preindustrial mixing ratio, ppmv 
Reaction rate with OH f, 10 ':• m 3 s '• molecules '• 
Globally averaged OH concentration g, 10 • molecules m '3 
Transfer coefficient ocean-troposphere h, 10 's m s '• 
Transfer coefficient troposphere-stratosphere i, 10 '6 m s '• 

70 + 25 

11,000 - 

21,000 - 
14 11 - 18 

500 +__ !00 

10 +5 

0.8 a _+ 0.06 e 
2.49 0.93 -42.8 

8.7 _+ 1.0 

5 3.7 -6.0 

6 - 

Source is Li et al. [1984]. 
Source is this paper (see Table 5). 
Source is Crutzen [ 1991 ]. 
Source is Houghton et al. [1990]. 
Source is Rasmussen and Khalil [ 1984]. 
Source is Vaghjiani and Ravishankara [ 1991 ]. 
Source is Prinn et al. [1992]. 
Source is this paper (see Table 4). 
This is a fitted parameter. 

Fo, tr represents the flux density between the ocean and the 
troposphere, while Ftr.•. is the flux density between the 
troposphere and the stratosphere. Analogical to this, To, tr stands 
for the gas transfer coefficient at the ocean/troposphere interface 

and Ttr, s is an arbitrarily chosen model parameter (without 
physical meaning) at the troposphere/stratosphere interface. Sir is 

the tropospheric source term which is equal to the sum of the 

terrestrial sources, and S•,. represents the stratospheric sink. 

We introduced the mean of the two reassessed global oceanic 

fluxes (14 Tg CH 4 yr'•), and assumed it to be equal to the oceanic 
production term So. The in situ production or destruction (e.g., 

methane oxidation) rates for oceanic methane are not 

incorporated explicitly because these mechanisms are still 

unknown and poorly quantified. Methane oxidation is clearly too 

slow [Jones, 1991; Ward, 1992; Jones and Amador, 1993] to 

Table 7. Summary of the Model Scenarios 

Scenario Modulation of Resulting Annual Trend of 
Terrestrial Source Tropospheric Resulting 

Function Sir Growth Rate Dissolved 
Methane 

A constant none, 0 % yr '• constant 

B - t linear, 0.7 % yr '• constant 

C • t + t 2 accelerated increasing 

D • t- t 2 decelerated decreasing 

The stratospheric sink and the oceanic source remain constant, 
t is time term. 

cause a significant effect on the distribution in the surface layer 
of the most parts of the world's oceans. A constant oceanic 

methane source can reasonably be assumed because the 

production is controlled by ecological parameters, which are 

independent of atmospheric methane concentration, and because 

the ventilation to the atmosphere (timescale of days to weeks) 

dominates over the biological sinks (timescale of years) [Jones, 

1991; Ward, 1992; Jones and Amador, 1993]. All input 

parameters for the model are summarized in Table 6. 

The model starts with the preindustrial tropospheric mixing 

ratio of 0.8 ppmv and immediately includes all sources with a 

source strength of 341 Tg CH 4 yr '•, which is arbitrarily chosen, 
but we have no information about the time variation of the 

sources during the last 100 years. Four scenarios reflecting 

different time dependencies of the increase of the tropospheric 

methane have been modeled. The various time dependencies of 

the tropospheric increase were obtained by modulating the 

terrestrial source function Sir' with a linear and a quadratic time 

term (Table 7). Scenario B was modulated to yield after 100 

years a source strength of about 500 Tg CH 4 yr '• which is in 
good agreement with a budget calculation of Crutzen [1991]. 
Concentrations of dissolved methane were calculated from the 

tropospheric concentration value using the equation of 

Wiesenburg and Guinasso [1979] with a mean salinity (3596o) 

and the mean temperature of the world's ocean surface waters 

(Table 4). The reaction constant of the consuming reaction was 

averaged for the tropospheric temperature gradient. 

The model results are illustrated in Figures 7a-7d, which show 

the tropospheric (Figure 7a) and dissolved methane (Figure 7b), 

and the resulting ocean-atmosphere flux densities (Figure 7c) and 

saturations (Figure 7d). The concentrations of dissolved methane 

in the mixed layer follow closely the trends of the tropospheric 
methane (Figure 7b). In the case of no increase or linear increase 

of the tropospheric methane (scenarios A and B) the flux 

densities reach a constant value (i.e., steady state conditions) 
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Figure 7. Results of the model calculations with time variation of (a) tropospheric methane, (b) dissolved 
methane concentration (logarithmic scale), (c) flux densities across the ocean-atmosphere interface, and (d) 
saturation. Solid line indicates scenario A (0% annual tropospheric growth rate); dashed line, scenario B (0.7% 

annual tropospheric growth rate); dashed-dotted line, scenario C (accelerated annual tropospheric growth rate); 

and dotted line, scenario D (decelerated annual tropospheric growth rate). 

after approximately 60 years. In scenarios C and D the flux 

densities show linearly increasing (scenario C) or linearly 

decreasing (scenario D) trends after a period of approximately 40 

years (Figure 7c). The differences between the flux densities F of 
the four scenarios are negligible and the resulting oceanic flux So 

(So = F x A, where A is area of the world's ocean) is in the same 

range for all scenarios (about 14 Tg CH4 yr'l). The analyses of 
the trend of tropospheric methane during the last decade by 

Steele et al. [1992] and Dlugokencky et al. [1994] are indicating 

that scenarios C and D could be regarded as extreme cases which 

bracket the most realistic case (scenario B). On the basis of the 
model results we conclude that the world's oceans will continue 

to be a source of methane even with the observed annual 

tropospheric growth rates. This is illustrated by Figure 7d which 

shows the resulting trends of the methane saturations. Only with 

the assumption of an accelerated increase of tropospheric 

methane is a slight decrease in the flux density across the ocean- 

atmosphere achieved (Figure 7c). Even in this case, however, the 

ocean remains a source of methane. To generate a negative flux 

density, an extreme (unrealistic) tropospheric accumulation of 

methane would be required. 

Our prediction of continued oceanic emissions of CH 4 is in 

contrast to the hypothesis of some authors [Cicerone and 

Orernland, 1988; Lambert and Schmidt, 1993], who suggested a 

significantly decreasing oceanic flux and postulated that the 
ocean will become a sink for methane in conjunction with the 

increase of tropospheric methane mixing ratios. This discrepancy 

is due to a difference in assumptions. Lambert and Schmidt 

[1993] assumed that the concentration of dissolved methane is 

fixed at the present-day value, which would require an increasing 

internal sink function or decreasing production. Since there is no 

evidence that these processes are controlled by dissolved 

methane concentrations, we feel that a constant net production in 
the surface ocean and thus a constant emission is a more realistic 

assumption. 

Conclusions 

The Baltic Sea and the North Sea are sources of methane to 

the atmosphere. We observed a strong seasonal variation of the 

methane saturation in the Baltic Sea. The Oder Bight as a typical 

shallow coastal region showed higher saturation values due to the 
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Oder River plume and sedimentary production than offshore 

regions of the Baltic Sea. Occasional events, e.g., high wind 

speeds, could cause a considerable change in the methane 

saturation in the Oder Bight. On the basis of a compilation of 

methane measurements from different oceanic regions our 

reassessment of the global oceanic emissions, applying two 

different air-sea exchange models, yielded a low limit of 11 

Tg CH 4 yr '1 and a high limit of 18 Tg CH 4 yr -•. About 75% of the 

Sea, Noah Sea, etc.). Model calculations with a simple, coupled 

three-layer model showed that even with increasing tropospheric 
concentrations of methane, a net sea-to-air flux of methane to the 

atmosphere will remain at a level close to the present source 

strength. 
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