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Abstract

Measurements of the climate-cooling trace gas dimethylsulphide (DMS) and other ancillary data, including pigments, nutrient concentrations and the depth of the mixed layer, were made over a wide latitude range during the U.K. Atlantic Meridional Transect (AMT) programme.  The data were used to test algorithms from the recent literature for their effectiveness at predicting surface DMS concentrations.  Dividing the data by research cruise (i.e. year and season) and into biogeochemical provinces aided data interpretation.  For this new dataset, many of the available algorithms over-predicted the measured DMS concentration.  The best fit was found with a dilution model based on the depth of the mixed layer (Aranami and Tsunogai, 2004), but there are still parts of the data that cannot be explained.  We suggest that, in order to test, improve and refine current predictive models, further data for DMS and related compounds are needed for remote oligotrophic regions.
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1. Introduction

DMS production in the surface-ocean and upward flux to the atmosphere is the dominant biological source of global atmospheric sulphur (Bates et al., 1992).  Once in the lower atmosphere DMS oxidises primarily to sulphate, either creating (Charlson et al., 1987) or contributing to (Leck et al., 2002) aerosols that act as efficient CCN and increase cloud formation.  Aerosol particles absorb and scatter radiation back into space, as do the indirect products of DMS oxidation, CCN; the overall effect is a cooling of the global climate (Charlson et al., 1987).  Predicting surface ocean DMS concentrations is important for global climate models and considering regional and temporal variations (Kettle et al., 1999). However, such prediction is a significant challenge, because the processes that determine ambient DMS concentrations in the surface ocean are known to be complex and are still not fully resolved (Kiene et al., 2000).

The principle intermediate in the production of DMS is its biological precursor, dimethylsulphoniopropionate (DMSP).  DMSP is converted to DMS, acrylate and a proton by DMSP-lyase enzymes present in algae, bacteria and grazers (Simo, 2001).  Cell lysis and zooplankton grazing represent the major mechanisms behind DMSP release from algal cells and thereby play a significant role in controlling the rate of DMS production.  DMSP release and cleavage may also play an ecological role as the products have been shown to act as cues for chemosensory attraction and grazing deterrence (Steinke et al., 2002), both of which may give DMSP-containing algae a competitive advantage over other algae.  DMSP is actively synthesized by several groups of phytoplankton in varying amounts (Keller et al., 1989) and suggestions have been made for its cellular role as: a compatible solute; a methyl donor in metabolic reactions; an overflow mechanism for excess reduced sulphur within the cell during periods of unbalanced growth (Simo, 2001, and references therein); or as a defence against intracellular production of harmful levels of oxidative radicals (Sunda et al., 2002).  In addition, DMSP has been shown to play a major role in carbon and sulphur cycling through the marine microbial food web (Kiene et al., 2000).

A global DMS database (Kettle and Andreae, 2000; Kettle et al., 1999) has been particularly useful for the creation of predictive algorithms for DMS (e.g. Anderson et al., 2001; Simo and Dachs, 2002).  In its new and more up-to-date form, the freely-available online global DMS database has approximately 31,000 data points (http://saga.pmel.noaa.gov/dms/).  It highlights under-sampled regions and/or times of the year, including remote regions such as the oligotrophic gyres where relatively few DMS measurements have been made and accompanying measurements are scarce.  New data are still needed for such areas in order to test proposed algorithms and to add to the database for under-sampled regions of the oceans.

Over the last few years a number of different algorithms have emerged, all of which aim to predict DMS concentrations from various biogeochemical and physical parameters.  Anderson et al. (2001) use globally gridded fields of chlorophyll concentration (C), light (J) and a nutrient term based on Michaelis-Menten uptake kinetics (Q) to predict DMS concentrations.  Aumont et al. (2002) use a plankton community composition index calculated from ancillary pigment concentrations, and a variation of this was used by Belviso et al. (2004b).  Simo & Dachs (2002) built upon a previously proposed relationship between DMS production and the depth of the mixed layer, MLD (Simo and Pedros-Alio, 1999) to create global DMS fields from a parameterisation that combines the depth of the mixed layer and chlorophyll a concentrations (Simo and Dachs, 2002).  Aranami and Tsunogai (2004) used new data from the Pacific to examine the Simo and Dachs (2002) algorithm.  They suggest that most of the variations in surface DMS concentration could be explained by a dilution model where the product of the DMS concentration multiplied by the MLD was equal to a constant.

A recent paper (Belviso et al., 2004a) produced an inter-comparison between five different global DMS climatologies (Anderson et al., 2001; Aumont et al., 2002; Belviso et al., 2004b; Chu et al., 2003; Simo and Dachs, 2002), using the Kettle et al. (1999) DMS climatology as reference.  The authors concluded that uncertainties in sea-surface DMS concentrations derived from different global climatologies are greater than those associated with the air-sea gas transfer velocity (Belviso et al., 2004a).  In addition, certain climatologies showed a better fit with measurements from particular regions, indicating that the various relationships are more (or less) appropriate in different areas (Belviso et al., 2004a).

The Atlantic Meridional Transect (AMT) programme usually utilises the annual passage of the British Antarctic Survey (BAS) research ship, the James Clark Ross (JCR), between the UK and the Falkland Islands (northward in May/June and southward in Sep/Oct).  The programme had two phases of activity – the first between 1995 and 2000 and the second between 2002 and 2006.  Phase One was relatively small, the JCR was utilised as a “ship of opportunity” and her route was relatively direct, passing close to the African coastline in the northern hemisphere (figure 1).  The second phase of activity was a broader scientific programme with objectives requiring passage into the northern and southern gyres (figure 1) and a wider range of parameters were measured (see Robinson, Introductory paper, this issue).  The cruises of interest here are AMT-5 and -9 (Phase One) and AMT-12, -13 and –14 (Phase Two).

In this paper we focus first on surface DMS concentration, chlorophyll concentration and DMS flux data for five AMT research cruises (an in-depth examination of DMS/DMSP versus biological parameters will be presented elsewhere; Bell et al., in prep.).  Attention is paid to the spatial variability of these parameters as the data provide a background context for the rest of the paper.  The significant amount of new data and the large spatial coverage enabled a comparison of DMS measurements with the following, recently-published algorithms, formulated using biogeochemical and biogeophysical parameters: Anderson et al. (2001); Aumont et al. (2002); Belviso et al. (2004b); Simo & Dachs (2002); and Aranami & Tsunogai (2004), hereafter referred to as AN01, AU02, BE04, SD02 and AT04 respectively.  Of the five models, AT04 appears to fit the AMT dataset the best, although some unexplained variation still remains.

INSERT FIGURE ONE HERE
2. Methods
2.1. Defining Near-Surface Waters

The process of air-sea gas exchange occurs across molecular layers adjacent to the gas-liquid interface (Liss and Slater, 1974), and the flux is consequently determined by oceanic and atmospheric concentrations in close proximity to this interface (see section 3.1 for more detail).  In practice, however, it is very difficult to sample the molecular layer of water.  It is customary for samples to be collected from the ‘near-surface’ layer and, for the purposes of this paper, it is important to establish the depth of this layer.  On each CTD cast, every effort was made to fire a Niskin bottle as close to the surface as possible, but sea-surface conditions (wind speed, swell, etc.) sometimes made this difficult or impossible.  As a result, the top bottle was deeper for some profiles than for others.  However, it should be noted that the poorer the sea-state, the more homogeneous the top few metres of the water are likely to be, which might partially compensate for the increased depth of sampling.  In order to encompass all of these variations in depth, and to include samples taken from the ship’s non-toxic supply at 6.5m, it was decided that when analysing the data, the depth considered to be ‘surface’ would be 10m or less.  This depth is considered to be shallow enough to represent near-surface waters.  The majority of surface bottles were in fact much closer to the surface, with 90% of all data points relating to samples taken at a depth of 6.5m or less.  Where near-surface data for ancillary parameters was used, the water was consistently from the same depth as that analysed for DMS and DMSP.

2.2. DMS and DMSP Sampling and Analysis

Near-surface samples were either collected from CTD casts – pre-dawn (approx. 0300 hrs local time) and mid-morning (approx. 1100 hrs local time), or via the ship’s non-toxic seawater supply (approx. 1600 hrs local time).  The CTD system used was a Sea-Bird 9/11 plus fitted with a sampling rosette of 20 litre Niskin bottles.  Whilst removing samples, every effort was made to minimise degassing and samples were stored in amber bottles kept at ambient sea surface temperature prior to analysis.  Samples were analysed for DMS within one hour of collection using a purge and trap system (Turner et al., 1990) where the trap consisted of a 50cm length of 1/8th inch Teflon tubing with a 30cm section of adsorbant material (Tenax-TA).  The trap was cooled in a salt-ice-water dewar when purging (purge time = 15mins, flow rate = 60ml min-1) and trapping, and the sample was then flushed onto the GC column by heating the trap with boiling water.  Before purging with oxygen-free nitrogen, each seawater sample was gently filtered through 25mm Whatman GF/F filters (nominal retention size 0.7µm) and the filters stored in crimp-sealed vials with 10M sodium hydroxide (NaOH) to hydrolyse particulate DMSP (DMSPp) into DMS for subsequent analysis.  During AMT-5, -9 and -12, DMSPp samples were run the following day using purge and trap.  However, AMT-13 and AMT-14 DMSPp samples were stored at constant temperature (30ºC) in 500mM NaOH in sealed 4ml vials with a 1ml headspace and run the following day.  Analysis involved a similar technique to that used for DMSP-lyase activity measurements (for more detail, see Steinke et al., 2000); the PTFE septum was pierced and 250µl of the headspace sample injected directly onto the GC column.  In order for the headspace concentration to be above the GC detection limit (approx. 25nM for a 250μl sample), a greater volume of seawater had to be filtered.  The change in volume was tested and did not significantly impact upon measured DMSPp concentrations.  All samples were run on a Shimadzu GC 2010 equipped with a 30m x 0.53mm CP-Sil 5CB column (Varian Inc., Oxford, UK) and a flame photometric detector (FPD).  The calibration of the system was checked daily using standards prepared by hydrolysing DMSP (Centre for Analysis, Spectroscopy and Synthesis (CASS), University of Groningen Laboratories, The Netherlands) with excess concentrated (10M) NaOH (or 500mM for headspace analysis).  We estimate that, in the analyses of the various sulphur species, the errors (±RSD, Relative Standard Deviation) are 5% and 20% for DMS and DMSPp, respectively.

2.3. Accessory Pigments, Chlorophyll and Nutrient Sampling
For a detailed description of accessory pigment and chlorophyll concentration measurement procedures, see Poulton et al. (this issue).  Nutrient concentrations were determined on board the research ship within 3 hours of sample collection (see Woodward and Rees, 2001) and this data is reported elsewhere (Painter et al., this issue; Rees et al., this issue).
2.4. Wind speed measurements
The anemometer was positioned at 0 degrees to the ship’s bow (approximately 21 metres above sea level) and average data recorded every minute.  Data were corrected for ship’s direction and speed and then normalised to the standard height used in flux calculations (i.e. 10m above sea level) using a bulk formula (see Hood et al., 2001).
3. Results and Discussion
The cruise tracks from Phase One (AMT-5 and -9) and Phase Two (AMT-12–14) of the AMT project have both similarities and differences (figure 1).  In particular, the transects from Phase Two progressed much further into the oligotrophic gyres compared with those from Phase One.  All Phase Two cruises followed the same cruise track in the southern hemisphere, but diverged in the northern hemisphere.  During the southbound AMT-13, equipment problems meant that no DMS or DMSP data were collected until approximately 14ºS.  Both AMT-5 and -9 made similar deviations into the nutrient-rich upwelling waters off the coast of north-west Africa.  In addition to the spatial variation, the AMT cruises occurred during opposing seasons: AMT-5, -9 and -13 were during Austral spring, while AMT-12 and -14 were during Austral autumn.  These differences are important and we discuss their relevance later.

We take the approach of dividing the dataset using the ocean biogeochemical provinces identified by Longhurst (1995) (figure 1).  However, as acknowledged by Longhurst (1995), the borders and characteristics of these provinces shift due to seasonal changes and longer-term phenomena such as El Niño and the Atlantic Oscillation Index.  Also, parameters in spatially distinct areas of a province are unlikely to be consistent due to natural heterogeneity.  An example that is pertinent here is the South Atlantic subtropical gyre (SATL), which Longhurst (1995) suggests could potentially be sub-divided into East and West provinces (similar to the North Atlantic subtropical gyres, NAST(E) and NAST(W)).  However, Longhurst (1995) did not delineate these two potential zones in the SATL, one under the westerly winds and the other below the trade winds, due to a lack of data.  It is essential to highlight these uncertainties when interpreting data that has been divided into biogeochemical provinces.
3.1 Flux Calculations

Sea-to-air fluxes of DMS were calculated from the following, widely-used equation (Liss and Merlivat, 1986):

FDMS = k.∆C








(1)

where:  FDMS = net flux of DMS; k = transfer (or piston) velocity; and ∆C = concentration difference driving the flux across the air-sea interface.  The concentration difference, ∆C, is defined by the difference between the concentration in water (CW) and the concentration in air (CA) divided by the Henry’s Law Constant for DMS (HC, the ratio of CA to CW at equilibrium).  However, as atmospheric DMS concentrations are generally orders of magnitude lower than those in water, CA is taken to be equal to zero, making ∆C = CW.  The transfer velocity (k) has been defined experimentally in a number of studies (e.g. Liss and Merlivat, 1986; Nightingale et al., 2000; Smethie et al., 1985; Wanninkhof, 1992; Wanninkhof and McGillis, 1999) but for our purposes, we use the most recent formulation (Nightingale et al., 2000):

k600 = 0.222(U10)2 + 0.333U10





(2)

where:  U10 = wind speed (in m sec-1) normalised to 10 metres above the sea surface.  This formula represents a gas with a Schmidt number, Sc, of 600 (i.e. CO2 in freshwater at 20°C) and therefore needs to be converted to Sc for DMS and at the local temperature (see Turner et al., 1996, for details).  Flux calculations were made for every surface DMS measurement, using an average wind speed from the previous 10 minute period.
A visual description of the variability of chlorophyll and DMS concentrations, wind speed and resultant sea-to-air flux during AMT is shown in figure 2.  It is important to note here that, for the chlorophyll a measurements on AMT-9, a fluorometric method was used rather than high-pressure liquid chromatography, and this may have led to differences in the concentrations relative to the other cruises (although the methods agree reasonably well, r=0.92, Mantoura et al., 1997).  The Mauritanian upwelling region (approximately 20ºN) sampled during AMT-5 and -9 is evident in the chlorophyll a sections and the increased biological activity clearly leads to some elevated DMS concentrations and estimated sea-to-air fluxes.  In each hemisphere’s spring, the high latitude regions display increased biological activity and DMS concentrations on all cruises, although this pattern appears dampened during Phase Two of the project (AMT-12 to -14).  The signature of the equatorial upwelling is less clear – elevated chlorophyll a concentrations in this region are evident, with varying intensity probably linked to variations in the strength of the upwelling, but this does not always translate to higher DMS concentrations.

Although wind speed clearly has a major influence on the flux of DMS to the atmosphere (see equation 2), abrupt changes in wind speed are not always evident in the flux data.  For example, there is little change in the flux at approximately 45°N during AMT-12 despite a drop in wind speed; this is due to the large increase in DMS concentration.  Whether the wind speed and DMS concentration are coherent (e.g. 30°N during AMT-14) or not will clearly have a significant impact on the overall DMS flux.

INSERT FIGURE 2 HERE
Whilst the format used in figure 2 is useful for comparative purposes, it is difficult to draw more specific conclusions.  As a second step, the data were sorted by biogeochemical province and basic statistics calculated (table 1).  Although all the cruise tracks passed through the same biogeochemical provinces, the chlorophyll a plots in figure 2 clearly show that concentrations during Phase One were substantially higher than during Phase Two, particularly in the subtropical gyres.  This is most likely due to the difference between the cruise tracks, with Phase Two cruises progressing further into the oligotrophic gyres.  As a result, it was decided to only include data from the Phase Two cruises that are more representative of “gyre conditions”. In addition, of the eight Longhurst provinces sampled during the AMT programme (figure 1), only the four provinces that were regularly sampled are included in table 1.

INSERT TABLE 1 HERE
There is little pattern apparent in the variations of mean and median surface DMS concentration and flux (table 1).  The median wind speed from each province, however, is consistently higher than the mean, indicating an infrequent occurrence of high wind speeds.  The data clearly shows that DMS flux data from different regions during Phase Two of AMT cannot easily be distinguished from each other (with the exception of the smaller range for NAST(E)).  There is a striking contrast between the highly variable discrete DMS concentration, wind speed and flux measurements (figure 2) and the remarkably similar averages and ranges per province (table 1).  Whilst generalisations are possible (e.g. an average flux per province), caution should be taken when interpreting such results, as a substantial level of detail is lost in the process.

3.2. Predictive Algorithms

The five algorithms tested in this paper (see table 2) were originally developed using a number of different measured or calculated parameters, some of which were taken from global fields derived from satellite data (e.g. surface [NO3-] in AN01; MLD in SD02).  We tried to exactly reproduce the various methods, with the exception that in all cases parameters were calculated from measured data rather than satellite-based climatologies.  As climatological data is often temporally and spatially smoothed, we expect that using climatological data rather than measured data would have lead to a poorer fit with the relevant predictive algorithms (i.e. AN01 and SD02).  This is only a theory, however, as a full test of this premise was beyond the scope of this paper.
The following sections describe the algorithms used and their derivations before comparing the collected AMT data with each relationship.  In each case, the data is presented in two ways: divided by (a) cruise; and (b) province.  It was hoped that this would distinguish between any potential variations due to both season (i.e. by cruise) and biogeochemical region (i.e. by province).  During AMT-9, no nutrient or accessory pigment data was collected and the DMS data from this cruise could therefore only be used in concert with mixed-layer depth values (i.e. only the SD02 and AT04 algorithms).

INSERT TABLE 2 HERE
3.2.1. AN01 – Predicted from chlorophyll, light and nutrients

In 2001, Anderson et al. presented an algorithm predicting surface DMS concentrations ([DMS], nM) from surface chlorophyll concentrations (C, mg m-3), mean daily short-wave radiation (J, W m-2) and a nutrient limitation term (Q, dimensionless), which was able to reproduce geographic patterns broadly similar to the global DMS database (Kettle et al., 1999).  The expression was termed a “broken-stick” regression because it consisted of two parts (see table 2).
In order to produce their global maps, Anderson et al. (2001) used global fields for their nutrient and light terms (based on model data) but the basis of our study was to use in situ measurements.  As a result, the numbers used to calculate each predicted DMS concentration were a real-time measurement of the surface chlorophyll concentration, a surface nutrient concentration and an average of the daily solar radiation (300–3000nm bandwidth).  In order to determine the value for the horizontal part of the broken-stick algorithm, Anderson et al. (2001) smoothed the global DMS dataset by averaging successive groups of 23 records, creating 114 pairs from 2,622 initial cases.  This process, along with the inherent differences between real-time measurements and global fields of nitrate and light data, may well have introduced noticeable differences between predicted values (Anderson et al., 2001) and measured values (this study).

When looking at the results (figure 3), it is evident that the AN01 algorithm does not resolve the variations in DMS concentration observed during the AMT cruises at all well.  The majority of points can be considered as low-DMS areas (all the data fall within the flat part of the broken-stick regression), which are readily acknowledged as being poorly resolved by the algorithm (Anderson et al., 2001).  Beyond this, the major detail emerging from figure 3 is that the AN01 relationship over-predicts the DMS concentration for 98 out of 106 data points (92%), often by at least twofold.  When looking at the results by cruise (figure 3a), no apparent pattern can be seen.  In general the same applies for the data divided by region (figure 3b), although slight differences between provinces can be seen.  The data from both sides of the North Atlantic subtropical gyre (NAST(E) and NAST(W)), plot consistently closer to the AN01 line than the South Atlantic subtropical gyre (SATL) results.  The SATL province was sampled during both Austral spring and autumn, while few NAST(E) or NAST(W) measurements (from AMT) were made during the Northern Hemisphere’s autumn.  As a result, it is difficult to deduce whether or not the observed differences between the gyres are the result of seasonal changes.

INSERT FIGURE 3 HERE
3.2.2. AU02 / BE04 Predicted from a community composition index and chlorophyll

Aumont et al. (2002) and Belviso et al. (2004b) have developed algorithms that predict surface DMS and DMSPp concentrations from chlorophyll a and community composition data.  The community composition index, Fp, is a ratio of depth-integrated diatom and dinoflagellate pigments (fucoxanthin and peridinin, respectively) to total pigments (Claustre, 1994).  The Fp ratio is effectively an estimator of diatom plus dinoflagellate (i.e. species involved in new production) biomass in a phytoplankton community.  A low value is indicative of an oligotrophic environment where the community is dominated by photo-adaptive pigments, while a high value indicates a highly productive community (Claustre, 1994).

The modelling study of Aumont et al. (2002) was based on the concept that DMSPp and total chlorophyll a (TChl a) could be divided into “diatom” and “non-diatom” proportions using the Fp ratio (non-diatom DMSPp and TChl a indicated by DMSPp´ and TChl a´ respectively).  Using data from various projects (ALBATROSS, EUMELI, DYFAMED, PROSOPE and Antares cruises), the authors derived a predictive relationship for DMSPp´ using TChl a´:

[image: image17.png]— -DMS x MLD = 30
—DMS x MLD = 60
- - -DMS x MLD = 90









(3)
The ‘diatom’ DMSPp concentration was calculated based on the Fp ratio and a constant DMSPp-to-TChl a ratio.  This information and equation (3) was combined to predict total DMSPp (see table 2).  Further, the surface DMS concentrations could also be predicted if this was used in conjunction with a two-part relationship derived from the same data, which linked the Fp ratio to the DMS-to-DMSPp ratio (see table 2).
For BE04, Belviso et al. (2004b) modified the AU02 equations to make the algorithms more applicable to a global scale and re-evaluated the lines of best fit (see table 2 for the final algorithms).  Equation (3) was changed into a two-part equation (another “broken-stick” relationship):
DMSPp´ = 21 nmol L-1


for TChl a´ < 0.3 mg m-3
(4)

DMSPp´ = 356.4TChl a´ – 85.5

for TChl a´ > 0.3 mg m-3
(5)
The data used to create the AU02 and BE04 algorithms were from surface waters and not depth integrated, including the pigment concentrations used to calculate the Fp ratio.  When comparing the DMS and DMSPp data collected during AMT with the relationships from AU02 and BE04, all TChl a and pigment concentrations were measured surface values.

Before comparing the AMT data with the AU02 and BE04 relationships, it is instructive to compare the algorithms themselves.  As can be seen in figure 4a&b, there is little difference between the two algorithms for predicted DMSPp´.  The AU02 algorithm is arguably better in principle as it allows for variations in DMSPp´ when TChl a´ values are low, whereas with BE04 DMSPp´, a fixed value is given below a TChl a´ threshold.  In both cases, the predicted DMS:DMSPp ratio (figure 4c&d) is also very similar for low Fp ratio values, but the relationships deviate significantly above a Fp ratio of 0.6.  This is less relevant to this study as the waters of interest have much lower Fp ratios.  

INSERT FIGURE 4 HERE
Although the AU02 and BE04 relationships are different, the differences are subtle enough that the AMT data can be compared with both at the same time.  The AU02 and BE04 algorithms tend to over-predict AMT DMSPp´ concentrations in that only 2 of 52 data points (4%) fall above the algorithm lines and they under-predict the DMS:DMSPp ratios with only 4 of 52 data points (8%) falling below the algorithm lines (figure 4a-d).  Using both of these results to calculate a predicted DMS concentration will increase any error but, due to the combination of under- and over-prediction, the algorithms’ inaccuracies will tend to cancel each other out.  For the upper two panels, dividing the DMSPp´ data by cruise (figure 4a) or by province (figure 4b) provides no real clues to the data’s distribution.   However, for the SSTC (South Subtropical Convergence) values collected during AMT-5, the implication is that the non-diatom and non-dinoflagellate phytoplankton present contained much less DMSPp than might be expected based on the AU02 and BE04 algorithms.  The DMS:DMSPp ratio plots, divided in the same manner (figure 4c & d), are interesting since the data collected during AMT-5 lies quite close to the algorithm lines.  This cruise did not progress as far into the oligotrophic gyres and, when the data is broken down by province, it can be seen that a number of these points are from higher latitude waters (i.e. NADR, North Atlantic Drift, and SSTC).  It is likely that the location of data used to create and/or test these algorithms will have influenced the proposed formulae.

The data used to create both AU02 and BE04 are from a variety of locations (see Aumont et al., 2002; Belviso et al., 2004b), including remote oligotrophic regions.  In these studies separate attempts were made, using different data sets with a large geographical coverage, to independently verify the algorithms proposed.  The level of success was mixed, with the models performing to different levels of accuracy depending on the region in question.  It is therefore not surprising that in certain biogeochemical provinces, the DMS:DMSP ratios and DMSP concentrations from AMT were more accurately predicted than in others.

3.2.3. SD02 & AT04 Relationships predicted using the MLD

The relationships described in this section link surface DMS concentrations with the MLD (Aranami and Tsunogai, 2004; Simo and Dachs, 2002).  The principle behind them is that a shallow mixed layer favours DMSP producers such as coccolithophores and dinoflagellates whilst increased UV has a negative impact upon bacteria, reducing DMS consumption (Simo and Pedros-Alio, 1999).  The first algorithm to be proposed (SD02) used DMS data from the global database (Kettle et al., 1999) and climatological MLD values.  More recent work (AT04) used measurements of surface DMS concentrations and the MLD from the North Pacific.

For SD02, DMS data points from the Kettle database with concurrent chlorophyll a (Chl) measurements were filtered to remove any pairs with DMS>100 nM and/or Chl > 15 mg m-3 (leaving 2385 pairs) and a climatological MLD applied.  The data pairs were grouped, either by cruise-origin or by latitudinal band and average values obtained (Simo and Dachs, 2002).  From the resultant 43 points, the authors produced two algorithms (see table 2).  AT04 compared their surface DMS concentrations with measured MLD values.  The authors found that DMS concentrations were higher in the shallower MLD, and lower in the deeper MLD than the SD02 algorithm (Aranami and Tsunogai, 2004).  Based on their data, they suggested that surface DMS concentrations could be explained via a simple dilution model (see table 2).  From their data set, the authors suggested a constant value of 60±30 µmol m-2.  When comparing the AMT data set with AT04, the following constants were therefore used:  30, 60 and 90 µmol m-2.

MLD Determination
A number of different methods are available to calculate the MLD, with critical thresholds for salinity, temperature or density often arbitrarily decided (see Montegut et al., 2004).  To determine their MLD values, Simo and Dachs (2002) used the Samuels & Cox monthly global climatologies and applied a well-known and often-used criterion: a density difference of 0.125 kg m-3 from the surface (Levitus, 1982).  The work of Aranami and Tsunogai (2004) does not specify a MLD determination method.

The depth of the surface mixed layer varies depending on the timescale involved and this determines how the MLD should be considered and calculated (Montegut et al., 2004).  Above the main thermocline, the surface ocean can be divided into two major parts (Brainerd and Gregg, 1995):

· water that is currently mixing; and

· water that is mixed but has not been in contact with the atmosphere for a certain time period (between a few days and a week).

When considering how to determine the MLD, the timescale of interest for DMS concentrations is in line with biological processes, which can change over relatively short timescales (days).  The criterion used should therefore avoid picking up the diurnal cycle, but should ideally pick out the mixing layer rather than the mixed layer.

The method employed by Simo and Dachs (2002) often picks up the mixed layer rather than the mixing layer, so a finer criterion would be preferable (Simo, R., Pers. Comm.).  A more recent approach uses a temperature difference of 0.2°C and a reference depth of 10m (to avoid diurnal near-surface heating) and is far more successful at picking up the mixing layer (Montegut et al., 2004).  To accommodate differences in MLD methodology, the MLD for this study was initially determined using two methods.  The first used a 0.125 kg m-3 density difference (hereafter referred to as MLDD) and enabled comparison of the AMT data with the proposed SD02 relationship.  The second method used a temperature difference of 0.2°C (Montegut et al., 2004) to examine whether the mixing layer (hereafter referred to as MLDT) provided a better fit than the mixed layer.  As can be seen in figure 5, for 71 out of 117 cases (61%) both methods agreed on the MLD within 5 metres.  For the majority of those cases that did not agree, MLDD was greater than MLDT, indicating that the MLDT method tended to pick up more recent changes (i.e. the mixing layer) whereas the MLDD method only identified the longer-term and therefore less appropriate mixed layer.  Based on the theoretical approach outlined above, and considering the good agreement with many MLDD values, the depth of the mixed layer presented in figure 6a-c is MLDT.

INSERT FIGURE 5 HERE
Comparing AMT Data with SD02 / AT04
When a relationship between surface DMS concentrations and the depth of the mixed layer was suggested (Simo and Dachs, 2002), the authors acknowledged that any link was a shortcut for prediction before full mechanistic understanding had been achieved.  The relationship gives an indication of how the physical processes (sunlight, heat flux, wind speed, ocean mixing) were interacting with those processes producing and consuming DMS.  However, the later work of Aranami and Tsunogai (2004) suggests that the relationship may actually be simply due to the effect of dilution.  It is important to consider the differences between the original studies in MLD derivation – for SD02 a climatological value was applied, while AT04 used measured data.  For this study, the only parameters required for the comparisons with SD02 and AT04 were the depth of the mixed (or mixing) layer and the surface chlorophyll concentration, so every surface DMS and chlorophyll measurement with a concurrent depth profile could be used (i.e. data from all AMT cruises).  Of the 119 data points, only three fell on or above the Chl/MLD critical threshold of 0.02.  It would be difficult to draw any conclusions from such a small number of points so they are not considered, and we focus instead on the relationships proposed for Chl/MLD < 0.02.

Overall, the SD02 algorithm overestimates the surface DMS concentration in 99 of the 116 points (approx. 85%) (figure 6a).  Indeed, a similar comparison using independent data from oligotrophic waters midway between the Azores and the Portuguese coast found a similar pattern for MLDs less than 100m (Belviso et al., 2004a).  If MLDD is used rather than MLDT, a similar lack of agreement between the algorithm and the AMT data is observed, although the tendency to predict a deeper mixed layer reduces the number of points that are overestimated (3% fewer points are overestimated).  When the AMT data is divided by cruise (figure 6a), it is clear that there is very little pattern.  If we ignore the SD02 algorithm line and divide the data by province, there is an indication that the data may be clustering (figure 6b).  Although this initially appears interesting, the possibility that seasonal processes are driving the clustering cannot be ruled out.  For the South Atlantic subtropical gyre (SATL), the data points with MLD > 100 m are almost all from AMT-13, which was in the Austral autumn whilst AMT cruises -12 and -14 were in Austral spring.  Upon detailed examination of profiles from all of these cruises, it is apparent that the depth of mixing during AMT-13 was not as easy to define as on the other cruises, which goes some way towards explaining the variations observed.  Very little of the AMT dataset represents the northern subtropical gyre (NAST) during that hemisphere’s autumn, when a similar variation in MLD definition might be expected.  In summary, the clustering observed might be less clear if both seasons were accounted for in both hemispheres.

INSERT FIGURE 6 HERE
The AT04 algorithm (figure 6c) fits best to the AMT data and this can be shown by comparing plots of observed DMS concentrations against residual values (predicted minus observed DMS concentrations) for each algorithm (figure 7a&b).  Obtaining the modulus of these residuals meant they could be compared quantitatively, as the median value for each algorithm could then be calculated.  The median modulus was used instead of the mean as the AU02 and BE04 algorithms produced a number of extremely high values, which skewed their mean values considerably.  The lower the median modulus residual, the better the fit was considered to be between the observed data and the predicted concentration.  The data of Aranami and Tsunogai (2004) indicated a constant of 60 ± 30 µmol m-2 for their algorithm, but a large proportion of the AMT data actually sits between the constant lines of 30 and 60 µmol m-2 (51 out of 117 points, 44%).  We optimised the AT04 constant to the AMT data by finding the lowest median modulus residual, and then used the predicted data from this optimised constant (40 µmol m-2) to compare with the other algorithms.  As expected, the optimised AT04 algorithm produced the lowest (best) median modulus residual (0.32 nM) while the other algorithms ranked in the following order: AU02 (0.64 nM); SD02 (0.76 nM); BE04 (0.96 nM); and AN01 (1.21 nM).
While the AMT data fits the AT04 dilution model reasonably well, the scatter suggests that using our optimised constant of 40 µmol m-2 would add little to current understanding.  The data do appear to be related in some way to the depth of the mixed layer, but this has been acknowledged as an indirect approach to predicting surface DMS concentrations.  A basic premise of both the SD02 and AT04 algorithms is that the physics exerts a control on the biology.  The fit of the AMT dataset with the AT04 model corroborates this theory, but the scatter indicates that other processes are at work.  Whether or not these processes are physical, chemical or biological is unclear.  Based on the results of this study, the AT04 dilution model is the best predictor of surface DMS concentrations for the oligotrophic waters sampled during the AMT programme.  However, a degree of error must be accepted if the algorithm was to be incorporated into a global model.
4. Conclusion

The AMT dataset provides new insights on the accuracy of recent predictive algorithms in remote, oligotrophic waters.  Fluxes from these areas can be highly variable, influenced by both high wind speeds and elevated DMS concentrations.  Comparison of this new dataset with recent predictive algorithms demonstrates a general weakness (and often overestimation) when predicting DMS concentrations for such waters, a point recently made by Belviso et al. (2004a).  Statistically, the data best fits a dilution model based upon the depth of the mixed layer (Aranami and Tsunogai, 2004), but still demonstrates considerable scatter (figure 6c).  More studies of the reduced sulphur cycle in oligotrophic waters are required in order to produce models that better-predict surface DMS concentrations and improve understanding of why surface DMS concentrations should scale with MLD.  Considering the vast regions of the world’s oceans that are oligotrophic – approximately 40% of the earth’s surface area (McClain et al., 2004), and the potential impact of DMS to the relatively pristine, overlying atmosphere, these areas deserve significant further attention.
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Table 1:

Mean, median and range of surface DMS concentration, wind speed and DMS flux measurements per biogeochemical province.  Data does not include AMT cruises -5 and -9 as they did not progress as deep into the gyres.  Only those provinces sampled regularly are included in the table (i.e. NAST(W), NADR, SSTC and CNRY were excluded).

	Province

	Surface [DMS] (nM)
	Wind Speed (m sec-1)
	DMS Flux (µmol m–2 day–1)
	No. of 

	
	Mean
	Median
	Range
	Mean
	Median
	Range
	Mean
	Median
	Range
	Samples

	NAST(E)
	2.1
	1.9
	1.1 – 3.9
	4.8
	5.0
	0.8 – 8.3
	2.9
	2.8
	0.2 – 6.8
	26

	NATR
	1.3
	1.4
	0.5 – 2.0
	6.3
	6.7
	1.7 –13.7
	3.3
	3.0
	0.4 – 13.1
	25

	WTRA
	1.1
	0.9
	0.7 – 2.3
	6.3
	6.4
	2.4 – 8.4
	3.0
	2.9
	0.4 – 9.5
	19

	SATL
	0.9
	0.7
	0.1 – 3.4
	6.9
	6.9
	0.7 – 12.7
	2.5
	1.9
	0.1 – 13.0
	68


Table 2:

Algorithms for predicting sea surface DMS concentrations tested using the AMT dataset.  The AU02 and BE04 algorithms use very similar data (Norwegian fjord data removed for BE04).  Upon reformulation by Belviso et al. (2004b), AU02a became a two-part relationship (BE04a(i) & (ii)) while the two part relationship of AU02b(i) & (ii) became BE04b.  For BE04, equations a(i) and a(ii), are dependent on a critical value for non-diatom TChl a (defined as TChla ( [1-Fp]).  For AT04, the authors suggest a constant value of 60 ± 30 µmol m-2 based on their data, hence initial comparison with the AMT data set used constants of 30, 60 and 90 µmol m-2.
	Algorithm
	Eqn. I.D.
	Equation
	Reference

	AN01
	a(i)
	[DMS] = 2.29                                                                                     for log10(CJQ) < 1.72
	Anderson et al. (2001)

	
	a(ii)
	[DMS] = 8.24.[log10(CJQ) - 1.72] + 2.29                                         for log10(CJQ) > 1.72
	

	AU02
	a
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	Aumont et al. (2002)
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                                                                for Fp < 0.6
	

	
	b(ii)
	DMS : DMSPp = 0.674Fp - 0.371                                                                    for Fp > 0.6
	

	BE04
	a(i)
	Total DMSPp = (20 ( TChl a ( Fp) + 21                                     for TChl a´ < 0.3 mg m-3
	Belviso et al. (2004b)

	
	a(ii)
	Total DMSPp = (20 ( TChl a ( Fp)+(356.4 ( TChla´ - 85.5)      for TChl a´ > 0.3 mg m-3
	

	
	b
	DMS:DMSPp = 0.231 - 3.038Fp + 13.0Fp2 - 38.05Fp3 + 41.12Fp4 - 16.32Fp5
	

	SD02
	a(i)
	DMS = -Ln(MLD) + 5.7                                                                       for Chl/MLD < 0.02
	Simo and Dachs (2002)

	
	a(ii)
	DMS = 55.8(Chl/MLD) + 0.6                                                               for Chl/MLD > 0.02
	

	AT04
	a
	DMS ( MLD = Constant                                                                       for Chl/MLD < 0.02
	Aranami and Tsunogai (2004)


Figure 1:
Cruise tracks for five Atlantic Meridional Transect cruises (southbound in September, northbound in May) – AMT-5 (Sep. 1997), AMT-9 (Sep. 1999), AMT-12 (May 2003), AMT-13 (Sep. 2003) and AMT-14 (May 2004).  The provinces defined by Longhurst (1995) are shown to provide spatial reference:  North Atlantic Drift (NADR); North Atlantic Subtropical Gyre-East (NAST(E)); North Atlantic Subtropical Gyre-West (NAST(W)); Canary Current Coastal (CNRY); North Atlantic Tropical Gyre (NATR); Western Tropical Atlantic (WTRA); South Atlantic Subtropical Gyre (SATL); and South Subtropical Convergence (SSTC).  Plot produced using Ocean Data View (http://odv.awi-bremerhaven.de/home.html).

Figure 2:
Total Chlorophyll a concentration (Chl a), DMS concentration, wind speed and DMS flux measurements for five Atlantic Meridional Transect (AMT) cruises.  To aid comparison between cruises, each parameter is shown using the same scale and any off-scale values are labelled.  AMT-9 Chl a measurements may be overestimated as they were based on a fluorometric method, whilst the other four cruises used high-pressure liquid chromatography (see Mantoura et al., 1997).  The contrast in peak widths observed for Chl a (Phase One broader than Phase Two) is likely due to variations in sampling frequency.

Figure 3:
Surface DMS concentrations for AMT-5, -12, -13 and -14 plotted against log10(CJQ), calculated from measured values of surface chlorophyll a (C), daily radiation (J) and a nutrient term (Q).  Panel (a) divides the data by cruise: AMT-5 = filled circle; AMT-12 = open square; AMT-13 = open diamond; AMT-14 = grey triangle.  Panel (b) divides the data by biogeochemical province: NADR = filled circle; NAST(E) = open square; NAST(W) = open diamond; NATR = grey triangle; WTRA = grey diamond; SATL = open circle; SSTC = filled square.  In both plots, the predictive algorithm proposed by Anderson et al. (2001), AN01, is shown as a solid black line.

Figure 4:
Comparison of data with predictive algorithms AU02, Aumont et al. (2002), and BE04, Belviso et al. (2004b).  For all plots, the dashed line represents AU02 and the solid line represents BE04.  For panels (a) and (b), each point is a DMSPp´ concentration, calculated from measured surface DMSPp, the Fp ratio and the Total Chlorophyll a (TChl a) concentration, plotted against TChl a´, calculated from measured surface TChl a and the Fp ratio.  For panels (c) and (d), the AMT data points are the measured DMS:DMSPp ratios plotted against the measured Fp ratios.  In plots (a) and (c), the data is divided by cruise: AMT-5 = filled circle; AMT-12 = open square; AMT-13 = open diamond; AMT-14 = grey triangle.  In plots (b) and (d), the data is divided by biogeochemical province: NADR = filled circle; NAST(E) = open square; NAST(W) = open diamond; NATR = grey triangle; WTRA = grey diamond; SATL = open circle; SSTC = filled square.

Figure 5:
A comparison of the two methods used in this study to define the depth of the mixed layer (MLD): MLDD uses a density difference of 0.125 kg m-3 from the surface; MLDT uses a temperature difference of 0.2ºC from a reference depth of 10m (see text).  Good agreement between the methods can be seen for 61% of the dataset, but for most of the cases where there is disagreement, the density-based method (MLDD) predicts a deeper MLD, corroborating theory.

Figure 6:
Measured surface DMS concentrations for AMT-5, -9, -12, -13 and -14 plotted against the mixed layer depth (MLDT), calculated from profile data using a temperature difference of 0.2°C relative to a reference depth of 10m (see text).  Panel (a) divides the AMT data by cruise: AMT-5 = filled circle; AMT-12 = open square; AMT-13 = open diamond; AMT-14 = grey triangle.  The solid line represents the predictive algorithm of Simo and Dachs (2002).  Panel (b) divides the data by biogeochemical province: NADR = filled circle; NAST(E) = open square; NAST(W) = open diamond; NATR = grey triangle; WTRA = grey diamond; SATL = open circle; SSTC = filled square.  Panel (c) displays all the AMT data and compares it with the dilution model proposed by Aranami and Tsunogai (2004): DMS ( MLD = constant, where the suggested values were 30, 60 and 90 µmol m-2.

Figure 7:
Measured DMS concentrations plotted against residual DMS concentrations (predicted minus observed) for all five algorithms, separated into two plots for clarity.  Panel (a) displays AN01 (small filled triangles), AU02 (grey squares), and SD02 (open circles).  Panel (b) displays BE04 (open circles) and the optimised AT04 line, DMS × MLD = 40 (grey squares).  Panel (a) excludes 4 data points for AU02 where the algorithm significantly over-predicts DMS concentrations (residual values not shown are 6.1, 6.7, 24.8 and 26.5).  Panel (b) excludes 2 data points for BE04 where the algorithm significantly over-predicts DMS concentrations (residual values not shown are 8.8 and 13.0).  These exclusions were necessary to ensure the scales are appropriate so that the remaining data is both readable and comparable.
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Figure 2
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Figure 3
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Figure 5
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Figure 6
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Figure 7
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