Sauveur Belviso 
  
Cyril Moulin 
  
Laurent Bopp 
  
Emmanuel Cosme 
  
Elaine Chapman 
  
Kazushi Aranami 
  
A satellite-based method for estimating global oceanic DMS and its application in a 3-D atmospheric GCM

des établissements d'enseignement et de recherche français ou étrangers, des laboratoires publics ou privés.

INTRODUCTION

In order to assess in three-dimensional atmospheric models the climate effects of anthropogenic sulphate aerosols, it is necessary not only to compute spatial and temporal distributions of anthropogenic sulphate, but also to simulate spatially and temporally the emission, transport and transformation of natural sulphur gases and aerosols emitted at the Earth's surface. [START_REF] Jones | Indirect sulphate aerosol forcing in a climate model with an interactive sulphur cycle[END_REF] recently obtained a value of -1.9 W m 2 for the effect of anthropogenic sulphate aerosol on cloud albedo and on precipitation efficiency (the 'indirect' sulphate aerosol forcing effect), and demonstrated in a sensitivity test that doubling oceanic dimethylsulphide (OMS) emission fluxes reduced the indirect effect by over 25%. Thus, changes in marine DMS emissions appear to significantly affect estimates of the magnitude of anthropogenic sulphate forcing.

Estimates of annual global DMS emissions vary widely, but are expected to be in the range of 10 to 50 TgS y( 1 (Intergovernmental Panel on Climate Change (IPCC), 1996). The wide range results from uncertainties attached both to the global distribution of sea-surface DMS concentrations and to computing DMS air-sea exchange rates. Besides reducing uncertainties on present-day emissions estimates, it is also important to investigate the climate sensitivity of the marine DMS source. Ice core records of methanesulphonate and sulphate, some important atmospheric oxidation products of DMS, exhibit clear climatic variations over a full glacial cycle [START_REF] Legrand | Ice-core record of oceanic emissions of dimethylsulfide during the last climatic cycle[END_REF][START_REF] Hansson | The first Greenland ice core record of methanesulfonate and sulfate over a full glacial cycle[END_REF]. Moreover, parameters driving DMS emissions are strongly dependent on climate variables such as sea-surface temperature, wind velocity, and irradiance, which affect atmospheric and oceanic physics, and control marine biology. Although considerable progress has been made in understanding the marine and (eds.).

1 atmospheric biogeochemical cycle of DMS, the impact of global warming on marine DMS emissions remains to be established, as well as the magnitude and sign of the climate-OMS feedback on indirect sulphate aerosol forcing.

Central to the understanding of the links between climate change and the biogeochemical cycle of DMS is the investigation of the interannual variability of the marine source of DMS.

In this chapter, a new global distribution of sea-surface DMS concentrations based on satellite-derived data is presented and evaluated using field measurements. We use this new distribution in the three dimensional Atmospheric General Circulation Model of the Laboratoire de Meteorologie Dynamique (LMD-ZT), along with model time-step wind fields and a recent parameterization of the DMS mass transfer coefficient, to generate oceanic DMS emission fluxes in simulating the atmospheric sulphur cycle in remote areas of the southern hemisphere.

GLOBAL FIELDS OF SURFACE DMS

The modelling work of [START_REF] Archer | Transformation of dimethylsulfoniopropionate to dimethylsulfide during summer in the North Sea with an examination of key processes via a modelling approach[END_REF] illustrates the complexity of oceanic DMS biogeochemistry and why no linear relationship exists to predict DMS concentration from a single biological parameter (chlorophyll a, for example). The principal precursor of DMS in oceanic surface waters is dimethylsulphoniopropionate (DMSP), which is primarily synthesised by phytoplankton. The transformation of DMSP to DMS and the accumulation of DMS in surface waters are intricately linked to food-web dynamics and physico-chemical processes, including photochemical degradation, vertical mixing, and sea to air flux (Archer et al., 2002, and references therein). To our knowledge, the study of [START_REF] Archer | Transformation of dimethylsulfoniopropionate to dimethylsulfide during summer in the North Sea with an examination of key processes via a modelling approach[END_REF] is the first attempt to test our understanding of the cycling of DMS in the sea with such a detailed model. No attempts have been made yet to couple comprehensive ecosystem models of this type to atmospheric general circulation models to predict global DMS flux. Given the magnitude of computing resources and the time that would be required to complete even a one-month simulation, trying to couple such detailed models is currently impractical. For the foreseeable future, then, global scale distributions of DMS oceanic concentrations are likely to rely on statistical analyses of DMS datasets or parameterized empirical equations, such as described in this section. The southern ocean OMS field appears extremely sensitive to concentration changes in the south subtropical convergence (SSTC) and subantarctic (SANT) provinces, since the SSTC data are substituted into five adjacent provinces, and SANT data are substituted into all of the circumpolar Antarctic waters. Similarly, data from the North Atlantic drift province (NADR) are substituted in two oceanic provinces of the northern hemisphere.

This global database of sea surface DMS concentrations was recently updated [START_REF] Kettle | Flux of dimethylsulfide from the oceans: A comparison of updated data sets and flux models[END_REF], hereafter referred to as K&A2000), using observations collected in the SSTC, SANT and NADR provinces. New sea surface OMS data gathered by [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF] and [START_REF] Belviso | An Atlantic meridional transect of surface water dimethylsulfide concentrations with 10-15 km horizontal resolution and close examination of ocean circulation[END_REF] were used by Kettle and Andreae in revising their 1999 data base to the K&A2000 version. As shown in Figure 1, the predicted DMS fields appear to be very dependent on the new measurements.

Substantial differences between the two global data sets were observed in the mid-and high-latitudes of both hemispheres for the month of December. This lack of stability suggests that it may not be appropriate to assimilate the original monthly fields of observed sea surface DMS [START_REF] Kettle | A global database of sea surface dimethylsulfide (DMS) measurements and a procedure to predict sea surface DMS as a function of latitude, longitude, and month[END_REF] to climatological fields, and demonstrates why it is extremely important to update this unique database as more observations become available.

Anderson et al. (2001)

In a recent study by Anderson et al. (200 1), the K&A2000 database, which contains chlorophyll o. as a recorded variable, was extended by merging nutrients and light from globally gridded fields to generate the CJQ index. Here, C is the chlorophyll concentration, J is the irradiance and Q is a nutrient term, a proxy of the algal growth rate. This index was shown to be significantly linearly correlated to DMS in the range 2.3-22 nmol r 1 (nM). However, DMS variability in low-concentration areas (high latitudes in the winter hemisphere, for example) is not resolved by this relationship. 2002) recently presented a model of the global distribution of sea surface OMS concentrations. The DMS parameterizations proposed were not based on mechanistic equations describing processes that control oceanic DMS production and removal, but instead were based on non-linear relationships relating DMS to the chlorophyll a content of surface waters and to the food-web structure of the ecosystem (i.e., the trophic state). These relationships were established from datasets obtained during several cruises carried out in contrasting areas of the world oceans (Figure 2, see also [START_REF] Aumont | Dimethylsulfoniopropionate (DMSP) and dimethylsulfide (DMS) sea surface distributions simulated from a global 3-D ocean carbon cycle model[END_REF] for details). In the parameterizations, particulate dimethylsulphoniopropionate (pDMSP), a precursor compound of DMS, first is derived from surface chlorophyll a. (Chi) concentrations. However, phytoplankton pDMSP production is highly specie-dependent; diatoms are poor DMSP producers whereas non-siliceous species are greater DMSP producers.
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Figure 2 (Plate 17). Geographical coordinates of seawater samples used to establish the parameteri zations of equations 1-3 (thick dots and lines: Mediterranean Sea (PROSOPE and DYFAMED projects). Atlantic Ocean (EUMELI and MARATHON projects) and Indian Sector of the Austral Ocean (ANT ARES project)). Observations used to evaluate predicted sea surface DMSP and DMS levels (crosses and th in dots) are taken from the North Pacific Ocean [START_REF] Aranami | Biogeochemical variation in dimethylsulfide, phytoplankton pigments and heterotrophic bacterial production in the Subarctic North Pacific during summer[END_REF], the Central and South Pacific Ocean (cruise ACE-I, [START_REF] Bates | Processes controlling the distribution of aerosol particles in the lower marine boundary layer during the First Aerosol Characterization Experiment (ACE I)[END_REF], and the Indian Sector of the Austral Ocean [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF].

Thus, the pDMSP-Chl relationship uses the Fp-ratio, defined as the ratio of the diagnostic pigments fucoxanthin (of diatoms) and peridinin (of dinoflagellates) to total pigments [START_REF] Claustre | The trophic status of various oceanic provinces as revealed by phytoplankton. pigment signatures[END_REF], to estimate the partition between non-siliceous and siliceous (diatoms) species. A linear relationship was used to estimate the contribution of diatoms to pDMSP. A non-linear function best accounted for the relationship between non-diatom Chi and pDMSP. Hence, the diagnosis of DMSP from Chi modulated by the Fp ratio is as follows: pDMSP = (20 X Chl X Fp) + 13.64 + 0.10769/(1 + 24.97Chl(l-Fp)r 2 • 5 (Eq. 1)

The DMS-to-pDMSP ratio also is derived from the Claustre (1994) Fp-ratio. [START_REF] Aumont | Dimethylsulfoniopropionate (DMSP) and dimethylsulfide (DMS) sea surface distributions simulated from a global 3-D ocean carbon cycle model[END_REF] found a significant correlation between these two ratios, the best fit relationship being: and DMS/pDMSP = 0.0 15316 + 0.005294/(0.0205 + Fp)

for Fp < 0.6 (Eq. 2a)

DMS/pDMSP = 0.569xFp-0.3 15 for Fp > 0.6 (Eq. 2b)

As evident from these equations, DMS can be estimated from a trophic status ratio (Fp) and the chlorophyll concentration of surface waters. This approach was first implemented in the global three-dimensional ocean carbon cycle model IPSL-OCCM2, using a proxy of the Fp-ratio directly predicted by the model [START_REF] Aumont | Dimethylsulfoniopropionate (DMSP) and dimethylsulfide (DMS) sea surface distributions simulated from a global 3-D ocean carbon cycle model[END_REF].

Use of Sea WiFs Satellite Data

The ocean colour Sea-viewing Wide Field-of-view Sensor (SeaWiFS) instrument was launched in August 1997 onboard the SeaStar spacecraft and is still operating after more than five years. SeaWiFS is a multispectral radiometer that measures the radiances scattered by the Earth-Atmosphere system at eight wavelenghts in the visible and near-infrared with a quasi global daily coverage. Red and Near-infrared measurements (670, 765 and 865 nm) are used to estimate aerosol properties (optical thickness and Angstrom coefficient) for atmospheric correction of measurements in the rest of the visible spectrum (4 12, 443, 490, 510 and 555 nm). Once corrected from the atmospheric perturbation, these measurements are used to estimate the chlorophyll-a concentration in surface waters. Sea WiFS can pick out ocean colour features as small as 1 kilometre across.

Calculation of Global DMS Concentration Fields

The form of the relationships given in Equations 1 and 2 makes them suitable for use with ocean colour data from the satellite based Sea-viewing Wide Field-of-view Sensor. One key problem concerning the use of these equations in combination with ocean colour data is the prediction of the Fp ratio, since SeaWiFS does not yet provide any explicit speciation of phytoplankton.

Following the approach of [START_REF] Claustre | The trophic status of various oceanic provinces as revealed by phytoplankton. pigment signatures[END_REF], Figure 3 shows that the Fp ratio of sea surface waters is a highly significant (r 2 = 0.89), non-linear function of the chlorophyll concentration (Chi). The data shown in Figure 3 were obtained during the research cruises shown in (Eq. 3a)

(Eq. 3b)

Global fields of chlorophyll were obtained from one year (Oct. 1997 to Sept. 1998) of monthly composites of Sea WiFS chlorophyll available from NASA/GSFC/DAAC (http://eosdata.gsfc.nasa.gov/data/dataset/SEA WIFS/ index.html). For our purposes, the data were regridded onto a one degree grid. 
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Chi a (mg m-3) Equations 3a and 3b were used to estimate the Fp-ratio from the SeaWiFS chlorophyll, and both parameters were then used in equations 1, 2a and 2b to retrieve monthly near-global gridded fields of OMS concentration. Figure 4 shows the monthly maps of sea-surface OMS for January and July.

3 3.5
Compared to the results of [START_REF] Kettle | Flux of dimethylsulfide from the oceans: A comparison of updated data sets and flux models[END_REF], our estimates show a much higher spatial variability, in particular in frontal and upwelling regions. This higher variability is expected since the distribution of sealife in the oceans is far from uniform. We thus expect this approach to strongly improve the capability to capture mesoscale OMS concentration variability. Note that no data are available at high latitude during winter in both hemisphere because SeaWiFS observations are limited to regions with sufficient solar irradiance. 

Evaluation of SeaWiFS-derived OMS concentrations with temporally and spatially coincident observations

OMS concentrations and other oceanic constituents were measured in December 1997 and August 1998 during cruises of RIV Marion Dufresne [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF]Sciare et al., unpublished). Ship transects are shown in Figure 2. Each trip was comprised of three legs: (1) from La Reunion Island (20°S, 56°E) to Crozet Island (46°S, 50°E); (2) from Crozet Island to Kerguelen Island (49°S, 69°E); and (3) from Kerguelen Island to Amsterdam Island (37°S, 77°E).

Figure 5 compares the SeaWiFS-derived and K&A2000 DMS concentrations with observed sea-surface DMS concentrations in December 1997 [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF] and August 1998 (Sciare et al. , unpublished). Use of weekly mean rather than monthly mean chlorophyll maps from SeaWiFS data may be preferable for evaluating predicted versus observed DMSP and DMS levels. Unfortunately weekly Sea WiFS data are not yet available.

Since DMSP was also measured (Sciare et al., unpublished) • , Figure 5 also compares predicted and observed DMSP concentrations. Note that Figure 5 shows observed total DMSP levels (tDMSP), i.e. the cumulated levels of particulate DMSP (pDMSP) and dissolved DMSP (dDMSP), whereas Equations 1-2 involve only pDMSP. Indeed, in subtropical and subantarctic waters of the Indian Ocean during December 1997 and August 1998, dDMSP accounted for 20 to 80% of tDMSP. Dissolved DMSP is a very labile compound usually exhibiting turnover times on the order of hours rather than days (e.g., [START_REF] Zubkov | Linking the composition of bacterioplankton to rapid turnover of dissolved dimethylsulfonio propionate in an algal bloom in the North Sea[END_REF]. Since dDMSP is released from phytoplankton by direct excretion, grazing or viral lysis, it is expected that measured dDMSP results from the turnover of pDMSP produced in the previous few days. Thus, it is more appropriate to compare predicted pDMSP from monthly mean chlorophyll maps and observed tDMSP than to compare directly predicted and observed pDMSP concentrations. In other words, observed tDMSP concentrations are more adapted to a comparison with predicted mean pDMSP because they provide a longer integration over time.

As seen in Figure 5, SeaWiFS data in combination with equations 1-3 slightly overestimate pDMSP in August 1998 inside and outside the chlorophyll patch. The SeaWiFS data predict a four-to five-fold enhancement of pDMSP in the patch, whereas observations show a two-fold increase. In August, observed DMS levels outside the chlorophyll patch exhibit fluctuations in the range 0.4-3 nM, but the median observed value of 0.95 nM is in fairly good agreement with the predicted baseline DMS level of 1.2 nM. Inside the patch, the median observed and predicted DMS concentrations are 1.1 and 1.6 nM, respectively. The estimates of K&A2000 are markedly lower relative to observations and the Sea WiFS-derived predictions, except at the beginning of the trip in the subtropical waters. It appears that use of SeaWiFS data in combination with equations 1-3 reduces the amplitude of the OMS fluctuations during the winter months in subantarctic waters of the Indian Ocean, and overestimates OMS by at most 50%. Four major pDMSP peaks are predicted via the SeaWiFS data at the location of the chlorophyll patches crossed during the December 1997 trip. The predicted magnitudes are in close agreement with the field observations except near cruise end, where predicted pDMSP is three-fold higher than observed. Outside these chlorophyll patches, predicted pDMSP concentrations are similar (subtropical waters) or up to three-fold lower than observed. Four major OMS peaks are also predicted by the Sea WiFS data at the location of the chlorophyll patches. OMS field observations also were clearly enhanced at these locations. The SeaWiFS-derived magnitude of the first three OMS peaks, however, is considerably lower (5-to 10-fold) than observed, with better agreement on the fourth peak. Predicted baseline OMS, outside the chlorophyll patches, is at least twice and up to 10-fold lower than observed. However, as will be discussed in section 2.4.3, there is reason to believe that the OMS concentrations in this region may have been anomalously high during December 1997.

In summary, it appears that SeaWiFS-based predictions underestimate observed DMSP and OMS concentrations during the summer and may overestimate them during the winter. Sea WiFS-based predictions of both compounds thus have a reduced amplitude of seasonal variability relative both to observations and to the estimates of K&A2000. The comparisons indicate that OMS spatial variability is much better captured with SeaWiFS based predictions than in the climatological data base of K&A2000 in the geographic areas covered by the ship cruises, at least for December 1997 and August 1998. The approach described here in employing SeaWiFS data and equations 1-3 results in an oceanic OMS baseline concentration of 1.1 nM, less than half the baseline of 2.3 nM reported by Anderson et al. (200 1 ).

Evaluation of Sea WiFS-derived DMS concentrations using temporally non-coincident observations

We investigated the spatial distribution of predicted and observed OMS in the north, central and south Pacific Ocean at the same latitude, longitude and month of year but for different years, i.e., comparisons that are spatially coincident but temporally non-coincident. The location of the measurements is shown in Figure 2.

Since the field datasets contained chlorophyll as a recorded variable, we also can document the interannual variability in sea surface chlorophyll in the selected areas. The closer the agreement between measurements and Sea WiFS-derived predictions of chlorophyll, the closer should be the agreement between predicted and observed OMS. As shown in Figure 6, we found little difference in chlorophyll concentrations measured in July-August-September 1997 [START_REF] Aranami | Biogeochemical variation in dimethylsulfide, phytoplankton pigments and heterotrophic bacterial production in the Subarctic North Pacific during summer[END_REF] and those derived from SeaWiFS data collected in July-August-September 1998. Both measured and predicted-baseline chlorophyll, and concentrations near the central chlorophyll patch, are similar. The amplitudes of measured and predicted DMS variations inside and near the central chlorophyll patch are in rather good agreement. The first fifteen measurements outside the patch fall much closer to SeaWiFS-based predictions than to the estimates of K&A2000. Elsewhere, the SeaWiFS-based predictions tend to underestimate the temporally non-coincident DMS observations. We found also little 13 difference in chlorophyll measured in October-November-December 1995 [START_REF] Bates | Processes controlling the distribution of aerosol particles in the lower marine boundary layer during the First Aerosol Characterization Experiment (ACE I)[END_REF] and predicted based on SeaWiFS data of October November-December 1997 (Figure 7).

Exceptions occur at the beginning of the survey in the equatorial Pacific waters and at the end, where measured chlorophyll levels are two-to three fold higher than the Sea WiFS-derived predictions. The discrepancy in equatorial Pacific waters is due to the relaxation of the equatorial upwelling associated with the 1997 El-Nino event. In these areas, the SeaWiFS-derived approach also predicts too little DMS. Outside these areas, such predictions differ markedly from the estimates of K&A2000. In general, observed baseline DMS shows closer agreement with SeaWiFS-derived baseline DMS than with the estimates of K&A2000. Table 2 shows the zonal distribution of observed and predicted average DMS concentrations in subtropical and subantarctic waters investigated during the ACE-I cruise [START_REF] Bates | Processes controlling the distribution of aerosol particles in the lower marine boundary layer during the First Aerosol Characterization Experiment (ACE I)[END_REF].

Table 2. Zonal distribution of average oceanic DMS concentrations observed during cruise 128 and predicted from the data base of Kettle and Andreae (2000) and predicted from SeaWiFS satellite observations using the techniques described in this chapter. Observations are in much better agreement with SeaWiFS-derived predictions than with the estimates of K&A2000, except in the latitude band 30-40°S where SeaWiFS-predicted DMS is underestimated by about 40% relative to observations. This contrasts with the temporally coincident results presented in Figure 5 for December 1997 in subantarctic Indian Ocean surface waters. In the corresponding latitude bands for December 1997, Sea WiFS derived predictions are 45% (20-30°S), 82% (30-40°S) and 51% (40-50°S) lower than observed. Consequently, SeaWiFS-derived estimates appear to better reproduce the late austral spring OMS distribution in the Pacific than in the Indian Ocean. Since the zonal distribution of satellite chlorophyll is similar in both areas (data not shown, except in the latitude band 47-49°S corresponding to the Kerguelen Plateau where very high chlorophyll was observed with no equivalent in the Pacific along the trajectory of cruise ACE-I), and since the Indian Ocean DMSPs are rather well reproduced by SeaWiFS-derived data (Figure 5), the observed OMS levels in the area Crozet-Kerguelen-Amsterdam in December 1997 should be considered an anomaly. A situation where very high OMS levels are associated with very high concentrations of dDMSP and low pDMSP is typical of the senescence phase of a phytoplanctonic bloom. In the senescence phase, phytoplankton lysis releases to solution compounds present in the cytoplasm, where they undergo microbial degradation. Microbial degradation of DMSP and OMS is a matter of extensive investigation, but it is not within the scope of this chapter to summarize recent advances in this field. However, to maintain OMS and dDMSP at the very high levels observed in December 1997 we suggest, according to [START_REF] Kiene | New and important roles for DMSP in marine microbial communities[END_REF], that the bacterial sulphur demand in the area was low, a relatively high proportion of dDMSP was converted to OMS, and OMS consumption was low.

As indicated previously, the oceanic OMS data gathered by [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF] in the area La Reunion-Crozet-Kerguelen were used by Kettle and Andreae in revising their 1999 data base to the K&A2000 version. Based on the evidence that OMS concentrations in this area were anomalously high during the measurement period, the substitution in K&A2000 of the [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF] values into adjacent biogeochemical provinces, where no OMS data were available, may need to be revisited. Also, given the anomalous concentrations and the sensitivity of climatological global distributions (c.f., Figure l) to such values, the need is clearly illustrated for more numerous, continuous, long-term surface measurements of oceanic OMS concentrations in the Southern Ocean and elsewhere.

USE OF GLOBAL OCEANIC DMS DISTRIBUTIONS IN ATMOSPHERIC MODELS

1. Air-sea exchange processes and parameterizations

The transfer of DMS from the world's oceans to the atmosphere is governed by parameters affecting air-sea exchange processes. In a simple conceptual model, the air-sea interface can be visualized with thin, stagnant films on both the water and air sides, with the interfacial flux governed by the DMS concentration gradient and by 'resistance' to mass transport in the air and water phases (Frost and Upstill-Goddard, 1999). Using typical DMS ocean and air concentrations, Henry's law coefficients, and basic equations of mass transfer, it can be demonstrated that for DMS the major resistance to mass transfer occurs on the aqueous side, and that DMS air concentrations are negligible compared to aqueous concentrations (C,J. The overall flux (F) of DMS across the air-sea interface thus can be mathematically represented as (Eq. 4) where kw is a kinetic parameter which incorporates the aqueous phase resistance to mass transfer and represents the rate of approach to system equilibrium. kw is typically referred to as the 'mass transfer velocity' or 'piston velocity' and has units of length per unit time. The minus sign in equation 4 indicates the direction of the DMS flux, from the ocean to the atmosphere.

Using mass transfer theory, kw can be related to the ratio of the transfer coefficients for momentum and mass across the air-sea interface (Liss and Merlivat, 1986). This ratio is commonly referred to as the Schmidt number (Sc) and is mathematically expressed as

Sc =VI D (Eq. 5)
where v is the kinematic viscosity of the fluid (in this case, seawater) and D is the diffusivity of the gas of interest in this fluid (i.e. , the diffusivity of DMS in seawater). Note that both v and D are temperature and salinity dependent. If kw can be determined for one gas, and is independent of gas solubility, then its value for other gases can be determined using the Schmidt number:

(Eq. 6)

The value of the Schmidt number exponent n is considered to be a function of the thickness of the interfacial film across which the gas exchange takes place (Frost and Upstill-Goddard, 1999), and thus may have different values under different conditions.

Numerous empirical expressions for kw as a function of wind speed have been developed over the years from field and laboratory experiments. Within current global three-dimensional atmospheric models, the most commonly used kw parameterizations are those of Liss and Merlivat (1986) and [START_REF] Nightingale | In situ evaluation of air-sea gas exchange parameterizations using novel conservative and volatile tracers[END_REF]. Liss and Merlivat (1986) proposed a three regime linear parameterization of kw with the wind speed at a 10 m height above the surface (u10). The linear coefficients varied according to regime. In contrast, [START_REF] Nightingale | In situ evaluation of air-sea gas exchange parameterizations using novel conservative and volatile tracers[END_REF] postulated the existence of a continuous quadratic relationship between kw and wind speed. Furthermore, they removed potential hidden stability effects from the parameterization by converting all field-measured wind-speeds to an equivalent neutral wind speed at a 10 meter height above the surface (u 1 0n). This hidden stability effect can be illustrated by considering a situation where an air mass is advected over the ocean and where the water temperature (T w ) is greater than the air temperature (Ta). At the air-ocean interface, air parcels are warmed, begin to rise, and are replaced by cooler air parcels. Similarly water parcels are cooled, begin to sink, are replaced by warmer water parcels, and the process repeats itself. Conversely, consider a situation where Ta > T" . At the air-ocean interface, air parcels are cooled and water parcels are warmed, reinforcing the tendency of the parcels to stay in their original positions. If in the two situations the air masses are moving at the same rate, intuitively one can see that the turbulence engendered in the first situation may enhance mass transfer, and that the possibility for this enhancement is missed if a kw parameterization is based solely on u 1 0• The expression of [START_REF] Nightingale | In situ evaluation of air-sea gas exchange parameterizations using novel conservative and volatile tracers[END_REF] thus is recommended for use in global atmospheric models where a wind-speed-dependent parameterization of kw is needed.

The analysis of [START_REF] Nightingale | In situ evaluation of air-sea gas exchange parameterizations using novel conservative and volatile tracers[END_REF] suggested that the following parameterization explains over 80% of the total variance in their combined observational data set: kw = 0.222 UJOn 2 + 0.333 UIOn (Eq. 7)

The above equation is for a gas with a Schmidt number of 600 in the marine environment, with a Schmidt number exponent of n = -1/2. Here u 1 on is in m s-1 and kw is in em hr-1 •

Numerous global atmospheric models have utilized the approach described above in estimating DMS fluxes from the world's oceans, using everything from climatological monthly-averaged to instantaneous model time-step wind speeds in the parameterized kw expressions. Recent work [START_REF] Chapman | The influence of wind speed averaging on estimates dimethylsulfide emission fluxes[END_REF] has demonstrated that substantial spatial and temporal variations in emissions fluxes occur when using different wind speed-averaging periods. For example, a significant number of marine locations show DMS emissions fluxes that are 10-60% lower when calculated using monthly average wind speeds as opposed to 20-minute instantaneous model time-step winds. Time averaging eliminates the influence of extreme events on a solution. Use of time-averaged wind speeds with the continuous, quadratic [START_REF] Nightingale | In situ evaluation of air-sea gas exchange parameterizations using novel conservative and volatile tracers[END_REF] kw parameterization eliminates the contribution of sporadic high winds to DMS emission fluxes, with longer and longer averaging periods eliminating more and more events, leading to lower and lower flux estimates.

Once in the atmosphere, DMS emitted from the oceans will undergo transport, oxidation, and deposition processes. A model, most typically a three dimensional atmospheric general circulation model, incorporating such processes is needed to predict gas phase DMS concentrations if comparisons with field observations of gaseous DMS are to be made.

Three-dimensional atmospheric modeling

The Atmospheric General Circulation Model of the Laboratoire de Meteorologie Dynamique (Paris, France) LMD-ZT [START_REF] Boucher | Simulation of the atmospheric sulfur cycle in the Laboratoire de Meteorologie Dynamique General Circulation Model. Model description, model evaluation and global and European budgets[END_REF] was used to simulate the emission, transport and transformation of DMS and five other sulphur species. In the model version employed here, a 96 x 72 spatially variable grid zooms in on the mid-and high-southern latitudes, and specific parameterizations improve polar atmospheric physics [START_REF] Krinner | Studies of the Antarctic climate with a stretched-grid general circulation model[END_REF]. The model simulates processes involving emissions, boundary layer mixing, advective and convective transport, dry and wet scavenging, and oxidation in the gaseous and aqueous phases. Gas-phase chemistry is based on the scheme first introduced by [START_REF] Pham | A three-dimensional study of the tropospheric sulfur cycle[END_REF]. OMS is oxidized by OH and N03 radicals producing S0 2 and DMSO. No other reaction with an additional oxidant was considered here. We assume that MSA production proceeds via DMSO through the addition pathway of OMS oxidation. Aqueous-phase oxidation of S02 by 03 and H202 is also considered. Dry deposition is parameterized through deposition velocities, which are prescribed for each chemical species and surface type [START_REF] Cosme | The sulfur cycle at high southern latitudes in the LMD-ZT General Circulation Model[END_REF]. The model is nudged to ECMWF analysis following the method described by [START_REF] Genthon | Free and laterally-nudged antarctic climate of an atmospheric general circulation model[END_REF]. Meteorological data extending from October 1997 to September 1998, corresponding to the global distributions of Sea WiFS derived OMS concentrations, are used for surface boundary conditions and nudging. Oceanic OMS concentrations are prescribed globally as monthly means with the constraints that (1) a minimum value of 0.2 nmol r 1 [START_REF] Belviso | An Atlantic meridional transect of surface water dimethylsulfide concentrations with 10-15 km horizontal resolution and close examination of ocean circulation[END_REF] is assumed in regions where no SeaWiFS data are available (i.e., at high latitudes in wintertime due to low insolation), and (2) a maximum value of 50 nmol r 1 is also specified to eliminate the few unrealistic values obtained at very large Chl a. content in coastal waters. OMS emissions from the oceans are simulated on-line using model-time-step wind speeds and the parameterization of [START_REF] Nightingale | In situ evaluation of air-sea gas exchange parameterizations using novel conservative and volatile tracers[END_REF]. Sea ice is assumed to produce a lid effect on air-sea OMS mass transfer. Two simulations were performed, one with the SeaWiFS-derived distribution of oceanic OMS concentrations and one with the K&A2000 distribution of oceanic OMS concentrations.

Results and discussion

Latitudinal distribution of DMS emissions

Table 3 summarizes the annual OMS emissions from both simulations, globally and in the southern Ocean south of 30°S. The global totals fall within the generally accepted OMS-emission-range of I 0 to 50 Tg S yr 1 (IPCC, 1996). Southern Ocean emission totals represent approximately one third of the global flux, regardless of whether the K&A2000 or Sea WiFS derived OMS data base is used as input in the model. Latitudinal distributions based on the two oceanic OMS data bases are similar from 30° to 60°S, but differ markedly south of 60°S.
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Table 3. Latitudinal distribution of DMS emissions (TgS yf 1 ) as produced by the LMD-ZT model. SEA WIFS and K&A2000 respectively refer to the simulations that used the oceanic DMS concentration maps derived from SeaWiFS data and fr om the data base of [START_REF] Kettle | Flux of dimethylsulfide from the oceans: A comparison of updated data sets and flux models[END_REF].

Reference

Global 

Seasonal variations of DMS emissions

Table 4 presents the primary statistics of monthly OMS emissions in the Southern Ocean. The simulation based on SeaWiFS-derived oceanic OMS concentrations displays a seasonality about 13 times less pronounced than the simulation based on K&A2000. Winter and summer OMS emission t1uxes calculated with the SeaWiFS-derived OMS concentrations are approximately equal, whereas the summer emission flux is markedly higher than winter emission flux when K&A2000 OMS concentrations are used. [START_REF] Kettle | Flux of dimethylsulfide from the oceans: A comparison of updated data sets and flux models[END_REF].

reference Minimum Maximum Mean SD SEAWIFS 5.9 7.2 6.8 0.4 K&A2000 2.4 16.1 7.9 5.4

Atmospheric concentrations of sulphur compounds

Figure 8 compares time series of observed and simulated atmospheric concentrations of OMS and non-sea salt sulphate (nss-sulphate) at Amsterdam Island (77°30'E, 37°50'S), Halley (26°l9'W, 75°35'S, Antarctica), and Dumont d'Urville (DDU, 140°l'E, 66°40'S, Antarctica). It should not be forgotten that model predictions are representative of the entire area within a given grid cell, whereas observations are at a very specific point. Also, the predicted values of both gas phase OMS and nss-sulphate depend strongly on the chemical mechanism and other sulphur (anthropogenic, volcanic, etc.) sources used in LMD-ZT model, and the accuracy with which the model simulates vertical mixing and other meteorological processes. Because of its relatively short atmospheric lifetime (about one day in summer), air concentrations of OMS are closely linked to localized oxidant fields, meteorological mixing processes, and emissions, whereas nss-sulphate, an end product of many atmospheric sulphur oxidation reactions, is likely to have been transported over long distances. Long-term surface measurements of sulphur compounds in the mid-and high-southern latitudes usually display a well marked seasonality, with a summer maximum and a winter minimum (e.g. Sciare et al., 2000;Minikin et al., 1998). This behaviour is captured by the model, as shown in Figure 8. Closer agreement between observed and simulated nss-sulphate occurs at Halley when the SeaWiFS-derived oceanic DMS data base is used. Substantial differences between observed and simulated atmospheric DMS concentrations have been noted in other works (e.g., [START_REF] Chin | A global three dimensional model of tropospheric sulfate[END_REF][START_REF] Barth | Sulfur chemistry in the National Center for Atmospheric Research Community Climate Model: Description, evaluation, features, and sensitivity to aqueous chemistry[END_REF][START_REF] Easter | MIRAGE: Model description and evaluation of aerosols and trace gases, submitted for pu blication[END_REF], and reflect the difficulties in accurately simulating localized wind fields, mixing and boundary layer phenomena, oxidant fields, and chemical processes in the as yet less-than-fully understood atmospheric DMS reaction sequence, all of which influence the gas phase DMS concentrations predicted by any atmospheric general circulation model. Because of these modelling uncertainties, and the limited temporal period of comparison, it is not feasible for us to make any generalizations about which oceanic DMS concentrations data base (K&A2000 or SeaWiFS-derived) is 'better' to use. We note, however, that the use of K&A2000 apparently leads to more realistic atmospheric concentrations of DMS at Amsterdam Island. SeaWiFS-derived DMS concentrations, however, offer the opportunity to document the interannual variations of the marine source of DMS.

The SeaWiFS-derived oceanic DMS data also raise interesting questions for future research efforts. As noted previously, there is a lack of strong seasonality in SeaWiFS images of oceanic chlorophyll concentrations in the vicinity of Amsterdam Island (and thus the SeaWiFS-derived oceanic DMS levels), yet observed atmospheric DMS levels demonstrate a strong seasonality. Do oceanic DMS levels in this region show seasonality, or not? At Amsterdam Island, seawater DMS concentrations varied by a factor of 3.6 between winter and summer with mean concentrations of 0.4 and 1.4 nM, respectively [START_REF] Nguyen | Seasonal variation of atmospheric dimethylsulfide at Amsterdam Island in the Southern Indian Ocean[END_REF]. The maximum DMS concentration was 2 nM in December 1987. Mean DMS fluxes were in the range 1.3-3 11mol m-2 d-1 , respectively, so only roughly twice higher in summer than in winter. These results contrast with the more recent data of [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF]. Indeed, the mean concentration and the mean flux of DMS in December 1997 were 9. 1 nM and 16.4 f.lmol m-2 d-1 , respectively. The seawater DMS samples, however, were not collected in the vicinity of Amsterdam Island but in the latitude band 32-38°S about 2000 km to the west of Amsterdam Island. Although fluxes in the range 13-16 f.tmol m-2 d-1

appear to be consistent with long-term observations of summer atmospheric concentrations of DMS and rainwater concentrations of sulphate and methanesulphonate [START_REF] Sciare | Summerti me seawater concentrations of dimethylsulfide in the Western Indian Ocean: reconciliation of fl uxes and spatial variability with long-term atmospheric observations[END_REF], there is no evidence from seawater samples that DMS fluxes in summer closer to Amsterdam Island are indeed in such a range. If not, are atmospheric DMS variations due to localized seasonal differences in atmospheric oxidant fields and mixing processes, or to oceanic processes? For example, the flux of DMS from the ocean to atmosphere may be greater in winter than in summer because of stronger winter winds. If the removal of DMS by ventilation dominates other removal processes in winter, one can expect a feedback on winter sea surface DMS concentrations provided that DMS production from phytoplankton remains unchanged. Also, seasonal changes in phytoplankton speciation or changes in various DMSP and DMS turnover rates may be stronger in the subtropical Indian Ocean than elsewhere. There is currently very little information on the biogeochemistry of oceanic DMS in the area, and more work is clearly needed here and in improving the simulated behaviour of DMS in atmospheric models.

SUMMARY

Oceanic DMS concentration maps can be derived from SeaWiFS satellite data. DMS spatial variability is better captured with this approach relative to earlier works, although there appears to be a tendency to overestimate oceanic wintertime DMS in the mid-latitudes of the southern hemisphere. This tendency occurs because chlorophyll levels, used in deriving the DMS concentrations, remain high in winter at these latitudes. A baseline oceanic DMS level of 1. 1 nM is attained with this technique. With these limitations in mind, nevertheless, we believe that the use of SeaWiFS-derived data should be continued to provide information on the interannual variability and potential climate effects on oceanic DMS.

The gridded SeaWiFS-derived oceanic DMS database can be used as input to three dimensional global atmospheric models. When coupled with parameterizations of the air-sea mass transfer coefficient, estimates of the flux of DMS from the ocean to the atmosphere can be obtained via model simulations. Using the three-dimensional atmospheric General Circulation Model of the Laboratoire de Meteorologie Dynamique, model-time-step wind speeds, an atmospheric-stability-dependent parameterization of the mass transfer coefficient, and the SeaWiFS-derived oceanic DMS distributions, we estimate an annual southern ocean DMS emission of 6. 8 Tg S y( 1• This value represents approximately one-third of the annual global DMS marine emission, and underscores the importance of this region as a source of natural sulphur emissions.
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 1 Figure 1 (Plate 16). Comparison of predicted oceanic DMS concentrations from the work of Kettle and Andreae, 2000 (upper panel) and Kettle et al., 1999 (lower panel) for the month of December. Shaded areas denote regions where DMS is higher than 4 nM. Isolines are every 1 from I to LO nM. (©American Geophysical Union).
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 3 Figure 3. Fp-ratio versus sea surface concentrations of Chlorophyll a. measured in the Mediterranean Sea, Atlantic Ocean and Indian Sector of the Austral Ocean. See Fig. 2 for geographic locations of sample collection.

It

  

Figure 4 (

 4 Figure 4 (Plate /8). Fields of sea surface OMS concentration (nM) for January (upper panels) and July (lower panels). This work (left column) and Kettle and Andreae (2000) (right column). (©American Geophysical Union).

Figure 5 .

 5 Figure 5. Comparison of spatially and temporally coincident DMSP (upper panel) and OMS (lower panel) in subantarctic water of the Indian Ocean for observed (Sciare et al., 1999 and Sciare unpublished) and predicted (SeaWiFS-derived and K&A2000) concentrations for December 1997 (left column) and August 1998 (right column).

Figure 6 .

 6 Figure 6. Comparison of spatially coincident but temporally non-coincident observed (Aranami et al., 2001) and predicted (SeaWiFS-derived and K&A2000) DMS (upper panel) and chlorophyll (lower panel) in surface waters of the North Pacific.

Figure 7 .

 7 Figure 7. Comparison of spatially coincident but temporally non-coincident observed (Bates et al., 1998) and predicted (SeaWiFS-derived and K&A2000) DMS (upper panel) and chlorophyll (lower panel) in surface waters of the Central and South Pacific . Arrows indicate areas where observed and SeaWiFS-derived chlorophyll levels are markedly different.

Table 4 .

 4 Minimum, maximum, mean and standard deviation (S D) (in TgS yr• ' ) of monthly DMS emissions in the southern ocean, between October 1997 and September 1998 as produced by the LMD-ZT model, using oceanic DMS concentrations derived from SeaWiFS data and fr om the data base of
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 8 Figure 8. Seasonal variations in observed and model-predicted atmospheric surface DMS and nss-sulphate (pptv) at Amsterdam Island, Halley and Dumont d'Urville. Solid lines and dashed lines symbolize respectively model results using SeaWiFS -derived and K&A2000 oceanic DMS concentrations. Observations are drawn fro m Sciare et al. (2000) (Amsterdam Island), Mini kin et al. ( 1998) (Halley) and Jourdain and Legrand (200 I) (Dumont d'Urville).
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 8 Figure 8 also indicates that there are substantial differences between observed and simulated atmospheric OMS concentrations (up to factors of -5), regardless of whether K&A2000 or SeaWiFS-derived oceanic OMS

  

  [START_REF] Aumont | Dimethylsulfoniopropionate (DMSP) and dimethylsulfide (DMS) sea surface distributions simulated from a global 3-D ocean carbon cycle model[END_REF]