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ABSTRACT

The NERC Atlantic Meridional Transect (AMT) programme involves a biannual UK-
Falklands research transect and has facilitated detailed study of the Atlantic’s oligotrophic
gyres. Dimethylsulphide (DMS) and dimethylsulphoniopropionate (dissolved and
particulate, DMSPd and DMSPp) were depth profiled on cruises throughout 2001-03
(AMT-12, -13 and -14) and combined with data previously collected by Conor McKee
(AMT-5 and -9). Ambient surface DMS concentrations were low (1.0 nM mean; 0.01 —
13.4 nM range), while fluxes were variable (0.4 — 12.2 umol m? day'l). The dataset was
interpreted in conjunction with ancillary data such as accessory pigments, carbon fixation
rates, bacterial numbers and DMSP-lyase activity as available. As expected, DMS and
DMSPp correlated poorly with an indicator of biomass (chlorophyll a). However,
significant positive correlations with carbon fixation rates (primary production) were
observed. When divided into biogeochemical provinces (Longhurst, 1995) it became clear
that such regions are not homogeneous and caution should be exercised when extrapolating
measured data to these scales. When compared with values from predictive models,
measured surface DMS concentrations were found to be lower. During AMT-14, the in
vitro activity of the enzyme responsible for DMS production (DMSP-lyase) was often
substantially higher at the surface compared to the chlorophyll maximum. These results
provide some support for the proposed protective role of DMS and related parameters

during periods of oxidative stress.

Atmospheric gas (ammonia, NH3) and aerosol measurements were made throughout AMT-
12, -13 and -14. Results suggest that the NHj3 flux is finely balanced between in and out of
the ocean in low latitudes (flux range between -7.3 and 24.8 umol m?day™). The potential
for a flux out of the ocean is surprising given the low seawater ammonium concentrations
in such regions. The submicron ammonium to non-sea-salt sulphate (NH4+:nssSO42') ratio
in remote marine aerosol was consistently greater than 1:1 (i.e. between partially and fully
neutralised). However, little correlation was apparent between DMS and NHj for either
sea-to-air fluxes or oceanic concentrations. Studies from around the globe consistently
produce a mean NH4+:nssSO42' aerosol ratio between 1:1 and 2:1, but the degree of
variation in individual samples suggests that it may be driven purely by variations in

source strength of NH3; and nssSO42'.
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remaining data is both readable and comparable.

Cruise track and sample locations for AMT-14 cruise northbound from the

Falkland Islands to the UK (May 2004). Samples were divided into four

geographical sections (I-IV) as part of the data analysis (see text). In addition, the

season for each hemisphere is indicated. Plot produced using the freely-available

Ocean Data View (http://odv.awi-bremerhaven.de/home.html). 132
Latitudinal distribution of data for (a) DLA (nmol L'l); and (b) DLA:TChl a ratio

(nmol L' h™' ug™' TChl a). Open circles (HPLC chlorophyll) and squares
(acetone-extracted chlorophyll) denote surface samples and samples from the

chlorophyll maximum are represented by filled squares. In this and subsequent

figures sections I to IV (see text) are labelled along the top of the figure and

indicated by solid vertical lines. 135
Latitudinal distribution of data for (a) DMS (nmol L™), (b) DMSPd (nmol L™, (c)

DMSPp (nmol L") and (d) DLA:DMSPp ratio (h™"). Open circles denote surface

samples and samples from the chlorophyll maximum are represented by filled

squares. 138
Plot of phytoplankton carbon fixation (mmol C m™ d") versus DLA:TChl a ratio

(nmol L' h™' ug™ TChl a). Open circles denote surface samples and samples from

the chlorophyll maximum are represented by filled squares. The mean

concentrations for carbon fixation (0.28 mmol C m™ d') and DLA (131.7 nmol L™

h"' ug” TChl a) are plotted as solid lines on the vertical and horizontal axes. 140
Latitudinal distribution of (a) nitrate concentration, NO;~ (nmol L), and depth of
nitracline (defined as depth of 1 pmol L' NO;” isopleth); (b) F,/F,, ratio; (c)
photoprotective pigment (PP) to photosynthetic pigment (PS) ratio (mol/mol), and

(d) DLA:TChl a ratio (nmol L' h™" ug™ TChl a). Open circles (HPLC

chlorophyll) and squares (acetone-extracted chlorophyll) denote surface samples

and samples from the chlorophyll maximum are represented by filled squares.

Dashed line in (a) represents nitracline depth (m). See text for definition of PP:PS

pigment ratio and F,/F,, ratio. 141
Diagrammatic representation of how a cascade impactor is set up and operated.

Although 6 impactor stages were available, only 3 stages were used (see text).

Diagram courtesy of Tim Lesworth. 149
Schematic diagram of a filter pack system (figure taken from Johnson, 2004).

Whatman 41 filters were coated with oxalic acid. 150
The fluorescence development-plateau-decay cycle of the OPA method (figure

taken from Holmes et al., 1999). 152
Latitudinal distribution of fine fraction (<1 um) atmospheric MSA concentration

(filled squares) and DMS flux (red dots and line) along the AMT-14 transect.

Error bars on MSA concentrations represent one standard deviation. 158
Latitudinal distribution of fine fraction (<1 pm) atmospheric MSA concentration

(filled squares) and seawater surface DMS concentration (red dots and line) along

the AMT-14 transect. Error bars on MSA concentrations represent one standard 159

xiil



Figure 6.6

Figure 6.7

Figure 6.8

Figure 6.9

Figure 6.10

Figure 6.11

deviation, but these are so small as to only be seen on one point close to the
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depending on whether they were deemed ‘Marine’ (blue) or Saharan ‘Dust’
influenced (red) using criterion defined in Section 6.2.4. Part (b) displays the
concentration of particulate nssSO42' vs. NH4" in each (<1 pm) sample, colour-
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Chapter 1: Introduction

1 Introduction

There are a number of sulphur and nitrogen compounds involved in important processes
within the lower atmosphere and surface ocean. For many years, oceanic emissions of
dimethylsulphide (DMS, a biogenic trace gas) to the atmosphere have been recognised to
be of potential climatic significance (Charlson et al., 1987). In addition, the supply of
sulphur to the terrestrial sphere has been shown to influence the quality and yield of plants
and crops such as wheat (Zhao et al., 1999). Meanwhile, in areas of the surface ocean
where nitrogen is limiting, the flux of gaseous ammonia (NH3(,)) in or out of the ocean
may have significant impacts upon atmospheric chemistry and biological production in the

ocean.

At a basic level, theoretical links between nitrogen and sulphur cycles are apparent.

Should the flux of NH3 have an impact on biological production in certain areas, then
oceanic DMS emissions are also likely to be affected. A proportion of DMS oxidised in
the atmosphere influences cloud formation by forming cloud condensation nuclei (CCN)
and thereby affects the amount of solar radiation reaching the earth’s surface (Twomey,
1977). The phytoplanktonic production of DMS and potential climatic feedback is known
as the CLAW hypothesis, so named after the initials of the authors of the original paper —
Charlson, Lovelock, Andreae and Warren (1987). Once acidic aerosol droplets are formed,
they scavenge basic material such as NHj3(,) from the atmosphere, forming either partially
neutralised, NH4HSOy, or fully neutralised, (NH4),SO,, ammonium sulphate. The nitrogen
and sulphur cycles are primarily driven by biological activity in the surface ocean while
redox chemistry plays a role in both atmosphere and ocean. It is clear that this cannot be
summarised in one paragraph, but the examples above impart an idea of how the elements’

pathways may be entwined.

In addition to theory, analytical evidence has been produced suggesting a real link between
the cycles. Atmospheric aerosol measurements from the central Pacific Ocean
demonstrated a consistent particulate NH4" to non sea-salt sulphate (nssSO42') mean molar
ratio close to one (Quinn et al., 1990). The authors suggest that the consistency of this
ratio might indicate a relationship between the factors controlling the production of NH3
and nssSO4> (derived from DMS oxidation) in remote marine environments. Although no
direct correlation between seawater DMS and NH; was found, fluxes were out of the ocean

for both chemical species and approximately the same order of magnitude (Quinn et al.,
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1990). A potential relationship is attractive when considered in the context of its
theoretical impact on the CLAW hypothesis as ammonium-sulphate-H,O particles
demonstrate enhanced nucleation rates relative to sulphate-H,O particles (Coffman and

Hegg, 1995; Korhonen et al., 1999). This is the driving force behind my PhD research.

The following sections detail the chemistry and physics behind the sea-air gas exchange
and flux of NHj3(,) and DMS (Section 1.1), the biological processes influencing sulphurous
and nitrogenous compounds in the surface ocean, and the chemistry dictating atmospheric
aerosol composition and acidity in remote regions (encompassed in Sections 1.2 & 1.3).
Finally, this chapter will bring together the nitrogen and sulphur cycles (Section 1.4),
before introducing the programme that was integral to this study and outlining my PhD

research (Section 1.5).
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1.1 Air-Sea Gas Exchange

Both DMS and NHj cross the air-sea interface in gaseous form and it is therefore important

to outline current understanding of this process. Gas exchange theory employs the premise

that, if there is a concentration gradient between two regions, the flux will be towards the

region of lowest concentration and away from the region of highest concentration.

However, the ocean-atmosphere interface is not as simple due to the phase change between

the two regions (water and air). At the molecular scale, there is a theoretical point where

any movement of gases across the air-sea interface is via molecular processes. The

interfacial layers either side of the interface are considered to provide the main resistance

to gas transport while the main body of fluid (or air) is well mixed (Liss and Slater, 1974).

This theory is represented by the ‘thin film model’ (Figure 1.1).

Concentration
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3
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- ] Molecular ‘.'
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5
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Figure 1.1 Thin film model of a gas-liquid interface (figure taken from Liss and Slater, 1974).

Using this model, Liss and Slater (1974) derive an equation for gas exchange between the

ocean and atmosphere that many authors have used as a basis for calculating gas fluxes:

F=FkAc

Equation 1.1

where F is the flux of gas through the layer; Ac is the concentration difference across the

layer and k is termed the transfer velocity. k has dimensions of velocity and is a measure

of the flux of gas per unit concentration gradient.

k depends on a number of factors, the
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most important being the degree of turbulence on both sides of the interface and the
chemical reactivity of the gas (Liss and Slater, 1974). Whilst near-surface turbulence in
both the atmosphere and the ocean is a major control on air-sea gas exchange kinetics, it is
difficult to quantify and measure. It is easier to measure an environmental parameter that
influences near-surface turbulence and from this make parameterisations in order to relate
it to the exchange constant (k). The easiest environmental parameter to measure is wind
speed as it can be predicted using satellite data and therefore enables global estimates of
air-sea fluxes. Other potential controls on near-surface turbulence are surface currents,

convective overturning and, if the water column is shallow enough, bottom friction.

Equation 1.1 can be displayed in more detail if Henry’s law is included. Henry’s law
states that, for an air-water interface at equilibrium, the ratio of a compound’s
concentration in the gas phase [A]g over its concentration in the liquid phase [A]y is equal
to a constant, Hc. This can be re-written with either [A]g or [A]L as the subject:

Al =Hc[A]
Equation 1.2

A] = [E]G

Equation 1.3

Hc varies with temperature and the relationship is different for every gaseous compound;
the temperature-dependent relationships for NH; (Dasgupta and Dong, 1986) and DMS
(Dacey et al., 1984) are displayed below (T represents temperature in °K):

42 970

&
H NH, =10 where H has units of moles litre ! atm™

Equation 1.4

[ﬂ+12.64j
T

HDMs =C where H has units of atm litre moles™!

Equation 1.5

The form of Equation 1.4 needs to be adjusted for two factors. The H¢ for NH; presented
by Dasgupta and Dong (1986) has units of moles litre” atm™ and is in the form

[liquid]/[gas]. In order to be used in the flux calculation (see Equation 1.8 later), the Hc
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for NH3; must be unitless and in the form [gas]/[liquid]. The following correction factors
must therefore be used:
Firstly, Equation 1.4 must be multiplied by the ideal gas volume for one mole (V).
This varies with temperature (T) as per the following equation:

V= 2241x| L
273

Equation 1.6

where V,, has units of litre! and T has units of °K.
Secondly, Equation 1.4 must be inversed to get it into the form [liquid]/[gas]
(sometimes called the Ostwald solubility coefficient).
The Hpwms presented by Dacey et al. (1984) and displayed in Equation 1.5 also needs to be
adjusted so that it is unitless. This is a lot easier as it simply involves dividing Hpms by

Equation 1.6.

H¢ for DMS has been shown to vary linearly with sodium chloride concentration at a fixed
temperature although the authors do not provide an equation (Wong and Wang, 1997).
This supports the findings of Dacey et al. (1984) who showed that DMS solubility is 16-
19% lower in seawater relative to distilled water over the temperature range measured.
While H¢ for NHj is also likely to vary with salinity in a similar manner, there is little
information within the literature concerning the nature of the relationship. Gibb (1994),
McKee (2001) and Johnson (2004) all used the statement that gases are 20% less soluble in
seawater (Stumm and Morgan, 1981) to correct Hc for their NH3 flux calculations. This
has previously proven confusing as it is not Hc that is 20% reduced, but rather the
concentration of gas in seawater. The liquid concentration must therefore be multiplied by
0.8 to reduce it by 20%. When Hc is in the [liquid]/[gas] form, it must be multiplied by
0.8; however, when Hc is in the [gas]/[liquid] form, it must be multiplied by 1.25 (i.e. 1
divided by 0.8). This salinity correction approach can also be applied to the H¢ value for
DMS, but the value of 1.25 should be corrected slightly according to the experimental
findings of Dacey et al. (1984), which would mean multiplying the Hc for DMS by
between 1.19 and 1.23.

Air-sea exchange of NHj is controlled by a number of different parameters. Quinn et al.,
(1996) attempted to assess the sensitivity of their calculated NH3 flux to variations in these

parameters; they found that the atmospheric and seawater concentrations of NH3 had the
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greatest influence on the flux. Seawater temperature had a less pronounced influence,
while salinity, seawater pH and the exchange velocity each had a minimal influence
(Quinn et al., 1996). It should be noted that pH would actually have a substantial impact
on the flux were seawater not buffered to changes in pH. More recent work corroborated
the conclusions of Quinn et al. (1996) and showed that within natural ranges and when
equilibrium concentrations are fixed, temperature has the greatest influence relative to
salinity and pH on equilibrium NHj3() concentrations, with pH of secondary importance

(Johnson, 2004).

Either Equation 1.2 or Equation 1.3 can be incorporated into Equation 1.1 and Figure 1.1
to describe the flux of a gas across the air-sea interface (see Figure 1.2a&b). NHs is a
highly soluble gas, so it is the gas phase side of the flux that controls its exchange velocity
(k). There is essentially no concentration gradient at the very surface of the ocean (i.e. Csp,
= Cp) because NH3 dissolves so easily. Contrastingly, DMS is only moderately soluble
and the liquid phase side is therefore the dominant control on the exchange velocity, k (i.e.
no difference between Csg and Cg). Measurements of the Hc for DMS have confirmed this
(Dacey et al., 1984; Wong and Wang, 1997). However, as DMS is rapidly oxidised in the
atmosphere and its dominant source is the ocean, concentrations in surface seawater are up
to three orders of magnitude higher than the overlying atmosphere (Putaud and Nguyen,
1996). As a result, most flux calculations assume that [A]g is negligible and only use

measured seawater concentrations (Quinn et al., 1990).

(a) (b)

Figure 1.2 Adapted thin film model for (a) NHj3, and (b) DMS (figures adapted from Liss and Slater,
1974).
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Using information from the previous paragraph, modified versions of the thin-film model
(Figure 1.2) and different equations for calculating DMS and NHj; fluxes between the

ocean and atmosphere (Equation 1.7 and Equation 1.8) can be produced:

1

F=k|(DMS) ——F—
‘ " H,,(DMS),

Equation 1.7

F=ky|(Hy, [NH,] )-(NH,) |

Equation 1.8

Note that k; and kg still represent the transfer velocity (k) whilst indicating whether the
flux is controlled on the liquid or gas side of the interface. These equations are based upon
physical theory and do not provide the full story regarding all the differences in the
behaviour of these gases. Chemical or biological processes cause changes in atmospheric
and oceanic concentrations that directly influence the rate and possibly direction of gas

exchange, particularly in the case of NHj3.

For both the DMS and the NH3 flux calculations, wind speed should be normalised to 10 m

above sea level (U;y) using a bulk formula (see Hood et al., 2001):

c» z -
Uref = Umeas |:1 - dTln i:|

meas

Equation 1.9

where U, and U,,.q are the wind speed for the reference height (Z,.y) and the measurement
height (Z,.qs) respectively. k is the von Karman constant (0.4) and the drag coefficient (Cy)
is assumed to be 1.1 x 10™. This formula is a simplification of reality as it assumes neutral
stratification of the atmosphere, and the value for C,; assumes temperature and humidity
conditions considered representative of the open ocean (Smith, 1988). However, the error
created when calculating gas fluxes is minimal and this assumption can therefore be made

with confidence (Hood et al., 2001).
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1.1.1 DMS Flux and Wind Speed

Over the years, a number of relationships between wind speed and air-sea gas exchange
have been presented in terms of a Schmidt number (Sc) of 600 (i.e. CO; in freshwater at
20°C). Sc is defined as the ratio of kinetic viscosity to molecular diffusivity. The wind
speed-gas exchange velocity relationships can applied to DMS sea-air exchange using the

equations below (Liss and Merlivat, 1986) to account for the different Sc value for DMS:

2
Sc _(5)
kDMS = k600'( 6(D)A(/;S j for Ujp<3.6
Equation 1.10
1
Sc _(E)
kDMS = kﬁ()()‘( 6([))A(;S j for Ujp > 3.6

Equation 1.11

where kqgo represents the transfer velocity for a gas with Sc¢c = 600; and U is wind speed at
10 metres above sea level in m sec’’. The temperature dependence of Scpys can be
calculated using the following formula (Saltzman et al., 1993):

Scpus = 2674.0 — 147.12¢ + 3.726¢ — 0.038¢
Equation 1.12

where: = temperature in °C.

The original wind speed versus k. (or ksgp) relationship was based upon studies in a wind-
wave tank, which were then scaled up to a lake with intermediate winds before comparison
with oceanic measurements (Liss and Merlivat, 1986). At around the same time, another
relationship was devised using a radon-deficient method and assumed no gas transfer until
a wind speed of 3 m sec”' at 20 m height (Smethie et al., 1985). This relationship was
subsequently modified to incorporate measurements using the global bomb-'*C inventory
(Tans et al., 1990). Variations in wind speed and direction were then recognised as
potentially influential during gas exchange, and a quadratic dependence was suggested
(Wanninkhof, 1992). More recent work using an eddy correlation technique has
acknowledged the influence of surfactants at low wind speeds and bubble-enhanced
transfer at high wind speeds, producing a cubic relationship (Wanninkhof and McGillis,
1999). Numerous dual tracer experiments have attempted to quantify sea-air gas exchange

using SFs and the more volatile *He (e.g. Watson et al., 1991). In particular, a dual tracer
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study was carried out in the North Sea, which also used a non-volatile bacterial spore to

account for tracer dispersion and dilution (Nightingale et al., 2000b).

All of the above relationships can potentially be used to estimate the water-phase
controlled exchange velocity (kz) of CO,, and hence DMS. There are significant
differences between all the relationships mentioned, particularly at higher wind speeds,
which is likely explained by variations in study location (e.g. biological activity) and
environmental situation (e.g. surfactants, bubble bursting, rain, etc.); most of these
relationships are displayed in Figure 1.3. For all DMS flux calculations made during this
project (see Section 4.3.1), the formulation from Nightingale et al. (2000b) was used:
k=0.222 (Uyp)* +0.333 Uyg

Equation 1.13

where Uy is the wind speed in m sec” at a standard reference height (10 m above sea

level).

Figure 1.3 Summary of gas exchange results in the ocean and empirical relationships derived, in part,
from the data shown. All data have been normalised to Sc = 600. The empirical relationships are those of
Liss and Merlivat (1986), L-83; Wanninkhof (1992), W-92; Smethie et al. (1985), S-86; Wanninkhof and
McGillis (1999), W-99; and Nightingale et al. (2000b), N-2000. Closed circles (tracer) represent dual-tracer
results; open squares (Rn) represent results using the radon-deficient method; open circle (C-14) represents

the global estimate based on bomb-radiocarbon (figure taken from Donelan and Wanninkhof, 2002).
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As mentioned earlier, there are factors other than wind speed that influence the k; of DMS.
When the ocean surface becomes turbulent enough, it changes in nature and this can
dramatically influence the rate of gas exchange between the atmosphere and ocean.
Probably the biggest factors are the thresholds at which waves begin to break and the
resultant bubbles. The Liss and Merlivat (1986) relationship attempts to deal with this by
defining wind speeds at which the k, versus wind speed relationship alters (3.6 m sec” and
13 m sec"l); subsequent relationships (Smethie et al., 1985; Wanninkhof, 1992;
Wanninkhof and McGillis, 1999; Nightingale et al., 2000b) also acknowledge this
influence but without critical wind speed thresholds for capillary waves and breaking

waves/bubble formation.

Recent eddy-correlation measurements made with an atmospheric pressure ionization mass
spectrometer (APIMS) have facilitated detailed and high frequency study of DMS fluxes
(Huebert et al., 2004). Using this data as part of the National Oceanic and Atmospheric
Administration (NOAA) Coupled Ocean Atmosphere Response Experiment (COARE) gas
flux parameterisation has demonstrated the importance of gas solubility in bubble-
mediated transfer (Blomquist et al., 2006). DMS has a higher solubility than CO, and the
result is a flatter transfer velocity curve as wind speed increases; a power-fit was applied to
observed eddy correlation measurements (Blomquist et al., 2006):

kpus = (U1o)"
Equation 1.14

The development of technology that enables accurate and frequent measurements of DMS
fluxes promises significant improvements in current understanding of air-sea gas

exchange.

Raindrops impact upon air-water gas exchange — they contribute to near-surface turbulence
and entrain bubbles, which can account for up to 20% of gas exchange during rainfall at
low wind speeds (Ho et al., 2000). Areas with low wind speed and high rainfall rate (e.g.
wetlands) are most likely to have their gas exchange rates influenced by rainfall (Ho,
1997). Little is known about rainfall induced gas transfer in the open ocean; at low wind
speeds, the difference in density between rainwater (fresh) and saltwater may lead to
stratification of the water column, reducing gas exchange (Ho, 1997). However, if the

wind speed is higher or the raindrop size is larger, then the likelihood of this stratification

10
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being dispersed increases (Ho et al., 2000). Furthermore, the potential disruption of any

surfactant layer by raindrops should be considered (Ho, 1997).

It is important to be aware that the gas exchange rate of DMS can be particularly
influenced within the ‘thin film’ of surface waters. Any changes within this microlayer,
which is at most tens of microns thick, can significantly alter the diffusivity rate and hence
the rate of gas exchange (Hunter, 1997). Biological action could potentially change the
chemistry within this layer and therefore alter the reactions that take place with chemical
species diffusing across the interface (Hardy, 1997). Recent work has identified that
bacteria within the microlayer (the bacterioneuston) are considerably less diverse than
communities in pelagic water samples, but suggests they are genetically distinct (Franklin
et al., 2005). Other experiments found that adding methanotrophs to the microlayer in a
tank setup had a significant influence on the exchange of methane across the air-sea

interface (Upstill-Goddard et al., 2003).

The production of surfactants through biological action results in a more viscous surface
layer, which can hinder diffusion across the liquid-gas boundary (altering k;) and reduces
the influence of near-surface turbulence (Goldman et al., 1988). However, this effect was
not observed in the natural environment during the development of an open ocean algal
bloom (Nightingale et al., 2000a). The significant influence of parameters which do not
scale with wind speed was acknowledged by Nightingale et al. (2000b) when they

evaluated a number of air-sea gas exchange dual tracer experiments.

11
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1.1.2 NH; Flux and Wind Speed

Equation 1.8 uses the concentration of NHj3 in both air and liquid in order to calculate the
gas flux across the interface. However, NHj3 exists in seawater as part of the following
equilibrium:

NH,,  +H"ug <> NH, @)

3(aq)
Equation 1.15

Approximately 10% of this nitrogen is in the NH;3 form in seawater when pH = 8.2,
temperature = 25°C (Quinn et al., 1996). When seawater is analysed for NH," using
conventional analytical techniques, what is typically measured is the sum of NHj plus
NH." so the result is referred to as NHx. In order to calculate the NH; concentration in

water, the NHx value must be corrected using the following formula:

Equation 1.16

where K, = acid dissociation equilibrium constant of NH,".

K, has been shown to vary with both temperature and salinity (Khoo et al., 1977;
Johansson and Wedborg, 1980). Numerous air-sea gas exchange studies of NHj3 (e.g. Gibb
et al., 1999a; McKee, 2001; Johnson, 2004) have used Equation 1.17 to correct for

temperature and salinity variations (from Khoo et al., 1977):

pK, = pK, +(0.1552—0.00031421).1,

Equation 1.17
where: pK,, = the thermodynamic dissociation constant of ammonium ion in pure water; t =
temperature (°C); and Ir = formal ionic strength of the solution. However, this formulation
is incorrect as it does not accurately reproduce the measurements presented within the
paper or equivalent measurements presented elsewhere (e.g. Hales and Drewes, 1979;

Johansson and Wedborg, 1980).

12
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The most appropriate correction for the effect of temperature and salinity on pK, uses the

following equation (Johansson and Wedborg, 1980):

pK, =-0.467+(0.00113.5) + ( 2887'9]

Equation 1.18

where: pK, = —-log;oK,; T = temperature in °K; and S = Salinity. Using Equation 1.16 and

Equation 1.18, the NH; concentration in seawater can be calculated.

The other requirement for Equation 1.8 is the exchange velocity of NHj3 (kg). Due to its
similarity in molecular shape, weight, size, polarity and hydrogen bonding, the NH3
molecule is assumed to have a comparable k¢ to water (Liss and Slater, 1974). The authors
quote the exchange velocity for water as 3000 cm hr' (or 8.3 x 10™ m sec™), and this value
has been used for many studies (e.g. Quinn et al., 1996). However, for simultaneous
atmosphere-ocean flux studies, an empirically derived ks would improve the accuracy of
the flux calculation (Quinn et al., 1988). A linear wind-dependent version of the air-phase

controlled exchange velocity now exists (Duce et al., 1991):

UlO

kg = 1
{770 + 45(MW)3}

Equation 1.19

where Uy = wind velocity in m s"l; MW is the molar weight of NH; (17 g mol'l); and kg 1s
the exchange velocity in cm sec”. This relationship is a representation of the atmospheric
resistance in both the diffusive layer and the turbulent layer, both of which scale with wind
speed and wind stress at the ocean surface (Duce et al., 1991). The inverse of Equation
1.19 (see also Figure 1.4) is equal to the atmospheric resistance (r,) and has been shown to
compare well with experimental data at an approximate wind speed of 10 m sec” (Liss and

Slater, 1974).

13
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1.2 The Reduced Sulphur Cycle

As has been explained, the concentration of DMS in the surface ocean relative to its
concentration in the air essentially drives its flux into the atmosphere. As Figure 1.5
clearly illustrates, oceanic concentrations are variable on a spatial (but also temporal)
scale; this information (Figure 1.5) is also useful to put into context the data collected for
this thesis work. An understanding of the processes controlling seawater concentrations is
therefore particularly important in order to quantify and predict such a flux. The following
sections attempt to explain current understanding of the biological processes and chemical
reactions involved in both the lower atmosphere and surface ocean cycles of reduced

sulphur.

Figure 1.5 Global surface DMS concentrations capped at 20 nM to aid readability; maximum
concentrations measured exceed 300 nM. Source = global DMS database http://saga.pmel.noaa.gov/dms/
(Kettle et al., 1999; Kettle and Andreae, 2000). Plot produced using Ocean Data View (http://odv.awi-

bremerhaven.de/home.html).
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1.2.1 Surface Ocean

Whilst atmospheric DMS is considered a direct result of biological activity in the surface

ocean, there are multiple pathways by which it can be produced. It is accepted that the

main precursor to DMS is S-dimethylsulphoniopropionate ((CH3),S"CH,CH,COQ") or

DMSP, which constitutes the major fraction of organic sulphur in many living marine

particles (Simo, 2001). DMSP is synthesised by various types of phytoplankton and is a

major cell constituent, although the relative rates of production can vary significantly.

This leads to three major questions:

» Why is DMSP (and thus DMS) produced?

» What processes lead to DMSP breakdown (see Figure 1.6) and the resultant formation
of DMS and acrylic acid?

» What are the loss processes for DMSP and DMS?

CH, — S 2
|
CH,
(DMSP)
CH,— S
| (DMS)
CH,
CH, coo-
N oon
(Acrylate) H
(Proton)
Figure 1.6 The chemical breakdown of a molecule of DMSP and the resulting products — DMS,

acrylate and a proton.

Why is DMSP (and thus DMS) produced?

There are a variety of theories concerning why DMSP is produced. One suggestion is that
DMSP might act as a methyl donor in metabolic reactions (Simo, 2001). Due to its
apparent abundance in phytoplankton, initial suggestions were that DMSP might be a
compatible solute used to for osmotic adjustment without interfering with cell function and
to protect cell proteins and other cell components from high and low (i.e. freezing)
temperatures (Stefels, 2000). Subsequently, a number of links between DMSP production
and nitrogen availability have been suggested (concerning osmoregulation and/or excess

energy within the cell). These will be addressed in more detail in Section 1.4.
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It has been suggested that the production of DMSP and its oxidation products help
phytoplankton cells combat oxidative stress resulting from the production of harmful levels
of oxidative radicals (Sunda et al., 2002). When taken together, DMSP and its
breakdown/oxidation products (DMS, acrylate, dimethylsulphoxide, and methane sulphinic
acid) comprise an effective cascade mechanism that protects against harmful oxidative
radicals, with DMS in particular more reactive (with hydroxyl radials) than other well-
recognised anti-oxidants such as ascorbate and glutathione. Although DMSP is
fundamental for this anti-oxidant system, the rate constants for the reaction of DMS and
acrylate with hydroxyl radicals (OHe) are 1-2 orders of magnitude greater than for DMSP
(Sunda et al., 2002). Furthermore, intracellular DMSP concentrations have been shown to
increase under conditions of oxidative stress (e.g. UV radiation, iron limitation, CO,
limitation) in laboratory cultures of the diatom Thalassiosira pseudonana and the
coccolithophore Emiliania huxleyi (Sunda et al., 2002). In contrast, however, a laboratory
study published a month earlier, found no apparent change in the synthesis of DMSP by
Emiliania huxleyi under UV levels comparable to natural solar conditions (van Rijssel and

Buma, 2002).

There is a clear attractiveness to the anti-oxidant theory (Sunda et al., 2002) because of an
apparent link with the CLAW hypothesis. DMSP production to protect against oxidative
stressors such as solar ultraviolet radiation would facilitate DMS ventilation into the
atmosphere, reducing the exposure of the surface ocean to UV radiation. However, as is
evident from the variety of suggested DMSP production mechanisms, all theories

concerning why DMSP is produced need to be rigorously tested.

A final theory for DMSP production relates to processes involved in actively converting
DMSP to DMS and acrylic acid. DMS production is elevated when grazing takes place
and it has been suggested that a chemical defence mechanism is operating that protects
certain phytoplankton species from herbivores (Wolfe et al., 1997; Steinke et al., 2002c).
This shall be discussed further within the section concerning DMSP breakdown and

DMS/acrylic acid formation (see below).

17
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What processes lead to DMSP breakdown and the resultant formation of DMS and
acrylic acid?

The best way to introduce our current understanding of this complex set of ecological
interactions is to use a schematic (Figure 1.7). From this, one can quickly ascertain why
attempts to simply correlate DMS with other water column parameters on a large spatial or
temporal scale have proven dissatisfactory. DMSP breakdown mainly occurs
extracellularly. Whilst some intracellular DMSP is exuded naturally and is therefore
related to phytoplankton taxa, biomass and productivity, there are other processes that
cause DMSP release from cells (e.g. viral lysis, grazing, algal senescence). In addition, not
all dissolved DMSP is converted to DMS (Kiene and Linn, 2000), as discussed at the end
of this section. As a result of the alternative consumption pathways and release
mechanisms, DMS production is only indirectly related to DMSP measurements or other

proxies such as chlorophyll a or phytoplankton biomass.

Figure 1.7 The fate of phytoplanktonic DMSP in seawater (figure taken from Simo, 2001).

There are three known mechanisms that cause cell lysis and the release of DMSP into the

water column:

» autolysis, where a phytoplankton cell senesces at the end of its life (Malin et al., 1994);

» lytic viral infection, where viruses invade the host, reproduce and then compromise the
cell membrane to release the viral progeny (Malin et al., 1998)

» grazing (covered in more detail below).
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After DMSP is released into the water column it can be converted to DMS by algal and
bacterial DMSP-lyase enzymes. A study by Wolfe et al. (2002) observed physiological
DMS production by some algae after shifts in the light regime. When Emiliania huxleyi
cells in the exponential phase were transferred to the dark the cultures accumulated DMS,
but upon transfer back into the light, DMS accumulation ceased within 24 hrs. The authors
are, however, unsure whether this was due to DMSP cleavage increasing as a result of dark
stress, or a reduction in DMS destruction via oxygen radical scavenging in the dark (Wolfe

et al., 2002).

Various phytoplankton species are thought to compartmentalise the DMSP-lyase enzyme
away from their intracellular DMSP store. Alternatively, it has been suggested that
enzyme activation may only proceed in the presence of a co-factor. Different taxa and
even different strains of the same species can be described as high- or low-lyase activity
(Steinke et al., 1998; Steinke et al., 2002a). Laboratory studies have shown that algal
DMSP-lyase activity (DLA) may be involved in an activated chemical defence reaction of
Emiliania huxleyi cells against grazing (Wolfe et al., 1997). This species shows strain-
specific DLA and grazing experiments with the heterotrophic dinoflagellate Oxyrrhis
marina indicated that strains with high DLA are consistently grazed at lower rates. This
defence mechanism has also been observed in macroalgae during grazing by the sea urchin
Strongylocentrotus droebachiensis (Van Alstyne and Houser, 2003). In addition to this,
certain bacteria contain the DMSP lyase enzyme(s) and can be found free in solution,
attached to particles or in the guts and vacuoles of grazers (Simo, 2001). A discussion of
DMSP-lyase activity measurements (this study and previous studies) in the natural

environment can be found in Chapter 5, Section 5.1.

DMSP is thought to support between 1 and 13% of the bacterial carbon demand in surface
ocean waters (Kiene et al., 2000), making it an important growth substrate as well as a
significant source of sulphur for marine bacterioplankton. The sulphur demand of bacteria
might therefore influence the conversion rate of DMSP to DMS (i.e. high sulphur demand
= low conversion from DMSP to DMS due to high sulphur assimilation). Although there
is debate concerning the intricacies of the ‘DMSP availability hypothesis’ (Kiene et al.,
2000; Simo, 2001), the basic principle remains the same — DMS production in surface
waters is reliant upon both bacterial productivity (and sulphur demand) and the rate of

DMSP release from phytoplankton cells.
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Grazing by zooplankton is another influence upon DMS concentration in the water
column. Several laboratory studies have shown that zooplankton (from micro to macro in
size) grazing enhances dissolved DMSP (DMSPd) and DMS production (Dacey and
Wakeham, 1986; Malin et al., 1994; Wolfe and Steinke, 1996). Upon ingestion by
zooplankton, some DMSPd in the gut of the grazer is converted to DMS via algal and
bacterial DMSP-lyase isozymes (Simo, 2001). Ingestion of particulate DMSP (DMSPp)
by microzooplankton has been observed in the natural environment (Archer et al., 2003)
and the authors considered this process to account for the majority of DMS production
within a Phaeocystis spp. bloom. It is also worth noting that any DMSP not utilised by
bacteria within the zooplankton gut will almost certainly be used as a source of sulphur
once excreted, although this may occur below the euphotic zone (another loss mechanism

for the surface ocean sulphur cycle).

It is thought that Emiliania huxleyi cells are disrupted during microzooplankton grazing,
mixing the compartmentalised DMSPp and DMSP-lyase to produce DMS (Wolfe and
Steinke, 1996). This process has been suggested as a form of chemical defence against
zooplankton grazing (Wolfe et al., 1997); acrylate was suggested as the chemical deterrent
due to its antibacterial action (Sieburth, 1960). Based on incubation experiments in the
Adriatic Sea, Slezak et al. (1994) concluded that acrylic acid concentrations in natural
waters are too low to inhibit bacterioplankton growth. However, the authors’ conclusions
were focussed on bacteria and considered ambient bulk concentrations so did not address
the potential for intracellular acrylic acid build up, which would likely occur either within
a microzooplankton digestive vacuole or within the phycosphere (the concentration

gradient surrounding the cell).

In laboratory experiments using Emiliania huxleyi and a number of different protozoan
herbivores, the products of DMSP breakdown were not acutely toxic but did deter grazing
(Wolfe et al., 1997). Cells did not need to be fully ingested and lysed to deter a predator,
suggesting that the grazers pick up chemosensory cues to select or reject their prey (Wolfe
et al., 1997). The authors suggest that the production of DMS and acrylate gradients
during prey handling might deter predation without producing detectable changes in bulk
DMS concentrations. More recent work concurs: neither DMSP nor the products of its
breakdown are thought to be direct deterrents of grazing but they may act as signals for the

presence of potentially harmful (toxic) algal cells (Strom et al., 2003b). Another related
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piece of work suggested that other ‘don’t eat me’ cues might be found on the cell surface
of high DMSP-lyase activity strains of E. huxleyi as ingestion did not have to occur for
such a cue to be picked up by the grazer (Strom et al., 2003a). Further work is obviously
required to determine what type of cues these might be and whether they vary between
phytoplankton species. It has recently been suggested that DMS acts as an infochemical
for copepods and may facilitate grazing by carnivores (Steinke et al., 2006b). Hence, DMS
could play a role in mediating aquatic tritrophic interactions between, for example, small

phytoplankton, microzooplankton and mesozooplankton (Steinke et al., 2002c).

Finally, it should be noted that there are significant DMSP consumption pathways
involving demethylation and demethiolation that do not lead to DMS production (Figure
1.8). DMSP is a thermodynamically favourable source of sulphur compared to sulphate
(Kiene et al., 2000) and DMSP-derived sulphur has already been shown to be readily
assimilated by Protobacteria (Kiene et al., 1999) and Synechococcus (Malmstrom et al.,

2005).
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Figure 1.8 Generalised view of the paths and fate of sulphur from dissolved DMSP and its degradation
products DMS and methanethiol (MeSH) in seawater based upon average *>S-DMSPd partitioning data
collected during 7 oceanic and 13 coastal-shelf whole water samples (figure taken from Kiene and Linn,

2000).
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What are the loss processes for DMS?

The dominant processes leading to DMS loss from surface waters are as follows:
» ocean-atmosphere flux
» bacterial consumption

» photolysis, both abiotic and bacterially mediated

Ventilation of DMS from the surface ocean is the loss route of interest due to its climatic
significance in the atmosphere, but is considered a relatively small flux in comparison to
other routes of DMS destruction — potentially only 10% of oceanic DMS production
reaches the atmosphere (Malin et al., 1992). The alternative loss mechanisms need to be
accounted for because they are variable even over short timescales and changes in such
processes directly affect the surface ocean DMS pool available for emission to the
atmosphere. Incubation experiments from the North Sea (Slezak et al., 2001) and the
equatorial Pacific (Kieber et al., 1996) suggest that biological consumption of DMS
constitutes a relatively minor proportion of DMS loss relative to photochemical loss in the
upper few metres of the ocean. It should be noted, however, that the ultraviolet (UV)
radiation (wavelength approximately 100-400 nm) also suppresses any bacterial activity
during such incubation experiments. In reality, the euphotic zone of the ocean is much
deeper and organisms at depth are therefore far better protected from UV rays. The fact
that UV radiation can significantly inhibit much of the biological activity due to its
negative impact upon DNA should be considered for all studies of biologically-mediated,

DMS-related processes in the surface ocean.

The abiotic reaction of DMS in the presence of UV radiation forms dimethylsulphoxide or
DMSO, CH3SOCH3;, (Brimblecombe and Shooter, 1986). DMSO is not the only product
of DMS photooxidation — other minor products include dimethylsulphone, DMSO,, and
methane sulphinic acid, MSNA (Hatton, 2002). In situ light wavelengths and the amount
of DOC present influences the relative proportions of different DMS photooxidation
products (Hatton et al., 2005). The significance of DMS photooxidation in the surface
ocean has been investigated by a number of authors (e.g. Kieber et al., 1996; Brugger et al.,
1998; Slezak et al., 2001; Hatton, 2002). DMSO has its own cycle in the surface ocean,
which can impact upon the DMS cycle; this is covered in more detail in the proceeding

paragraphs.
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Briefly, the key points of DMS photolysis are that UV-A and UV-B radiation may remove
DMS via different photolysis pathways (Hatton, 2002) and are primarily dependent on
irradiance levels, although Dissolved Organic Carbon (DOC) also has a critical influence.
The influence of DOC is twofold:

1) Certain DOC compounds such as humic acid act as photosensitisers and their presence
influences the photooxidation reaction kinetics (Brimblecombe and Shooter, 1986).
Another approach has been to consider the relationship between Chromophoric
Dissolved Organic Matter (CDOM) quality (degree of bleaching) and DMS photolysis,
as used by Toole et al. (2003) in Sargasso Sea waters.

2) The concentration of DOC in the water column affects the light-absorptive properties
of surface waters, altering the depth to which UV rays can penetrate and therefore

limiting photooxidation of DMS (Brugger et al., 1998).

DMSO

The concentration of DMSO in surface waters is usually similar to that of DMS (Hatton et
al., 1996; Hatton et al., 1999). DMSO is significant to the surface ocean DMS flux as it
can act as either a source or sink, influencing how much DMS is available for release into
the atmosphere. It was originally thought that DMSO acted primarily as a sink due to
oxidation of DMS either via photochemistry (Brimblecombe and Shooter, 1986) or via
bacterial processes (Zinder and Brock, 1978), but other laboratory evidence suggests that
certain bacteria can reduce DMSO back to DMS (Zeyer et al., 1987). This latter discovery,
when combined with other evidence that certain algae synthesize DMSO (Simo et al.,
1998; Lee et al., 1999), indicates another potentially significant source of DMS to the
surface ocean. DMSO production by algae is generally accepted, but there is ongoing
debate as to its use within algal cells. Suggestions include an intracellular electrolyte
modifier or a cryoprotectant (Lee and de Mora, 1999), although this has been questioned as
Arctic ice-algae were found to contain levels of particulate DMSO that would be unlikely
to significantly depress the freezing point of their intracellular fluids (Lee et al., 2001).
Another proposal for the role of DMSO in algae is part of the oxidant-defence theory (see

earlier in Section 1.1.1).

Regardless of the mechanism or the cause of DMSO production by algae, DMSO is
certainly significant in the marine sulphur cycle as it has recently been estimated that there

is a wider range of algal species that can produce DMSO than there is for DMSP (Lee et
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al., 1999). In addition, DMSO is exceptionally permeable through cell membranes,
causing cells to naturally ‘leak” DMSO into seawater (Lee and de Mora, 1999).

Considering these facts, there is little wonder that bacteria utilise this pool. Recent work

has shown that there are certain strains of the Roseobacter group of bacteria that are able to

aerobically oxidise DMS to DMSO and vice versa (Gonzalez et al., 1999). A chemical
reduction pathway from DMSO to DMS no doubt exists but it is far more likely that the
biological pathway is dominant (Hatton et al., 2005).

In summary, the oceanic cycling of DMS and related compounds is complex with many
biotic and abiotic processes contributing to the overall control of ambient concentrations.
As has been mentioned throughout the above discussion, the compounds discussed, in
particular DMS, DMSP and DMSO, represent only a small part of the reduced sulphur

cycle in the surface ocean, as highlighted in Figure 1.9.

Figure 1.9 Pathways for reduced sulphur cycling in the surface ocean, including the non-sulphurous

metabolite of DMSP breakdown, acrylate.
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1.2.2 Lower Atmosphere

DMS in ambient air is typically found at concentrations of the order of parts per trillion,
ppt (Ayers and Gillett, 2000). The atmospheric concentration is dependent upon biological
production in the underlying surface waters and the rate of sea-air gas exchange, which is
primarily driven by wind speed (see Section 1.1.1). Evidence of these processes
controlling atmospheric concentrations can be found in the literature (e.g. Ayers et al.,

1995).

On a slightly longer timescale, oxidation processes are a significant influence.
Atmospheric DMS is oxidised through reaction with readily-available radicals in the
atmosphere (Figure 1.10); the major products of these reactions are methane sulphonate,
MSA, sulphur dioxide, SO,, and non sea-salt sulphate, nssSO42' (Ayers and Gillett, 2000).
Other products include DMSO and DMSO,. Two radicals in particular are generally
accepted to control the initial oxidation of DMS (Figure 1.10) — during the day the
hydroxyl radical (OHe) is dominant, while nitrate radicals (NOs®) prevail at night
(Atkinson et al., 1984). In the unpolluted marine atmosphere, the daytime reaction of
DMS and OHe is the dominant process and controls atmospheric DMS concentration at the
global scale, while NOs® is important as it prevents atmospheric DMS build up during the
night (Koga and Tanaka, 1993).

There are two major reaction pathways — abstraction and addition. OHe and/or NOse
radicals abstract a hydrogen atom, leading to the eventual formation of SO, and/or H,SOy,
or the OHe radical and DMS can react via an addition pathway, which predominantly
produces MSA (Figure 1.10). For the OHe radical, the relative yields of the two pathways
vary depending on temperature, with the addition pathway dominant below 270°K (-3°C)
and the abstraction pathway dominant above 300°K (27°C) (Hynes et al., 1986). The
NOse radical reaction occurs only via the abstraction pathway and is dependent upon the
ambient NOx concentration (Yin et al., 1990a; Yin et al., 1990b). How these radicals
interact and compete under varying temperature conditions in the lower atmosphere has a
major impact upon the relative strength of each DMS oxidation pathway and the resulting
ratio of the products (particularly MSA and SO,/H,SO,). More recently, the influence of
the bromine oxide radical BrOehas been highlighted (von Glasow and Crutzen, 2004), in

particular because it is only involved in the addition pathway of DMS oxidation.
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Chapter 1: Introduction

A variety of DMS oxidation products as well as DMS itself can be taken up onto existing
CCN (Figure 1.11), while only a proportion of the H,SO4 produced results in new CCN
(Figure 1.10). Aqueous oxidation, or oxidation after uptake onto CCN, can take place to
form either MSA or H,SOy, but neither of these contributes to new CCN formation (Figure
1.11).

uptake uptake uptake uptake
03
— Q o] O
CH.SCH I OH 0 OH Il OH
2] o 95| CHSCH,| T |CHso-| T % | CHSO- ) ——
: : Y, OH 3 3 3 - Il
Dimethylsulfide \ 0
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\ Dlme?ﬁiﬂl:@ﬂde MetZY||?=J~'|-§flll'jlc Methylsulfonic
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N
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X
H,0,, O, HOCI, HOBr, OH
HSO,-
Figure 1.11 Atmospheric, aqueous oxidation reaction pathways of DMS (figure taken from von Glasow

and Crutzen, 2004).

Understanding the relative production of SO,/MSA from DMS oxidation is particularly
important when attempting to interpret long-term atmospheric records, e.g. in ice cores
(Saigne and Legrand, 1987; Legrand et al., 1988; Legrand et al., 1991; Whung et al.,
1994). Other sources of sulphur to the atmosphere such as volcanic emissions and human
activity also lead to the formation of SO, and sulphate aerosol. MSA, on the other hand, is
only produced via DMS oxidation and is therefore a good indicator of DMS emissions. A
clear seasonal trend can be seen at certain remote sites where DMS from a marine source
predominates, e.g. Amsterdam Island (Sciare et al., 2000) and Antarctica (Savoie et al.,
1993). Antarctic ice cores covering the past 160,000 years demonstrate increased
concentrations of MSA and sulphate during the last ice age (Saigne and Legrand, 1987;
Legrand et al., 1988; Legrand et al., 1991). It is not clear whether this is as a result of
increased biological production, possibly as a result of changes in iron supply from the
deserts to the oceans (Jickells et al., 2005), a change in trophic interactions favouring DMS
production, or just changes in atmospheric circulation and snow deposition patterns. In

fact, recent data from the European Project for Ice Coring in Antarctica (EPICA) suggests
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that, over the past eight glacial cycles (740,000 years), the nssSO4> flux has not changed
substantially despite significant changes in climate (Wolff et al., 2006).

As there are three major sources of sulphate to the atmosphere, one challenge has been to
identify the relative amounts contributed by sea-salt, anthropogenic and marine biogenic
sources. This has been achieved using stable sulphur isotopes (i.e. 8°*S), as anthropogenic
8°*S has a distinctly different signature, 0-5%0, compared to biogenic or sea-salt sources,
+20%o0 (McArdle and Liss, 1995). Distinguishing between marine biogenic and sea-salt
sources is more difficult with stable isotopes as little fractionation occurs, but this can be
achieved by calculating the % sea-salt (using sodium and chloride as conservative tracers).
Using this information, a triangular plot of % sea-salt versus 8°*S can be made, with the
three corners representing the major sources of sulphate. This approach has been used on
size fractionated aerosol measurements and results suggest that biogenic sulphate mainly
contributes to atmospheric aerosol by condensing onto existing particles (Wadleigh, 2004),
while the majority of sub-micron sulphate aerosol result from anthropogenic emissions via
either long-range transport of particles/SO; or from emissions due to shipping (Patris et al.,
2000). In addition, this approach enabled Wadleigh (2004) to identify a substantial
biogenic sulphate signature that was, rather unexpectedly, not associated with an increase

in MSA.

There is a possibility that the oxidation of SO, might result in large isotopic fractionation,
and it would therefore be important to quantify this effect. There are two oxidation
pathways: homogeneous nucleation in the gas phase; and heterogeneous nucleation in the
aqueous phase on the surface of aerosol or within cloud droplets. The kinetic process of
homogeneous nucleation favours the lighter isotope while heterogeneous nucleation
appears to fractionate in favour of the heavier isotope (Tanaka et al., 1994) so these
pathways may effectively cancel each other out (McArdle et al., 1998). It has been
postulated that precipitation samples might contain a greater proportion of heterogeneously
oxidised SO, due to greater in and below cloud scavenging. However, a comparison of
aerosol and precipitation 5°*S from Wales and Mace Head, Eire, did not find any consistent

differences (McArdle et al., 1998).
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1.2.3 Climatic Relevance of DMS: the CLAW Hypothesis

Since 1987, a significant amount of scientific endeavour concerning the reduced sulphur

cycle in both the lower atmosphere and surface ocean has resulted due to the suggestion

that DMS may impact upon global climate. In 1987, the landmark CLAW hypothesis was

published, which tied together the following pieces of information (Charlson et al., 1987):

» A large number of phytoplankton species indirectly produce DMS which escapes into
the atmosphere and is oxidised to MSA and nssSO,” aerosols.

> nssSO4> aerosol is found everywhere in the marine atmospheric boundary layer.

» Aerosol particles that act as cloud-condensation nuclei (CCN) in the marine

atmosphere are mainly these nssSO4> particles.

Based on this information, a feedback loop (Figure 1.12) was proposed in which
phytoplankton could self-regulate their environment through the production of DMS,
making it more favourable for growth. The biggest uncertainty in this theory is the effect
of cloud albedo on DMS production; in order for a regulation of climate to occur, the effect
would have to be positive (Charlson et al., 1987). Assuming this was the case, the authors

demonstrated that this effect over the oceans could be significant on a global scale.
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Figure 1.12 Conceptual diagram of the potential climatic feedback loop, later termed the CLAW

hypothesis (figure taken from Charlson et al., 1987).

Since this landmark paper, scientists have discovered the system to be far more complex —

for example, a lot more is now known about the synthesis of DMSP by phytoplankton. In

addition, the timescales of the various processes involved are known to be different,

introducing another level of complexity to the feedback loop. As a result, more questions

have been posed than have been answered, whilst the biggest questions of all — ‘Are the

changes in our climate intimately related to DMS production?’ and ‘How is biological

DMS production affected by changing climate?’” — are far from being resolved.
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1.3 The Reduced Nitrogen Cycle

As with the sulphur cycle, the concentration of NHj in surface seawater is a major
determinant of its flux. However, in contrast to the sulphur cycle, the concentrations on
both sides of the interface are as important as each other, affecting whether the flux is into
or out of the ocean. As with other gases, the magnitude of flux is dependent upon wind
speed (see Section 1.1.2). The following sections detail current understanding of the
processes controlling concentrations of ammonia (NHj3) and its protonated form,

ammonium (NH;"), in both the surface ocean and the lower atmosphere.

1.3.1 Surface Ocean

The global oceanic nitrogen cycle

In order to understand the reduced nitrogen cycle in the surface ocean, it is essential to put
it in the context of the global oceanic nitrogen budget (Figure 1.13). The term nitrogen is
used here to encompass many nitrogen-containing species and does not just refer to Np,
which is relatively inert in chemical terms. Although the flux estimates are now likely to
be out-of-date (e.g. increased anthropogenic activity leading to increased atmospheric and
riverine inputs to the ocean), this is a useful summary of the major nitrogen fluxes that
interact within the global oceanic nitrogen cycle. The salient point from this diagram is
that the individual inputs to and outputs from the euphotic zone are orders of magnitude
less than internal cycling within surface waters, which is largely driven by biological
activities. The source fluxes of ‘new’ nitrogen (i.e. nitrogen that is not recycled within the
euphotic zone) are important in terms of ocean productivity as a change in these will
directly impact upon ‘new’ production, which among other things directly influences the
rate of carbon export to the deep ocean (assuming steady state between the deep ocean and
the surface waters). The diffusion of nitrogen across the thermocline into the euphotic
zone is a dominant source of new nitrogen yet remains a poorly constrained term. A more
recent approach has been to use tritium (*H) and its radioactive decay product ("He) to

estimate the diffusive flux across the thermocline (Jenkins, 1998).
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Figure 1.13 The global nitrogen cycle; pools and annual flux in 10'* g N (figure taken from
Schlesinger, 1991).

Other than NH," and NHj3, the nitrogen cycle is dominated by nitrate (NO5"), as this is
thermodynamically stable. Other dominant species are nitrite (NO;"), nitrous oxide (N,0),
gaseous nitrogen (N;), and organic nitrogen (ON). Organic nitrogen can be classified as
particulate or dissolved (PON and DON respectively) and this distinction is typically
operationally defined by the pore size of the filter used (0.7 pum GF/F is typically used).
The nitrogen pools in the surface of the open ocean are dominated by DON (>80%), while
PON, NH,*, and NO3 +NO; represent approximately equal proportions of the remainder
(Berman and Bronk, 2003). An important form of DON is urea, CO(NH;),, which is
commonly exuded by zooplankton. Most of the aqueous inorganic chemical species
represent oxidation states of nitrogen ranging from oxidised (NOs’, oxidation state +5) to
reduced (NH,", oxidation state -3), but an umbrella term is often applied — Dissolved
Inorganic Nitrogen (DIN). The methylamines (monomethylamine, MMA; dimethylamine,

DMA; and trimethylamine, TMA) also contain nitrogen and are widely distributed in the
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marine environment, but at much lower concentrations (up to 2 orders of magnitude lower

than ammonium, Gibb et al., 1999b), and are therefore not addressed here.

Figure 1.13 clearly shows the relative significance of ‘new’ nitrogen to the euphotic zone;
if a steady state assumption is made for the surface ocean, new nitrogen inputs will be
balanced by export, which is dominated by particulate organic export to the deep ocean.
Eppley and Peterson (1979) first identified that the quantification of new production, or
uptake of new nitrogen, was important as it would provide an indication of the export rate
to the deep ocean. The authors suggested a now well-recognised formula, the f-ratio,

which is the ratio of new to total (new + regenerated) production.

Measurements of the relative uptake of new versus regenerated nitrogen were first made
and defined by Dugdale and Goering (1967) using ’N-labelled compounds in the
northwest Atlantic and northeast Pacific oceans. The authors suggested that NH," uptake
(pNH,") should represent regenerated production as this dominates the regenerated
nitrogen pool, while NO;3™ uptake and N, fixation rates (pNO3™ and pN,) should represent
new production as these dominate the new nitrogen pools in the deep ocean and the
atmosphere respectively. The authors acknowledged that less dominant forms of
regenerated (e.g. urea) and new nitrogen (e.g. atmospheric deposition) are omitted. That is
not to say, however, that these minor forms are insignificant and this simplification should
be considered when interpreting the f-ratio. In addition, it should be noted that the f-ratio

does not typically include N, fixation rates.

Biological processes

At this point it is probably worth noting that there is a distinct difference between nutrient
uptake, nutrient assimilation and nutrient incorporation by phytoplankton. Uptake
describes the removal of nutrients from the environment and physical transport into the
phytoplankton’s cell; assimilation describes the use of nutrients by phytoplankton to form
small organic molecules and amino acids; and incorporation describes the combination of
nitrogen-containing molecules to form proteins (Berges, 1997). During periods of nutrient
sufficiency, nutrients can be taken up and stored in preparation for periods of nutrient
deficiencys; this has been termed ‘luxury consumption’. This is relevant because, when a
phytoplankton cell dies, the cellular membrane breaks (lyses) and releases the intracellular

NH," store that has not yet been assimilated or incorporated into amino acids or proteins.
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It has long been established that phytoplankton utilise NH,*, urea and NOj3™ as a nitrogen
source in that order of preference (Wheeler and Kokkinakis, 1990). It is thought that this
physiological preference is derived from an energetic advantage — NH," is the easiest to
assimilate as it is the most reduced nitrogen form available and this is the form used within
phytoplankton cells. The less energy a cell expends to get nitrogen into a form appropriate
for cell function the better (Wheeler and Kokkinakis, 1990). However, as demonstrated by
Rees et al. (2002), the relative concentrations of these chemical species also affect their
uptake rates in the natural environment; in this case, the authors demonstrated that elevated
urea uptake in the North Sea was driven by higher urea concentrations. Rees et al. (2006)
found that, along an Atlantic transect, NO3™ uptake (pNOj3') was significantly correlated
with NO3™ and chlorophyll concentrations. In contrast, NH;" uptake (p)NH4") was less
dependent on NH4" concentration and showed no correlation with other measured
environmental variables. As might be expected, the productive Benguela upwelling
system off the coast of Africa showed significantly higher pNO;™ and pNH," relative to
oligotrophic areas of the Atlantic (Rees et al., 2006).

Further to the information above, there exists a complex interaction between NH,* and
NOj5” such that the presence or absence of NH,* can influence the uptake rate of NOj3'.
Generally, high NH," levels will reduce NO;™ uptake, especially in the presence of low
light levels — debate continues as to whether this is due to preferential uptake of NHy4", an
inhibition of NO3™ uptake, or both (Dortch, 1990). In addition to this, and of more
significance to the NH4" pool, there are reports that the presence of NO3” might inhibit

NH," uptake (see Dortch, 1990).

If NO;" is taken up by phytoplankton, it must be converted to NH," as part of the
assimilation process via nitrate reductase (NR) enzymes, which reduce NO3™ to NO;™ and
then to NH;*. Numerous NR enzymes exist, with three forms recognised as specific to
eukaryotic algae and higher plants (Berges, 1997). Greater variability in NR activity
between different species and environmental conditions exists than can be discussed here,
although irradiance has been identified as a critical factor (Berges, 1997). For example,
one study demonstrated that NR activity in the diatom Thalassiosira pseudonana varied
over a diel irradiance cycle, but also declined in response to nitrate exhaustion and/or the

presence of NH," (Berges et al., 1995).
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During phytoplankton grazing, zooplankton play an important role in the conversion of
PON to DON (e.g. Fasham et al., 1990). In addition, mesozooplankton are known to
directly excrete NH,*, which provides a source of regenerated nitrogen to the
phytoplankton community; for example, a study in 2001 used incubation experiments to
show that, through direct NH4" excretion, copepods play a significant role in the food web
of waters around South Georgia (Atkinson and Whitehouse, 2001). Zooplankton also
produce nitrogen-rich faecal pellets that agglomerate and sink. These faecal pellets, or
detritus, represent a major bacterial nitrogen source (PON and DON), often within or just

below the chlorophyll maximum.

The heterotrophic bacterial decomposition (or remineralisation) of organic nitrogen back
into its inorganic form is termed ammonification and represents a significant pathway of
NH," regeneration. However, bacteria can also assimilate NH," rather than produce it
(Rodrigues, 1998, and references therein), making the situation more complex. It has been
hypothesised that the carbon to nitrogen (C:N) ratio of organic matter drives whether
bacteria assimilate or produce NH4" (e.g. Kirchman, 1994). Organic matter with a high
C:N ratio (probably in a low nitrogen environment) may drive bacteria to assimilate at least
a proportion of their nitrogen demand as inorganic NH,". Conversely, organic matter with
a low C:N ratio is likely to be used as an energy source and the process of ammonification
dominates (Kirchman, 1994). However, this ‘either/or’ theory is challenged by
observations of natural bacterial assemblages where simultaneous uptake and
remineralisation has been observed (Tupas and Koike, 1991). It is likely that both occur at

the same time, but to varying degrees depending on the environmental conditions.

The regeneration of inorganic nutrients by heterotrophic bacteria is part of the ‘classic’
marine food web, while the bacterial assimilation of nutrients is part of the ‘microbial
loop’, as first suggested by Azam et al. (1983). In brief, the microbial loop involves the
assimilation of nutrients by bacteria, which are then grazed by heterotrophic flagellates.
The nutrients are then transferred up the food chain through microzooplankton and other
higher organisms (see Figure 1.14). This process efficiently recycles nutrients and energy
within the euphotic zone, sustaining production in the surface oceans (Azam et al., 1983).
As a result of the microbial loop, bacterial uptake of NH;" has been shown to influence the
biological community. In an experiment conducted in Long Island Sound, size-

fractionated uptake rates were affected by varying NH,* concentrations such that bacteria
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out-competed phytoplankton NH4" uptake at lower NH,* concentrations (Suttle et al.,

1990).

Classical food chain Food web including the microbial loop

Higher Organisms — Higher Organisms

Zooplankton

[—Phytoplankton]

Bacteria «——— Nutrients, CO, Bacteria e————

Zooplankton

Micro-
zooplankton

,— Phytoplankton

Nutrients, CO,

Figure 1.14 Schematic representation of the differences in organic nitrogen pathways between classical
and contempory views of the marine food web. The PON pathway from bacteria to micro-zooplankton
represents the important part of the microbial loop as it is the base of nutrient supply back up the food chain

(figure taken from Johnson, 2004).

Chemoautotrophic bacteria mediate the processes of nitrification and denitrification,
whereby they harness the energy from the oxidation and reduction processes of NO3
respectively. Nitrification occurs ubiquitously in the open ocean, whereas denitrification is
limited to areas where oxygen is limited such as some sub-euphotic zone waters and
sediments (Libes, 1992). The recent discovery of ‘anammox’ bacteria, which take NHj
and NO,™ and oxidise them to N, has revolutionised current understanding of the marine
nitrogen cycle (Pilcher, 2005). In the anoxic waters of the Black Sea and the Golfo Dulce,
Costa Rica, the anammox reaction has been shown to be responsible for the removal of
NH,;" and subsequent production of gaseous N, (Dalsgaard et al., 2003; Kuypers et al.,
2003). Using SN-labelled compounds, the conversion rate of NH; and NO;™ to N, has
been measured, and these results suggest that this process may well be significant to the
global oceans, removing up to 15% of the global oceanic nitrogen store (Dalsgaard et al.,

2003).

By far the largest potential source of nitrogen to the oceans is the atmosphere, which
contains approximately 78% nitrogen, predominantly in the elemental form, No().
However, in the marine environment N, is only accessible to the diazotrophs (or nitrogen-

fixers), which are also called cyanobacteria. A globally significant diazotroph is
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Trichodesmium, which is a colonial cyanobacterium ubiquitous throughout the oligotrophic
subtropical and tropical oceans (Capone et al., 1997). In the context of NH,4", nitrogen-
fixers are important as they represent an indirect source of NH," to the marine
environment, although they undoubtedly influence other nutrient (especially carbon) fluxes

in the surface ocean as well.

The photoammonification of organic matter was first demonstrated by Bushaw et al.
(1996) and is primarily an abiotic process. However, the authors demonstrated that the
release of ammonium from humic substances under sunlight and particularly ultra violet
light also stimulated further bacterial degradation of organic matter, likely because
bacterial nitrogen limitation was relieved. Undoubtedly this process has an impact on the
nitrogen cycle when conditions are suitable, but it is likely that this process is only
significant in coastal waters where dissolved organic matter concentrations are high from

river runoff (Johnson, 2004).

The marine NH," cycle in the open ocean

Johnson (2004) focussed on the nitrogen cycle from the perspective of NH4* and NH;, and
his thesis contains a useful detailed schematic of the processes described above (Figure
1.15). Certain compartments and processes were omitted or simplified to avoid
overcomplicating the diagram, but the key aspects are present (Johnson, 2004). In
particular, nitrite (NO;") was omitted and the processes of nitrification and denitrification
are only represented from NH;" to NO;3™ and vice versa. Urea was also omitted from the
diagram as its processes are very likely to be the same as those for NH," (except for air-sea
gas exchange). Finally, the anammox reaction was not included, presumably because it

only dominates in anoxic waters.
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Chapter 1: Introduction

Vertical NH," distributions in the open ocean

The vertical distribution of NH4" in the open ocean does not show a typical ‘nutrient
profile’ such as that seen for NO5™ (i.e. low at the surface and elevated at depth). The NH,"
distribution pattern is dictated by the numerous processes affecting the production/removal
of NHy" (see Figure 1.15) and the distribution and density of phytoplankton, zooplankton
and bacteria throughout the water column (see previous paragraphs). For example,
measurement profiles from the Sargasso Sea and the Gulf Stream demonstrated an NH,"

maximum within the seasonal thermocline, and it was suggested that this was linked to a

decoupling between NH," production and uptake processes (Brzezinski, 1988).
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1.3.2 Lower Atmosphere

For air masses that have travelled over heavily polluted continental areas, their
atmospheric NH3 () concentrations are largely driven by anthropogenic activities. A
natural background level of NHj) exists, controlled by emissions from vegetation and
soils, but this has been significantly enhanced by other emissions, primarily as a result of
intensive farming practises (Galloway et al., 1995). It is estimated that the turnover time
for NH3() in the atmosphere is about 2 days, so after several days away from the continent
all land-sourced NHj3(,) should have been removed into aerosol or deposited, and any
remaining ought to be of marine origin (Quinn et al., 1987). Maritime air masses display a
natural NHj,) signal that is far lower than that from the continents. For example,
measurements of Southern Ocean air that had been away from the influence of land for
thousands of kilometres had a mean NHj,) concentration of 0.06 pg m” and a sample
standard deviation of 0.03 ug m™ (Ayers and Gras, 1980). The concept that the oceans
might, in certain areas, be a net source of NHj ) to the atmosphere was first put forward in
the 1970s (Georgii and Gravenhorst, 1977) but lacked reliable data until more recently
(Johnson, 2004). This development was primarily achieved through new methodology
reducing detection limits and an improved sampling coverage of appropriate sites; the first
of such data was collected by Quinn et al. (1988). Jickells et al. (2003) have presented
fresh evidence that isotopic data might be a viable method for distinguishing between a
clean marine source (isotopically light) and a source which has been influenced by

anthropogenic emissions (isotopically heavy).

However, in order to calculate whether the remote oceans are a natural source of NHj3 ) to
the atmosphere, we must first understand more about the various atmospheric processes
affecting its gaseous concentration. NHj3 exists in a number of different phase states within
the atmosphere; there are four major phases — gaseous, particulate, cloudwater and

rainwater, each phase with a different calculated residence time (Figure 1.16).
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Chapter 1: Introduction

The gas phase plays a central role in the environment as it interacts with all of the other
phases. The particulate phase (NH4"(,)) is initially formed when NHj g, reacts with an
acidic aerosol. This may be the most important single neutralisation process in the
atmosphere (Harrison and Kitto, 1992). The most common acidic aerosol is sulphuric acid
(H>SO4) and the reaction forms either NH;HSO4, (NH4),SO4 or letovicite
((NH4)3H(SOs4),). However, NH3(g) can also react with hydrochloric acid and nitric acid to
form other, more volatile and therefore less stable aerosols, NH4Cl and NH;NO; (Jickells
et al., 2003). The concentration of NH," ) is dependent on the NHj () concentration, the
NH4+(p)/nssSO42'(p) ratio, the relative humidity (RH) and temperature (Quinn et al., 1987).
As particulate ammonium (NH4" ) is exceptionally deliquescent, the partitioning between
aqueous particles and the gas phase is dependent on the disassociation constant of water
(Kw), Henry’s Law constant (Hc) and the liquid water content of the aerosol. All of these
parameters are dependent on temperature and so partitioning between these phases can also

be expected to be affected by temperature (Quinn et al., 1987).

Cloudwater ammonium (N H4+(C)) formation operates via at least two mechanisms. The
first is essentially the end-member of NH," ;) deliquescence and cloud condensation nuclei
(CCN) formation. The second mechanism is more direct and involves the attraction of
water to a sulphate CCN, and NH3,) subsequently dissolving into the cloudwater (Quinn et
al., 1987). The high solubility of NH3; means that there is unlikely to be much NHj g,
partitioning out of cloud droplets. Outside of clouds, NH3(, and NH, ", will partition
between the solid and gaseous phases, with the exact ratio depending upon the composition
of the particulate aerosol considered. The ultimate fate of both NHj(,) and NHy", in the

atmosphere is deposition, both wet and dry (Quinn et al., 1987; Warneck, 1988).

Equilibrium equations can be formulated for all of the aforementioned phase partitions, but
it is important to consider whether the system is actually at equilibrium. Determining the
rate of reaction is an important step in order to calculate whether the system might have
reached equilibrium or not. An example of this is a study where the aerosol acid
neutralisation rate was determined through interpretations of horizontal gradients in acidity
(Harrison and Kitto, 1992). The authors found that the rate constant values reduced as the
aerosol became more neutralised, concurring with previous laboratory studies (Harrison
and Kitto, 1992, and references therein). Quinn et al. (1992) used modelled results based
upon such rate constants and compared them with measurements from two areas of the

Pacific Ocean in 1987 and 1988. Although there are various errors associated with the
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methods and model, the results indicate that the atmospheric system is not always in
equilibrium, and that both physical and chemical processes affect the ability of the system
to attain equilibrium (Quinn et al., 1992). If this is the case, it makes understanding these

processes an even more complex problem.

In order to fully examine the reduced nitrogen cycle in the lower atmosphere, the flux of
wet deposition to the sea surface must be considered. The concentration of rainwater
ammonium (NH4+(r)) is likely to be a function of the cloudwater ammonium (NH4+(C)) and
the rain’s efficiency of NH3() removal from the atmosphere. A number of datasets
demonstrate that, within a factor of two, these assumptions hold (Quinn et al., 1987 and
references therein). However, certain measurements indicate that NHs ") / NH3(g) is not
actually in Henry’s law equilibrium (Ayers et al., 1984). A possible explanation for this is
that the solubility of NH3(,) is so high that, under normal cloud conditions, it will reside

predominantly in the liquid phase (Brimblecombe, 1984).

The input of nitrogen to the world oceans via atmospheric deposition is relatively
insignificant compared to other sources of nitrogen (e.g. deep water upwelling), but it is
still important on a regional scale. In oligotrophic regions, episodic nitrogen deposition
events have been shown to significantly contribute towards ‘new’ production (Owens et
al., 1992). Another form of nitrogen deposition to the ocean encouraging new production
is the sea salt displacement reaction:

HNO,,, + NaCl,,, — NaNO,,, + HCI

3(g) 3(s) (€9)

Equation 1.20

This reaction enhances nitrogen deposition (dry) as the resultant nitrogen aerosol is larger
and more prone to gravitational settling (Spokes et al., 2000). It’s important to note that
this last example is significant in the marine/lower atmosphere nitrogen cycle, but is less

related to the cycling of NHj3.
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1.4 Interaction of the Cycles

There are some similarities between the reduced nitrogen and sulphur cycles in the surface
ocean. An obvious yet significant link between the two cycles is that a phytoplankton cell
requires nitrogen to grow, which will ultimately determine the amount of DMSP synthesis
(and therefore DMS production) that can occur. Both DMSP and NH,4" are released upon
cell lysis, while zooplankton grazing can lead to the production of DMS and NH,",
although through separate pathways (see Sections 1.1.1 & 1.3.1). However, there are
many different processes in the surface ocean that affect NH;" and DMS concentrations in
substantially different ways. DMS production depends on phytoplankton speciation and
their intracellular content of DMSP, the growth rate of DMSP-producers, and the rate of
enzymatic cleavage of DMSP. NH,4" concentrations are determined by the bacterial
decomposition of organic matter and uptake by phytoplankton and these are in turn

determined by the relative availability of NH,", carbon, NOs’, and light.

Aside from the similarities, differences and indirect links between the cycles mentioned
above, certain evidence has suggested a direct link between the nitrogen and sulphur
cycles. Both DMSP and its structural analogue, glycine betaine (GBT,
(CH3),NCH,CH,COQ), are thought to be effective compatible solutes within
phytoplankton cells. It has been suggested that the relative production of DMSP and GBT
might be linked on an evolutionary timescale (Simo, 2001). In the open ocean, diatoms
thrive in nitrogen replete environments and produce relatively little DMSP, while small
coccolithophorids and dinoflagellates are typical of environments with lower nitrogen
availability and could have evolved to produce more DMSP. However, there is a
significant exception to this theoretical rule - Phaeocystis spp. thrives under nitrogen
replete conditions, whilst at the same time exhibiting high intracellular DMSP

concentrations (Simo, 2001).

Another suggested driver of DMSP synthesis is that it acts as part of an overflow
mechanism for excess energy and reduced sulphur when the cell has a high light source but
nitrogen is limiting (Stefels, 2000). DMSP is synthesised from methionine
(CH3S(CH,),CH(NH;)COOQOH) and this process liberates nitrogen for reuse within the cell
in alternative amino acid forms; this is particularly important when ambient nitrogen is
limiting. In addition, it is hypothesised that this mechanism keeps both methionine and its

precursor cysteine at low concentrations, preventing the onset of negative feedback
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mechanisms that would inhibit nitrogen (as NH3) liberation (Stefels, 2000). The cell
would therefore be able to utilise an internal nitrogen source despite limiting ambient
concentrations, thus sustaining other cellular processes (such as carbon uptake) at an
optimum rate. Some fieldwork results have corroborated the concept that phytoplankton
might preferentially synthesise DMSP when nitrogen is limiting (Turner et al., 1988).
However, more recent evidence from phytoplankton culture work also exists in opposition
to this theory (Keller et al., 1999). It is worth noting at this stage that there are numerous

compounds that can act as compatible solutes and this complicates the picture somewhat.

The controls on the air-sea flux of NH3; and DMS are in complete opposition (i.e. NHz =
gas phase; DMS = liquid phase). The DMS flux is always out of the ocean due to the low
atmospheric concentrations, while the NH; flux is bi-directional. Any link between the
cycles is unlikely to be directly driven by the sea-air flux. In the lower atmosphere, the
link between the nitrogen and sulphur cycles is simpler, stronger and highly evident as the
interaction of the two elements is a key part of cloud formation, especially in regions away
from continental influence. NHj ) can either dissolve directly into cloud water or, more
importantly, can react with acidic sulphate aerosol to form particulate ammonium sulphate.
The presence of ammonium in sulphate aerosol has actually been shown to enhance
particle nucleation in the marine boundary layer (Coffman and Hegg, 1995), making
effective CCN. An increase in the number of sulphate aerosols in the atmosphere enhances
the scavenging of NH3(,) and therefore the nitrogen deposition back into the ocean (Liss

and Galloway, 1993).

One study exists where simultaneous atmospheric, oceanic and flux measurements were
made in the Pacific Ocean for sulphur and nitrogen (Quinn et al., 1990). The results are
interesting as the fluxes of both compounds were out of the ocean and of the same order of
magnitude, and a relationship within the atmospheric data was apparent (Figure 1.17). No
relationship, however, was observed between the concentrations of DMS and NHj in the
water column. Air mass back-trajectories provide an insight into their history. The
numbers plotted on Figure 1.17 represent three different air masses. Air mass 1 displayed
some continental influence; air mass 2 had passed over an active Hawaiian volcano and
had therefore probably acquired more sulphate aerosol; air mass 3 was the closest in
composition to unpolluted marine air (Quinn et al., 1990). As can be seen, nearly all of the
air mass 3 samples plot between the 2:1 and 1:1 ratio lines, which represent (NH4)>SO4 and

NH4HSO, respectively. This phenomenon has also been observed during the AMT
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campaign (see Chapter 6 for details) and, as the ocean is the likely input source, a possible

linkage between the cycles of reduced nitrogen and sulphur is implied.
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Figure 1.17 Particulate nss(SO42')p versus (NH,"), for air masses over the Pacific Ocean during April

and May, 1988, along 170°W from 50°N to 11°S. Data points are labelled 1, 2 and 3 corresponding to
different sample groups. The lines represent a 2:1 ratio ((NH4),SO,) and a 1:1 ratio (NH;HSO, composition)

(figure taken from Quinn et al., 1990).

Taking this concept further, the air-sea fluxes might be expected to corroborate the
atmospheric story. Whilst there is little correlation (Quinn et al., 1990), the fluxes are of
the same order of magnitude and are both OUT of the ocean. It should be noted that the
availability of NH3(,) for reaction (immediate) is quite different to that of DMS as DMS
must first be oxidised (taking hours to days). In addition, atmospheric NH3 data collection
occurred throughout a minimum 12 hours period, which would likely obscure any

intricacies in the NHj,) flux signal (Quinn et al., 1990). In contrast, DMS flux calculations
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are usually based on discrete measurements and often display significant variability over a
relatively small spatial or temporal scale (e.g. Ayers and Gillett, 2000). The differences in
reaction rate and sample collection methodology for DMS and NHj3 could impact upon flux

calculations, making it difficult to directly compare them.

An atmospheric time series from a remote marine Antarctic site (Mawson station)
corroborates the results of Quinn et al. (1990), demonstrating a consistent pattern in the
seasonal cycles (over 5 years) of aerosol MSA, nssSO42' and NH,4" concentrations (Savoie
etal., 1993). All element concentrations peak in the austral summer at levels more than an
order of magnitude greater than in winter. The timing of these cycles matches that of
atmospheric dimethylsulphide as measured by Ayers et al. (1991) and it is therefore highly
likely that the aerosol nssSO,” has a biological source. Savoie et al. (1993) were unsure as
to the origin of the NH,", but suggest an ultimate connection with oceanic biological
processes due to the coherence of the seasonal cycle of atmospheric NH;" with MSA and

nssSO42'.

As has been described, the sulphur cycle is very complex and understanding how it fits into
the CLAW hypothesis is no minor task. Probably the biggest challenge is whether a
change in radiation budget would positively or negatively influence DMS production.
However, understanding how the reduced nitrogen cycle fits into this feedback loop is
arguably as important. If there is a link between the cycles, then any number of changes in
the water column or in the various flux parameters could considerably alter the
atmospheric dynamics and hence radiative properties of the remote marine atmosphere. In
addition to this, even small differences can have a significant influence on the pH and
nitrogen content of natural rainwater, which would have significant implications to marine
and terrestrial ecosystems (Charlson and Rodhe, 1982). Finally, when this is all put in the
context of the current predictions for climate change and its various implications, a greater

comprehension of both of the nitrogen and sulphur cycles is essential.
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1.5 The AMT Programme and Thesis Objectives

The Atlantic Meridional Transect (AMT) programme has traditionally utilised 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 can be divided into two distinct phases of activity in terms of
DMS data collection — the first between 1995 and 2000 and the second between 2002 and
2006. In Phase One the project 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. The second phase of activity was a broader scientific programme
with objectives requiring passage into the northern and southern gyres and a much wider
range of parameters were measured. DMS(P) data collected during Phase One (AMT-5
and -9) was provided by Conor McKee and the data from Phase Two (AMT-12, -13 and -
14) was collected as part of this PhD project. The location of each surface sample point

and the routes taken during each cruise are plotted in Figure 1.18.
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Figure 1.18 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). Plot produced using Ocean Data View (http://odv.awi-

bremerhaven.de/home.html).

During the AMT cruises, in addition to DMS(P) measurements, a variety of ancillary
biological data was collected from surface waters. In the lower atmosphere, aerosol
composition and gaseous NH3 data were collected during Phase Two of the AMT
programme. The intention of this project was to investigate the reduced sulphur and
nitrogen cycles in the surface ocean and lower atmosphere and substantiate how they are

linked in the remote environment. This work would primarily use the extensive dataset
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collected during AMT and investigate the relationships between DMS(P) concentrations
and other biological data in the hope that this might reveal the reasons behind the ambient
concentrations measured. Further, where gaseous NH3 data were collected, gas fluxes for
both NH3; and DMS would be calculated and their direction and magnitude compared.
Using atmospheric aerosol data, the ratio of particulate sub-micron NH," to nssSO42'

would be investigated to see if it corroborated the data of Quinn et al. (1990).

As with most oceanographic and sea-based research, many aspects of the AMT cruises
went very well but inevitably, instrumentation problems hampered data collection.
Sampling strategy had to be changed in order to accommodate these problems and my
data-interpretation intentions also changed. The proceeding chapters should therefore be
described as a development of my originally intended data synthesis. Chapter 2 details the
data collection methods used throughout the AMT programme. Chapter 3 investigates
DMS(P) concentrations and their statistical relationships with concurrent biological
measurements in surface waters. Chapter 4 concentrates solely on the upper 10 metres,
comparing surface DMS measurements with those that would be predicted using five
published predictive algorithms for global surface DMS concentrations. During AMT-14,
extra measurements were made of DMSP-lyase activity (DLA) and these novel results are
discussed in Chapter 5. Finally, Chapter 6 explores the atmospheric data collected during
the AMT programme along with NH;3 flux measurements. This chapter also includes a
discussion of the global distribution of the NH;*:nssSO,” ratio. Chapter 7 attempts to
draw together the conclusions of the preceding chapters before identifying areas that the

scientific community should address and discussing how future work should progress.
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2 Methods

2.1 Seawater Sampling

Samples were either collected from CTD casts at pre-dawn (approx. 0300hrs local time)
and mid-morning (approx. 1100hrs local time), or via the ship’s non-toxic seawater supply
(approx. 1600hrs local time). Samples from the non-toxic seawater supply were only used
for flux calculations (see Chapter 4, Figure 4.1) and not for any other type of data
synthesis. The CTD system used was a Sea-Bird 9/11 plus fitted with a sampling rosette of
20 litre Niskin bottles. Whilst removing samples from the Niskin bottles, every effort was
made to minimise degassing. Water samples were transferred using a length of
polyvinylchloride (PVC) tubing into 750 ml amber glass bottles fitted with gas-tight
stoppers. Prior to analysis, samples were stored in these amber bottles at ambient sea

surface temperature for a maximum of three hours.

2.2 Sampling and quantification of DMS and DMSP

All DMS analyses were carried out using purge and trap (see Turner et al., 1990). Before
purging each sample of DMS, the seawater was gently filtered through 25 mm glass-fibre
filters (GF/F, Whatman Ltd., Kent, UK; nominal retention size 0.7 um) to isolate
particulate DMSP (DMSPp). During AMT-5, -9 and -12, 20 ml of sample was filtered and
the filters were stored in crimp-sealed vials with 10 M sodium hydroxide (NaOH) to
hydrolyse DMSPp into DMS for analysis by purge and trap the next day. During AMT-13
and AMT-14 a slightly different approach was taken and a larger volume (50 ml) of
seawater was filtered. These filters were placed in sealed 4 ml vials with 3 ml of 500 mM
NaOH. Samples were equilibrated at a constant temperature (30°C) for DMS analysis by
headspace the following day (see method described below). 5 ml sub-samples of purged
filtrate were transferred to 20 ml vials with excess NaOH (1 ml of 10 M NaOH) to cleave
dissolved DMSP (DMSPd) to DMS. These were then filled with distilled water to
eliminate any headspace, sealed and stored until the next day for analysis by purge and

trap.

Purge and trap analysis for DMS involved bubbling an inert gas (oxygen-free nitrogen,
purge time = 15 min for a 20 ml sample, 20 min for a 50 ml sample; flow rate =

60 ml min™) through the sample to strip it of volatile gases. These gases were then dried
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before passing through a trap, which consisted of a 30 cm section of chromatographic
material (Tenax-TA, Scientific Instrument Services Inc., New Jersey, USA) enclosed in a
50 cm length of 1/8" inch (approximately 3.2 mm) diameter Teflon tubing. The trap was
cooled to approximately 0°C in a salt-ice-water dewar to trap and concentrate DMS, before
being desorbed and flushed into the gas chromatograph by heating with boiling water. The
original purge and trap method was described by Turner et al. (1990) but, unlike the
method described above, this involved trapping the DMS cryogenically at — 150°C before

injection into the GC (see Figure 2.1).

Figure 2.1 Schematic of original purge and trap system (figure taken from Turner et al., 1990). (a) gas
scrubber; (b) needle valve; (c) purge chamber; (d) flow meter; (e) water trap; (f) nafion drier; (g) cold trap;
(h) six-port valve; (j,k) two-port valves; (1) dewar; (m) temperature controller; (n) temperature probe; (p) 47-
Q resistor; (q) GC with FPD; (r) integrators. It should be noted that the method used in this work used a
dewar filled with a salt-ice-water mixture to cool a trap filled with adsorbant material (Tenax-TA) and as a
result, parts (m), (n) and (p) were not necessary. In addition, modern GCs are now connected to a computer

and software package, which act as a more sophisticated equivalent of an integrator (r).

Headspace analysis for DMS involved piercing the PTFE septum and removing 250 ul of
gas from the headspace for direct injection onto the GC column. The in-vial detection
limit for this headspace method is approximately 25 nM. This method required an increase
in the volume of sample filtered; this was tested and shown to not significantly impact

upon measured DMSPp concentrations (Figure 2.2).
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Figure 2.2 Mean of triplicate measurements of the same sample using the 20 ml or the 50 ml filtration

methods; error bars represent 1 standard deviation about the mean. Although the 50 ml filtration method did
appear to produce lower DMSPp concentrations than the 20 ml filtration method, they were not significantly
lower and did not result in elevated DMSPd concentrations. Data presented as percentage of total DMS(P) to

aid comparability between methods.

All samples were quantified using a gas chromatograph (GC 2010; Shimadzu, Milton
Keynes, UK) equipped with a 30 m x 0.53 mm 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 a solution of commercial DMSP (Centre for
Analysis, Spectroscopy and Synthesis (CASS), University of Groningen Laboratories, The
Netherlands) with excess concentrated NaOH (10 M for purge and trap, or 500 mM for
headspace). The analytical error of these procedures was 5%, 20% and 20% relative
standard deviation for DMS (0.7 nM), DMSPd (2.0 nM) and DMSPp (2.7 nM),

respectively.
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2.3 Sampling and quantification of DMSP-lyase activity

The sampling and analysis protocol used for in vitro DMSP-lyase activity (DLA) was an
adaptation of the methods described by Steinke et al. (2000) and Harada et al. (2004).
Briefly, immediately after collection approximately 1 litre of seawater sample was filtered
using low vacuum (< 20 Pa pressure) onto 25 mm glass-fibre filters (Whatman GF/F).
Filtration volumes were adjusted to complete filtering within 30 min and filters were not
allowed to run dry. The filters were immediately folded in half and placed in a cryovial in
a —80°C freezer. All samples were analysed 5 months after their return to the onshore
laboratory. Due to the sampling logistics of the campaign it was not possible to directly
test for the loss of activity in the AMT samples. Previous measurements have shown that
the process of freezing and storage leads to a loss of ~35 % activity (Steinke et al., 2002b).
Assuming that this is true for these samples, it will not affect the outcome of this study as
the relative changes in DLA are more important than the absolute numbers for the
assessment presented in Chapter 5. However, the values presented are likely to be an

underestimate of the true in vitro DLA in situ.

In the laboratory, the frozen filters were placed into 4 ml glass vials containing 3 ml of 0.2
um sterile-filtered buffer solution (200 mmol L' TRIS buffer prepared in 500 mmol L™
NaCl solution, pH adjusted to 8.0 with HCI) to permeabilise the cells. Vials were
incubated at 30°C, and 50 pl of 1.2 mol L' DMSP solution added (final concentration = 20
mmol L"). Following addition of substrate DMSP, at least four 8 ul headspace
measurements for DMS were made every 10 min using an autosampler system (AOC
20i+s; Shimadzu, Milton Keynes, UK). Resulting DMS concentrations were used to
calculate the DMS production rate and this rate is considered representative of in vitro
DLA. Blank samples (buffer solution + blank filter + 50 ul DMSP solution) were run in

parallel to correct for abiotic DMS release.
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2.4 Wind Speed Measurements

The anemometer was positioned with O degrees at the ship’s bow (approximately 21 m
above sea level) and average data recorded every minute. The wind speed data were
corrected for ship’s direction and speed and then normalised to the standard height used in
flux calculations (i.e. 10 m above sea level) using a bulk formula (see Section 1.1 for more

detail).

2.5 Ancillary Data Measurements (relevant to Chapters 3, 4 and 5)
High pressure liquid chromatography (HPLC) pigment samples were filtered and the filters

kept frozen (—80°C) prior to analysis in the laboratory once on shore; for methods see
Poulton et al. (2006). In Chapter 5, three samples had no HPLC pigment information
available so additional data from acetone-extracted and fluorometrically-analysed

chlorophyll a samples was used (for methods see Holm-Hansen et al., 1965).

Nitrate concentrations were determined on board the research ship within 3 hours of
collection (see Woodward and Rees, 2001). Discrete F,/F,, measurements were made on
board ship using a fast repetition rate fluorometer as per the method of Moore et al. (2006)
and phytoplankton carbon fixation rates were ascertained using radiolabelled '*C-uptake
incubations (see Poulton et al., 2006, for further details). Prokaryotes were counted using
flow cytometry and two groups of picophytoplankton (Prochlorococcus spp. and
Synechococcus spp.) were identified using their characteristic autofluorescence (see

Heywood et al., 2000).

Ancillary data was collected and analysed by: Alex Poulton, Sarah Root, Anna Hickman,
Sandy Thomalla (pigment samples); Malcolm Woodward, Katie Chamberlain and Andy
Harvey (nutrient samples); Alex Poulton and Mark Stinchcombe (14C—uptake samples);
Young-Nam Kim (F,/F,, samples); Bernhard Fuchs, Glen Tarran, Jane Heywood and Mike
Zubkov (picophytoplankton and bacterial samples). All of the above kindly made their

data available for interpretation.
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3 Linking DMS(P) measurements from the AMT programme with

biological parameters

3.1 Introduction

The sub-tropical oligotrophic gyres are low-production environments, with
correspondingly low chlorophyll a concentrations at the surface (typically < 0.1 ug m™).
DMS produced in these areas vents into a relatively pristine atmosphere (i.e. away from
anthropogenic impacts), so the impact of any change in flux is likely to have an impact
upon albedo. In addition, these regions cover a considerable percentage (approximately
40%) of the earth’s surface (McClain et al., 2004). With respect to DMS and DMSP
(hereafter referred to as DMS(P)), these areas are under-sampled and poorly understood
(Kettle et al., 1999), a fact that is underlined by the results in Chapter 4. A rough
calculation assuming a constant surface concentration (1 nM) and wind speed (10 m sec'l)
in the oligotrophic subtropical gyres indicates that they provide at least 1% of the estimated
global DMS flux to the atmosphere. Any measurements made in such areas can only help

to improve our understanding of the role DMS(P) plays in climate and the sulphur cycle.

The AMT cruises have enabled a significant DMS(P) dataset to be collected, with
particular focus on the oligotrophic gyres in the North and South Atlantic. In addition to
the reduced sulphur measurements, a wealth of concurrent biological data was collected,
providing an opportunity to statistically investigate any links between the biological
community and ambient DMS(P) concentrations. To provide some context, the dominant
global online database (http://saga.pmel.noaa.gov/dms/) currently contains over 31,000
data points for DMS, with less than 20% of these coupled with measurements of
chlorophyll a. It is reasonable to expect that fewer still of these have been made in
conjunction with measurements of accessory pigments, community primary production

rates, or heterotrophic bacterial density.

The AMT database contains over 300 DMS(P) data points and, with the ancillary
biological data collected, is a significant dataset from under-sampled regions in the
Atlantic ocean. Little ancillary data of relevance is available for AMT-9, so the cruises of
interest for this chapter are AMT-5 (Phase One) and AMT-12, -13 and -14 (Phase Two),

and their routes are plotted in Figure 3.1. During Phase One of the programme,
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concentrations of accessory pigments were collected while the scope for Phase Two was
broadened to include, amongst a number of additional parameters, community primary
production rates and heterotrophic bacterial density, hereafter referred to as ‘production’
and ‘bacteria’ respectively. For a more detailed overview of the AMT programme, please
see Robinson et al. (2006). Due to a scarcity of measurements, we have little
understanding of whether the reduced sulphur cycle demonstrates any seasonality in the
South Atlantic Gyre (SATL) region. The AMT data provide an opportunity to investigate
this as AMT cruises 12-14 followed exactly the same track in the SATL, but in opposing
seasons (AMT-12 and -14 were during the southern hemisphere’s autumn, and AMT-13

was in the spring).

Figure 3.1 Cruise tracks for four Atlantic Meridional Transect cruises (southbound in September,
northbound in May) — AMT-5 (Sep. 1997), 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).
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Throughout this chapter, the acronyms of biogeochemical provinces, as delineated by
Longhurst (1995), will frequently be referenced in place of their full titles. In addition,
chemotaxonomic pigment markers will be referred to using abbreviations. It is therefore

useful to include tables for ease-of-reference (see Table 3.1 and Table 3.2).

Table 3.1 Full biogeochemical province names and their acronyms, as from Longhurst (1995).
Figure 3.1 displays the province locations and boundaries; for a full description of delineation methodology,

see Longhurst (1995).

Acronym Full Province Name
CNRY Canary Current Coastal
NADR North Atlantic Drift
NAST(E) North Atlantic Subtropical Gyre - East
NAST(W) North Atlantic Subtropical Gyre - West
NATR North Atlantic Tropical Gyre
SATL South Atlantic Subtropical Gyre
SSTC South Subtropical Convergence
WTRA Western Tropical Atlantic
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Chapter 3: Linking DMS(P) measurements with biological parameters

3.2 Statistical Procedures

The following section details the procedures and approaches used to statistically examine
DMS(P) and ancillary measurements made during the AMT campaign. An understanding
of statistical tests, how they should be used and the meaning of their results is of key
importance if the results are to have any interpretable value. At this point is should be
noted that, if any pigment samples were found to be below the detection limit of the
instrument, i.e. 0.002 mg m> (Poulton et al., 2006), the value used was not zero as this
would skew any correlations. Instead, these samples were given a value that was half of
the detection limit. This is one of a number of approaches used for samples below the limit
of detection. Regardless, the method used is unlikely to have had a large impact upon
correlation results as only a small percentage of measurements (0.3 — 6.0%) were below

the limit of detection.

3.2.1 Correlations

The simplest approach to identifying a potential relationship between two variables is to
correlate them. Two types of correlation can be carried out, depending on the frequency
distribution of the data. The usual correlation performed is a Pearson’s correlation, and
this assumes that the data for both variables are normally distributed (i.e. they show equal
variance either side of the mean and therefore have bell-shaped distribution curves). If
either variable demonstrates a non-normal distribution, then the correlation procedure
should account for this lack of normality; in this case, Spearman’s Rank correlation is
commonly used and ranks the data lowest to highest value before assessing the degree of
correlation between the ranked data. The Pearson’s and Spearman’s Rank correlation
procedures both produce:
1) correlation coefficients (r, Pearson’s, or p, Spearman’s) between -1 and +1, which
indicate the level of association between two variables and whether that association has
a positive or negative slope (i.e. the closer the value is to -1 or +1, the stronger the
negative or positive association). The definition of a ‘strong’ correlation is relative
(Cohen, 1988), and thus varies depending upon the subject matter. For this study, a
relatively low correlation coefficient criterion was used (see later) due to the inherent
variability of the natural environment and relatively poor current understanding of the

reduced sulphur cycle in surface waters.
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2) asignificance or confidence level (o). When performing a correlation analysis, the null
hypothesis (Ho) tested is that there is no correlation between the two variables. The a
value indicates the error in rejecting Hy and is typically < 5% (or a<0.05) at the most.
However, it was felt necessary to only identify correlations that were highly significant
during this study and all data presented in this work therefore has a rigorously small
associated error (a<0.0001); i.e. a certainty of 99.99% or greater that Hy should be
rejected. A rejection of Hy indicates that the alternative hypothesis (H;) should be

accepted.

If a Spearman’s Rank correlation test was used with normally distributed variables, the
correlation coefficient (p) would be similar to, but not exactly the same as, the Pearson’s
correlation coefficient (r) for the same data. In this work, prior to all correlation analyses,
the ‘one-sample Kolmogorov-Smirnov test” was used to identify whether the frequency
distribution of data was significantly different from a normal distribution. A large number
of variables were found to have distributions that were skewed towards zero so it was
decided to consistently use Spearman’s Rank so that results could be compared. With such
a large dataset, a lot of the correlations were significant (i.e. a<0.0001), despite
demonstrating weak associations between variables (i.e. p values closer to O than +/- 1). In
order to reduce the number of results and then interpret them, the following criterion was
used:

Only correlation coefficient (p) values greater than +0.5 or less than -0.5 can be

considered strong enough to be worthy of interpretation.

Based on the previous paragraphs, the term significant correlation hereafter refers to
associations that satisfy the following criteria: a<0.0001 and p greater than +0.5 or less
than -0.5. In other words, a strong correlation (positive or negative) with high confidence
(99.99% or greater) that the null hypothesis (Hp) should be rejected and the alternative
hypothesis thus accepted.

3.2.2 Principal Components Analysis (PCA)

In order to run a Principal Components Analysis (PCA), each variable must be normally
distributed; if this is not the case, the data should be transformed using power, square root
or logarithmic functions. Another term for PCA is Data Reduction as the process aims to

summarise the interrelationships amongst a set of variables in a concise and accurate
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manner, thus aiding conceptualisation of large datasets (Gorsuch, 1983). The PCA method
finds a linear combination of variables (a component or factor) that accounts for as much
variation as possible. It then finds another component that accounts for as much of the
remaining variation as possible and is uncorrelated with the first component. This process
continues until there are as many components as there are variables. Usually a few factors
account for the majority of the variation and these are extracted to represent all the original
variables (those extracted are defined as having Eigenvalues >1), thus reducing the number
of variables in the data file whilst accounting for the majority of the variation of the entire

dataset.

Subsequently, the PCA components or factors can be rotated to minimise the number of
variables that have high loadings on each component, simplifying interpretation. A
rotation maintains the overall percentage variance explained by the components, but that
variance is now spread more evenly between the factors. The rotated factor scores
(calculated by multiplying each case’s original score by the component score) can then be
used in place of the original data and correlated with other variables. This is preferable to
only using the most highly correlated original variables as the score variables account for a

large proportion of the variation of all the original variables.

3.2.3 Analysis of Variance (ANOVA)

The two-sample #-fest is used to test whether two datasets are significantly different from
each other by comparing their variances and means. A one-way ANalysis Of V Ariance
(ANOVA) is an extension of this and can be used to compare the means of more than two
datasets whilst accounting for their variance, and a post-hoc test can then be used to
statistically (a<0.05) group the results into subsets. A normally distributed dataset is not
required to run an ANOVA test, but the data distribution is assumed to be symmetrical so
throughout this work transformed data was used to be certain that appropriate data was
used for each analysis. For the stringent Tukey’s Honestly Significant Different (HSD)
post-hoc test, variables are assumed to have equal variance (a similar assumption to that
used during a t-fest). In case this assumption was not met, the Games-Howell correction
was used to check how representative the Tukey HSD results were, as recommended by
Roberts and Russo (1999). In fact, only two of the variables tested produced different
results using the Games-Howell test, the pigments Violax and Perid (see Section 3.3.3). In

these cases, the Games-Howell result was always adhered to.
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3.3 Results and Discussion

Before embarking upon a detailed discussion of statistical results, it is useful to examine
the raw DMS(P) data (Table 3.3) along with an appropriate reference parameter (TChl a).
Software packages such as Ocean Data View (ODV, http://odv.awi-
bremerhaven.de/home.html) are particularly useful for such data, as they can be used to
present vertical depth profiles along a horizontal transect, with colour or dark-light shading
to represent concentrations. In particular, such packages can be used to interpolate
between data points, which if applied with caution can be a useful tool for providing a
more interpretable picture. However, an important aspect of these plots is the exact
location of the data points, as these provide the reader with a critical view of the extent to
which the plot has been interpolated from the original data. The pages below display
vertical sections of DMS, DMSPd, DMSPp and TChl a along four AMT transects, plotted
using ODV. All figures range between 45°S and 45°N, extend to 120m depth, and use the
same interpolation settings (VG Gridding, a weighted mean) for every section to aid
comparability (Figure 3.2, Figure 3.3, Figure 3.4, and Figure 3.5 refer to AMT cruises -3, -
12, -13, and -14 respectively). Following these figures, the general patterns are briefly

summarised and discussed.

Table 3.3 Mean, minimum (min) and maximum (max) DMS, DMSPd and DMSPp concentrations

(nM) measured on each AMT cruise, as well as a summary of all cruises.

DMS DMSPd DMSPp
Mean Min Max | Mean Min Max | Mean  Min Max
AMT-5 1.01 0.03 134 8.18 049 339 132 022 672
AMT-9 1.07 0.14 109 | 4.93 041 374 139 080 1129
AMT-12 1.11 0.01 6.7 378 011 247 8.8 0.16 104.0
AMT-13 1.05 0.11 34 826 094 343 145 0.08 229.7
AMT-14 096 0.01 3.1 347 022 113 34 0.01 34.9
All Cruises 1.04 001 134 | 567 011 374 10.5 001 229.7

Cruise

63



Chapter 3: Linking DMS(P) measurements with biological parameters

a

Figure 3.2 Depth contour plots of (a) DMS (red); (b) DMSPd (blue); (c) DMSPp (grey); and (d) TChl
a (green) along AMT-5 (the green cruise track on Figure 3.1). Sample points are indicated (black dots).
Contour lines are set at intervals of 0.5 nM; 2.5 nM; 2.5 nM; and 0.1 pg L for DMS, DMSPd, DMSPp and
TChl a respectively. Scales have been capped at 3.5 nM; 15 nM; 25 nM; and 0.8 ug L™ for readability and
thus a small minority of points exceed these values. The Canary Current Upwelling system as defined by
Hooker et al. (2000) is marked with dashed lines. Equivalent plots with unlimited scales are included in the

appendix (Figure I).
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a

Figure 3.3 Data from AMT-12 (the blue cruise track on Figure 3.1). Otherwise, legend is as for

Figure 3.2. Equivalent plots with unlimited scales are included in the appendix (Figure II).
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a

Figure 3.4 Data from AMT-13 (the white cruise track on Figure 3.1). North of 14°S, no DMS and
DMSPd data was collected due to equipment malfunction. DMSPp data between the upwelling region
(approximately 20°N) and 14°S were collected and stored until the equipment was fixed. Otherwise, legend

is as for Figure 3.2. Equivalent plots with unlimited scales are included in the appendix (Figure III).
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a

Figure 3.5 Data from AMT-14 (the red cruise track on Figure 3.1). Otherwise legend is as for Figure

3.2. Equivalent plots with unlimited scales are included in the appendix (Figure I'V).
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When examining the sections, AMT-5 (Figure 3.2) stands out because the waters
encountered exhibit higher chlorophyll and DMSPp concentrations. The major difference
between AMT-5 and the other cruises was the cruise track (Figure 3.1), because AMT-5
did not progress as deep into the oligotrophic gyres (the same difference applies to AMT-9,
Table 3.3). Although the waters encountered were still considered oligotrophic during
AMT-5 and -9 (i.e. below ~0.1 mg m™ TChl a), they were unlikely to have been as nutrient
limited (because they were closer to nutrient-rich ocean margins) compared to those
encountered during AMT-12-14, and thus biological production and biomass were higher.
Another striking aspect is the influence of the Mauritanian upwelling at approximately
20°N seen during AMT-5 and AMT-13 (Figure 3.2 and Figure 3.4 respectively). This
feature is apparent in all four displayed parameters (DMS, DMSPd, DMSPp, and TChl a)
and is a good example of an oceanographic region where production, biomass and DMS(P)
are intimately linked. The higher latitude regions of the AMT transects experience greater
seasonality and also demonstrate an equivalent relationship between production/biomass
and DMS(P). However, this only occurs during the spring bloom, which takes place at
opposing times of the year in each hemisphere; i.e. elevated concentrations in the high
latitude northern hemisphere during May/June (AMT-12 and -14), and elevated
concentrations in the high latitude southern hemisphere during Sep./Oct. (AMT-5 and -13).

In oligotrophic regions such as the North and South sub-tropical gyres, the chlorophyll
maximum (chl max) does not coincide with increased DMS(P) concentrations (AMT-14 is
a good example of this, see Figure 3.5). This makes sense when considered in the context
of previous results that demonstrate poor global correlation between DMS or DMSP and
chlorophyll a (e.g. Kettle et al., 1999). Above the chl max in the gyres, there are both
inter- and intra-cruise variations in DMS concentration. An extreme example of this
occurred during AMT-14 (Figure 3.5) in the surface waters of the North Atlantic sub-
tropical gyre — elevated DMS levels were observed that were not associated with changes

in DMSP or TChl a. This phenomenon is discussed at length in Section 3.3.4.

As can be seen in all cruise sections (and in Table 3.3), DMSP (both particulate and
dissolved) concentrations exhibit substantial variation over relatively small spatial scales
(vertically and horizontally) as well as inter-cruise differences. This possibly reflects the
more direct relationship with biological activity and as a result, creates a ‘snap-shot’ view
of a dynamic system. It also highlights the possibility that the sub-tropical gyres, so often

considered to be constant throughout the year, might demonstrate biological variations that
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affect DMS(P) concentrations (Section 3.3.3 discusses this in more detail). So far, the
results presented and discussed have focussed only upon DMS(P) concentrations and the
prime indicator of biological activity, TChl a. Equivalent plots could be produced for each
accessory pigment, production, and bacteria. However, in order to examine such a large
volume of data, produce quantifiable results and come to robust conclusions, statistical

tests must be used to investigate the dataset. The results of such analyses are presented and

discussed in the following pages (Sections 3.3.1, 3.3.2 and 3.3.3).

3.3.1 Correlations

Previous work

Although phytoplankton are the primary source of DMS to oceanic waters, attempts to
correlate DMS with the predominant phytoplankton photosynthetic pigment, chlorophyll 4,
have often proven unsuccessful (e.g. Burgermeister et al., 1990; Kettle et al., 1999); the
more direct product of biological activity is DMSP. The ACSOE (Atmospheric Chemistry
Studies in the Oceanic Environment) lagrangian time series experiment studied DMSP
dynamics within a the North Atlantic eddy core over four days (Simo et al., 2002). The
authors suggested that DMSP production might be linearly related to primary production,
as on-deck incubations demonstrated a diel variation in both primary production and
DMSP production throughout a twenty-four hour period. It should be noted that all DMSP
production rates were not measured but inferred from changes in ambient DMSP
concentrations and the exponential decrease of total DMSP consumption in dark
incubations (Simo et al., 2002). Nevertheless, these results suggest that the rate of DMSP

production might be related to the rate of primary production.

Instead of chlorophyll a, other research has focussed on the accessory pigments, which
provide an indication of the phytoplankton species composition. A number of surveys
from Antarctic waters have demonstrated strong correlations between DMSPp and Hex
(DiTullio and Smith, 1995; Turner et al., 1995; Trevena et al., 2003), due mainly to the
high incidence of Phaeocystis antarctica (a known DMSP producer, Keller et al., 1989).
Whilst the typical marker pigment for Phaeocystis is Fucox, in the iron-limited waters of
the Antarctic, Hex and But synthesis is induced in Phaeocystis at the expense of Fucox

(van Leeuwe and Stefels, 1998).
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Another study investigating the relationships between DMS(P) and accessory pigments
was based upon a substantial dataset collected from the central Atlantic Ocean, the
subtropical northeast Atlantic Ocean, the Ionian Sea, and the Indian sector of the Southern
Ocean (Belviso et al., 2001). A significant relationship was identified between DMSPp
and But+Hex for DMSPp in the <10 pm size fraction (r2=0.84, 0<0.001, n=189). The
authors consider the sum of But+Hex a robust estimator of autotrophic pico- and nano-
planktonic biomass and suggest the relationship could be used to predict global
nanoplanktonic DMSPp concentrations (Belviso et al., 2001). However, as they
acknowledge, there are likely to be problems associated with such a predictive
relationship; for example, Phaeocystis normally synthesises Fucox rather than But or Hex,
unless iron limited (van Leeuwe and Stefels, 1998). When performing correlations in this
study, But+Hex was included for comparative purposes. The work of Belviso et al. (2001)
has since been adapted in order to create a global predictive algorithm for surface DMS
concentrations that uses a community composition index created from accessory pigment
ratios (Aumont et al., 2002; Belviso et al., 2004b). These predictive relationships and

others are discussed in more detail in Chapter 4.

After AMT-5 data was collected, the DMS(P) measurements were correlated with ancillary
pigment data (McKee, 2001). To summarise, little correlation was observed between DMS
or DMSPd and Chl a or any of the accessory pigments, but stronger correlations were
observed between DMSPp and both Hex (°=0.698, 0:<0.001, n=103) and Chl ¢; (*=0.693,
0<0.001, n=102). These biomarker pigments (Hex in particular) are often found in
prymnesiophyte and dinophyte algae (see Table 3.2), which are known to be high DMSPp
producers (Keller et al., 1989). In addition, a strong significant correlation was observed
with Allox (r2 =0.650, a<0.001, n=87), which is a biomarker for cryptophyta (Table 3.2).
Based on lab studies, cryptophyta are thought to be relatively low DMSPp-producing
(Keller et al., 1989), although this is not necessarily representative of field conditions. A
correlation between variables does not, of course, indicate a direct link. The covariance of
Allox with DMSPp may be solely due to cryptophytes increasing when DMSP producers
(e.g. Hex) increased. As the current AMT dataset is now significantly bigger than that of
McKee (2001), it is of interest to investigate whether the relationships identified by McKee

(2001) are maintained when data from the AMT-12-14 cruises are included.
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Overall trends

As previously mentioned, accessory pigment data was collected during AMT-5; during
Phase Two (AMT-12-14), this data was again collected, along with production and bacteria
data. Wherever possible, DMS(P) data was correlated with all of these variables. Data
could only be correlated if it had been collected at the same time and from the same depth
as the associated measurement. Inevitably this process led to a reduction in the number of
correlated points, with different correlations yielding different numbers of points. For
example, fewer points can be seen for DMS(P) data correlated with production as
production was not measured as frequently due to time and manpower restraints. This
underlines the need for a large initial dataset if numerous biological factors are to be

investigated simultaneously for possible relationships with DMS(P).

Upon examination of the entire AMT dataset, only a few correlations are evident (Table
3.4). The only pigment to correlate significantly with any of the reduced sulphur
compounds was violaxanthin (Violax), part of the recovery (dark) phase of the xanthophyll
cycle, which helps protect the cells of some algal species against damage due to excess
light energy (Porra et al., 1997). Violax and zeaxanthin (Zeax) constitute the respective
dark and light end-products of a xanthophyll cycle and ‘quench’ damaging free radical
activity, particularly that of singlet oxygen (‘O,), and enable the cell to survive high-light
conditions with minimal damage (Porra et al., 1997). The association between DMSPp
and a photo-protective pigment (Table 3.4) is particularly interesting when considered in
the context of the DMSP-lyase activity (DLA) results from AMT-14 (discussed in Chapter
5) and supports the recent anti-oxidant hypothesis of Sunda et al. (2002), detailed in
Section 1.1.1.
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Table 3.4 Significant' correlations, of DMS, DMSPd and DMSPp with phytoplankton pigment
concentrations, heterotrophic bacterial density (bacteria) and carbon fixation rates (production) for the entire
AMT dataset. p = Spearman’s Rank Correlation Coefficient; n = number of data points. All correlations are
positive unless indicated by a minus sign. See Table 3.1 for an explanation of the acronyms used for ocean

provinces and Table 3.2 for the abbreviations used for phytoplankton pigments.

Variable DMS DMSPd DMSPp
Violax p=0.537; n=304 (not significant
once AMT-5 removed)
Bacteria p=0.527; n=349
Production p=0.576; n=188 p=0.509; n=198

Other significant positive correlations identified for the entire dataset are between DMSPp
and both production and bacteria (Table 3.4). In addition, DMS concentrations
demonstrate a significant positive correlation with production, despite current
understanding that overall food web structure and function can influence DMS (Simo,
2004). A critical aspect of correlations is that they can suggest a direct relationship
between two variables when in fact none exists; this can occur when there is covariance of
more than two variables, a fact pertinent to these and later results. For the AMT dataset,
the correlation between bacteria and production is significant (p=0.676; n=141; a<0.0001),
indicating substantial covariance. It is not clear how an increase in bacteria could directly
contribute to an increase in DMS(P). Current understanding suggests that DMS and
DMSPd can be utilised as a carbon and sulphur source by certain bacterial strains (e.g.
Gonzalez et al., 1999; Kiene et al., 2000; Zubkov et al., 2001) but this would be expected
to drive a negative correlation between DMS(P) and bacteria. Negative correlations with
bacteria were not observed within AMT results (even after subdivision of the dataset, see
later) and it is difficult to explain how a positive correlation could occur via a direct link.
In contrast, production relates to biological activity and is arguably more likely to be
positively linked with DMS(P) concentrations. The above information suggests that the
link between DMS(P) and bacteria is indirect, occurring because production (known to co-

vary with bacteria) correlates significantly with DMSPp.

' See Section 3.2.1 for the discussion and definition of a ‘significant correlation’.
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As all of the relevant variables tested in the AMT dataset are known to vary significantly,
it is perhaps unsurprising that not very many of them correlate well with DMS(P)
concentrations. In particular, the AMT dataset incorporates a variety of factors that are
likely to have considerably affected the variables considered, so these must be addressed in

some way. Specifically, the following three factors will have had an impact:

1) Spatial Variation (Horizontal). The AMT dataset covers a number of ocean provinces
(see Figure 3.1) that are defined on the basis of global ocean circulation patterns,
latitudinal variations in light (and UV), nutrient availability/flux and temperature. These
differences can result in radical changes in biological community structure and its growth

rate and function.

2) Spatial Variation (Vertical). In oligotrophic waters, the chl max is determined by a
balance of essential resources — the upward supply of nutrients versus the downward
supply of light (Huisman et al., 2006). These will vary with geographical position and
large-scale circulation patterns. In near-surface waters, photo-protection is often necessary
against light damage whereas light availability at depth is lower and photosynthetic cells
must channel more resources into harvesting the same amount of light. The phytoplankton
community in waters experiencing high-light conditions has therefore adapted to its
various locations in the water column, i.e. a depth-dependent balance between
photosynthetic pigments and photo-protective pigments (Claustre and Marty, 1995, and
references therein). The chl max is indicative of the depth distribution of this balance.
Further, when the chl max is shallow (i.e. a strong upward flux of nutrients) and/or the
ocean is more productive, light cannot penetrate as far down through the water column as

phytoplankton cells rapidly attenuate the light.

3) Temporal Variation. The AMT cruises took place in opposing seasons (AMT-5 & -13
in Sep./Oct. and AMT-12 & -14 in May/June) and although the subtropical and tropical
provinces encountered along the AMT transects have previously been shown to exhibit
relatively constant biomass standing stock year-round (Claustre and Marty, 1995; Gibb et
al., 2000), some seasonality has been observed in other biological measurements (Claustre
and Marty, 1995). Further, the high latitude portions of the AMT transects clearly

experience seasonal change.
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Due to these three factors, the AMT dataset was sub-divided: (1) by cruise, to account for
any seasonality; (2) by biogeochemical province (as defined by Longhurst (1995)), to
account for horizontal spatial variations; and (3) surface data (upper 10m) was isolated to
exclude depth variations. For (3), the sub-surface data (>10 m) could not be used as it was
difficult to divide due to variations in the depth of the chl max; e.g. the chl max in
equatorial regions was approx. 50 m compared to in the oligotrophic gyres where it was >
100 m (see also Figure 3.3). The following sections describe the significant correlations

identified once the AMT dataset was sub-divided into these three categories.

Trends per cruise

As soon as the AMT dataset was divided by cruise, a number of significant associations
between variables could be identified (Table 3.5). It is unsurprising that the particulate
form of DMSP (i.e. that associated with cells) consistently demonstrates a greater number
of significant correlations with pigment data than either DMSPd or DMS, as it is directly
produced by phytoplankton. The number of significant correlations per cruise is highly
variable, with none identified for AMT-14 and sixteen identified for AMT-5. It is possible
that the high number of correlations for AMT-13 (seventeen) is due to the reduced spatial
coverage, and therefore reduced variation, in DMS(P) during that cruise. Although the
initial reason for dividing the dataset by cruise was to look at potential seasonality, it also

enables a rudimentary analysis of the difference between cruise tracks.

As discussed in Section 3.3, both AMT-5 and AMT-13 passed through the Mauritanian
upwelling (Figure 3.1). The upwelling cruises demonstrate a greater number of significant
correlations and the influence of productive upwelling waters is likely to have driven these
correlations. As described previously, the difference between the AMT-5 cruise track and
the tracks of subsequent cruises explains the elevated Chl a concentrations observed
(Figure 3.2). The difference in cruise track may also explain the stronger correlation
between TChl a (and Chl a) and DMSPp during AMT-5 compared to AMT-13 (Table 3.5).
TChl a has often been considered an indicator of phytoplankton community biomass and
production on a global scale but in contrast, phytoplankton pigmentation in clear, nutrient-
poor waters responds to the high light intensities at the surface (photo-inhibition) and low
light intensities (light limitation) at depth (Gibb et al., 2000). This may further explain the
lack of significant correlations between pigment data and DMS(P) for AMT-12 and -14, as

they are a poor representation of phytoplankton biomass or production for such regions.
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Table 3.5

Signiﬁcanti correlations of DMS, DMSPd and DMSPp with phytoplankton pigment

concentrations, heterotrophic bacterial density (bacteria) and carbon fixation rates (production) during AMT,

divided by cruise. p = Spearman’s Rank Correlation Coefficient; n = number of data points. All correlations

are positive unless indicated by a minus sign. See Table 3.1 for an explanation of the acronyms used for

ocean provinces and Table 3.2 for the abbreviations used for phytoplankton pigments.

DMS

DMSPd

DMSPp

AMT-5

Chl ¢, (p=0.587; n=67)
Perid (p=0.534; n=72)
Hex (p=0.552; n=67)

Violax (p=0.520; n=69)
Chl a (p=0.538; n=67)

TChl a (p=0.565; n=72)

Chl c¢; (p=0.559; n=69)
Chl ¢; (p=0.622; n=67)
Perid (p=0.546; n=70)
Hex (p=0.567; n=67)
But+Hex (p=0.524; n=68)
Fucox (p=0.600; n=70)
Violax (p=0.712; n=69)
Allox (p=0.630; n=70)
Chl a (p=0.749; n=65)
TChl a (p=0.675; n=70)

AMT-12

Bacteria (p=0.501; n=96)
Production (p=0.651; n=63)

Production (p=0.671; n=54)

Production (p=0.728; n=61)

AMT-13

Bacteria (p=0.694; n=67)
Production (p=0.711; n=40)

Perid (p=0.584; n=48)
Fucox (p=0.547; n=48)
Violax (p=0.594; n=48)
Chl a (p=0.545; n=47)
TChl a (p=0.554; n=47)
Bacteria (p=0.779; n=75)
Production (p=0.681; n=45)

Perid (p=0.635; n=57)
Fucox (p=0.580; n=57)
Violax (p=0.607; n=57)
Zeax (p=0.552; n=57)
Chl a (p=0.536; n=56)
TChl a (p=0.573; n=56)
Bacteria (p=0.824; n=87)
Production (p=0.870; n=52)

AMT-14

' See Section 3.2.1 for the discussion and definition of a ‘significant correlation’.
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Significant correlations were observed between all three reduced sulphur species and both
bacteria and production for AMT-12 and AMT-13 (Table 3.5). As discussed earlier, the
correlations of DMS(P) with bacteria may well be an indirect association due to covariance
of bacteria and production. It is particularly interesting that the relatively strong
relationships with production and bacteria during AMT-12 are not present at all within the
AMT-14 dataset. As both cruises occurred at the same time of year and followed similar
cruise tracks, there is no obvious explanation for this difference. These observations,
coupled with the distinct inter-cruise variability in the number of correlations with
pigments, suggest that, when looking for seasonality in the AMT dataset, the focus should
be on a smaller spatial scale, concentrating only on a single ocean province. The province
most appropriate for such a study is the SATL as AMT-12, -13 and -14 followed exactly

the same transect in the southern hemisphere (see Section 3.3.3 for results and discussion).

At this juncture, the issue of inter-correlation between, and covariance of, variables should
be fully addressed. All phytoplankton contain more than one accessory pigment, and thus
an algal group is likely to be represented (and therefore correlate with) more than one other
pigment. In addition, as nutrient and light availability increase, the production and
biomass of the whole phytoplankton community will increase. Whilst the community
composition (and thus its pigment composition) may change due to species’ competitive
abilities in different environments, there is also likely to be a degree of covariance between
different pigments. This can be demonstrated using a correlation matrix of the pigment
data discussed in both this and subsequent sections (Table 3.6). As can be seen, a lot of the
pigment groups co-vary, so a correlation of DMS(P) with one pigment is likely to result in
correlations with others. This fact should be borne in mind when interpreting all

correlation results.
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Chapter 3: Linking DMS(P) measurements with biological parameters

Trends per province

Once the AMT dataset was divided into provinces, the number of significant correlations
reduced considerably. This is unlikely to be due to the reduction in the number of data
points as there is still enough data for potential correlations to be classed as significant.
Most likely, the division by province isolated the higher production regions, which were
the major driver of correlations between chlorophyll (and/or other associated parameters)
and DMS(P) in the dataset as a whole. Bearing this in mind, some interesting patterns
emerge from the results (Table 3.7). All of the significant correlations presented relate to
lower latitude regions (SATL, NATR, NAST(E)). Of particular interest is that the only
pigments to significantly correlate with DMSP (dissolved and particulate) were Violax and
Zeax, which are the respective dark and light phases of a photo-protective xanthophyll
cycle (Porra et al., 1997). As discussed earlier in this section, the positive associations
between DMSP and these pigments in waters that are often light-stressed, supports the
concept that the role of DMSP is part of a photo-protective mechanism (Sunda et al.,
2002).

Significant positive correlations were also observed between DMS(P) and production
and/or bacteria (Table 3.7). As discussed earlier, the covariance of two variables (bacteria
and production) could explain most of the association between DMS(P) concentrations and
bacteria. As descried in the Overall trends and the Trends per cruise sections, an
association was observed between the phytoplankton community’s production and ambient
DMS(P) concentrations (Table 3.7). Considering the poor relationship between Chl a and
DMS(P) in oligotrophic waters, this is of considerable interest. Unlike Chl a, carbon
fixation represents the activity of the phytoplankton community, and may therefore help to
explain the better correlation with DMS(P).
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Table 3.7 Significant' correlations of DMS, DMSPd and DMSPp with phytoplankton pigment
concentrations, heterotrophic bacterial density (bacteria) and carbon fixation rates (production) during AMT,
divided by biogeochemical province. p = Spearman’s Rank Correlation Coefficient; n = number of data
points. All correlations are positive unless indicated by a minus sign. See Table 3.1 for an explanation of the
acronyms used for ocean provinces and Table 3.2 for the abbreviations used for phytoplankton pigments.
Once AMT-5 data was removed, most correlations reduced in strength and were therefore no longer found to
be significant (does not include bacteria and production as these variables were not measured during AMT-

5); those found no longer to be significant are highlighted. The only correlation that remained significant

after AMT-5 data removal (marked by ‘.’) was Violax vs. DMSPd in the SATL (p=0.547, n=98).

DMS DMSPd DMSPp

SATL Production (p=0.565; n=93) “Violax (p=0.520; n=117) Violax (p=0.548; n=121)
Bacteria (p=0.579; n=147)
Production (p=0.587; n=96)

NATR Production (p=0.673; n=34) Violax (p=0.555; n=47)
Bacteria (p=0.607; n=69) Bacteria (p=0.699; n=72)
NAST(E) Zeax (p=0.549; n=58)

Bacteria (p=0.759; n=39)

When discussing results in the Trends per cruise section, it was identified that the cruise
transect for AMT-5 differed quite radically from the cruise tracks of subsequent AMT
cruises (Figure 3.1). As a result, when looking at the Trends per province, it was
considered important to address the influence AMT-5 may have had upon the correlation
results. In Table 3.7, the significant correlations highlighted were found to no longer have
as strong an association (i.e. p > +0.5) once AMT-5 data was removed. Importantly, this
change does not include the bacteria and production correlations as such data was not
collected during AMT-5. Of the pigments that significantly correlated with DMS(P)
values, only one correlation remained (and in fact strengthened slightly) after AMT-5 data
was removed: DMSPd vs. Violax (p=0.547; n=98). None of the significant correlations
discussed so far have been particularly strong (i.e. close to +1 or -1), so it is unsurprising
that a reduction in the number of data points, particularly those from the higher biomass
waters encountered during AMT-5, resulted in a reduction in the strength of association
between most variables. However, this also highlights the fact that perceived global
correlations used for modelling purposes are not necessarily representative of low

production environments (this is discussed in more detail in Chapter 4).

' See Section 3.2.1 for the discussion and definition of a ‘significant correlation’.
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Trends in surface waters

In this section, the AMT dataset has been significantly reduced; initially, the focus is
purely on surface waters (upper 10 m), and subsequently, the surface waters are divided by
cruise and by province. With a reduced number of data points and a highly rigorous
significance criteria (a<0.0001), the number of ‘significant correlations’ reduced
substantially. In effect, a large number of the sub-divided AMT surface data categories
were unable to produce meaningful correlations as they contained too few data points. It
should therefore be noted that the correlations discussed throughout this section are biased
somewhat by the number of data points available. In particular, the production and
bacteria versus DMS(P) correlations, sub-divided by province, did not contain enough data
points to produce significant correlations. In statistical terms, this is determined using a
power test, defined as the probability that the decision to accept the null hypothesis (Hp) is
incorrect (Cohen, 1988). The non-significant results for this section were tested using the
tables of Kraemer and Thiemann (1987), and the majority found to contain too few data
points for the correlation analysis to be powerful enough to identify a statistically
significant correlation. Therefore the absence of a correlation should not be interpreted as a

lack of correlation.

Once depth variations were removed from the AMT dataset, the number of significant
correlations with DMSP (dissolved and particulate) increased relative to the overall dataset
(compare Table 3.8 with Table 3.4). Any correlations observed between DMS(P) and
bacteria/production were not strong enough to meet the criteria defined in Section 3.2.1
(i.e. > +0.5 or <-0.5). In profile, the production maximum — approximately 0.1 mmol C m’
3 day™ in the sub-tropical gyres (Poulton et al., 2006) — was consistently identified in sub-
surface waters above the chl max, and this may explain the notable absence of any
correlations between DMS(P) and production at the surface (< 10 m). Many of the
significant correlations were with accessory pigments associated with known DMSP-
producers (Hex, But, Perid and Fucox are often associated with prymnesiophytes and
dinoflagellates; see Table 3.2). Other significant correlations were with Chl a (present in
all phytoplankton groups) and Violax (part of a xanthophyll cycle). The latter suggests a

link with light stress, as discussed in previous sections.

Of particular interest are the significant correlations between DV Chl a and DMS/DMSPd
as they are negative (Table 3.8). In itself, this is not counter-intuitive. DV Chl a is

considered a pigment marker of the Prochlorophytes, and in the oligotrophic gyres covered
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by the AMT transects, the dominant phototrophic organism is Prochlorococcus spp., both
in terms of cells per ml and biomass (Zubkov et al., 2000). Prochlorococcus contributes a
negligible percentage of the total DMSP (and thus DMS), even in oligotrophic waters
(Corn et al., 1995). It is possible that, when Prochlorococcus numbers are substantially
reduced, an ecological niche exists that can be exploited by other DMSP (and thus DMS)

producers.

Table 3.8 Significant' correlations of DMS, DMSPd and DMSPp with phytoplankton pigment
concentrations, heterotrophic bacterial density (bacteria) and carbon fixation rates (production) for the AMT
data from surface waters only. p = Spearman’s Rank Correlation Coefficient; n = number of data points. All
correlations are positive unless indicated by a minus sign. The first row of results refers to the significant
correlations in the overall surface data; the second row refers to those remaining after AMT-5 data was
removed; the third row refers to those for AMT-5 data only; the fourth row refers to the SATL gyre data
only; and the fifth row refers to the SATL gyre data with AMT-5 data removed. See Table 3.1 for an
explanation of the acronyms used for ocean provinces and Table 3.2 for the abbreviations used for

phytoplankton pigments.

DMS DMSPd DMSPp
Overall ODV Chl a (p=-0.551; n=48) But (p=0.705; n=44) Peridinin (p=0.548; n=52)
Hex (p=0.756; n=45) Hex (p=0.608; n=52)
But+Hex (p=0.727; n=44) But+Hex (p=0.583; n=52)
Fucox (p=0.606; n=45) Fucox (p=0.590; n=52)
Violax (p=0.724; n=42) Violax (p=0.715; n=50)
Chl a (p=0.684; n=44) Chl a (p=0.672; n=51)
TChl a (p=0.584; n=44) TChl a (p=0.604; n=51)
YDV Chl a (p=-0.557; n=45)
Overall YDV Chl a (p=-0.651; n=30) Violax (p=0.649; n=38)
(AMT-5
removed)
AMT-5 only Allox (p=0.869; n=14)
SATL Hex (p=0.820; n=17) Violax (p=0.853; n=15)
But+Hex (p=0.814; n=17)
Violax (p=0.872; n=15)
Chl a (p=0.846; n=17)
SATL But (p=0.927; n=11)
without
AMT-5

' See Section 3.2.1 for the discussion and definition of a ‘significant correlation’.
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An alternative explanation for the negative correlations between DV Chl a and
DMS/DMSPd is that Prochlorococcus consumes DMSPd. No direct evidence exists of
such a phenomena, but Synechococcus, another prokaryotic picoplanktonic group, has
recently been shown to actively take up and assimilate DMSP as a sulphur source
(Malmstrom et al., 2005). Whilst sulphur is exceedingly abundant in seawater in the form
of sulphate (approximately 10’-fold more than DMSP), energy is required to reduce the
sulphate before its incorporation into protein. Although Malmstrom et al. (2005) only
observed Synechococcus to incorporate DMSP and methanethiol, it is possible that DMSP
could be utilised as a sulphur source by other autotrophic species (e.g. Prochlorococcus).
If DMSPd were actively consumed, the dominant source of DMS (i.e. production via
enzymatic cleavage of DMSP) may well reduce, leading to a diminishment of the ambient

pool.

Once the surface dataset was reduced in size, either by removing AMT-5 data or by sub-
dividing by cruise/province, only a few significant correlations remained (Table 3.8). In
general, positive associations still exist between DMSP (particulate and dissolved) and
Hex, But and Violax. However, little further interpretation can be made as many of the
differences between these results and those in previous tables are likely due to the

reduction in the number of data points.
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Correlation summary

Upon examination of all the correlation results within this section, it is clear that subtly
different results can be obtained depending upon how the dataset is subdivided. Whilst
unsurprising, this makes summarising ‘general’ patterns quite difficult as a slightly
different message can be gleaned from each table of correlations. In addition, the fact that
many of the pigments intercorrelate further hampers the interpretation of results. However,
the subdivision of data did help to produce a clearer picture as it allowed tests of whether
inter-province or inter-cruise variability was masking unseen relationships within the

dataset.

A comparison of the number of significant correlations observed between each variable
and any reduced sulphur compound enables an overall comparison between variables for
the AMT dataset. It should be noted that bacteria and production would be disadvantaged
in this comparison as the relevant measurements were not made during AMT-5. However,
the results are interesting as they show that the photo-protective pigment, Violax,
significantly correlated more often (thirteen times) than any other variable tested, while
carbon fixation rates (production) correlated significantly eleven times. All of the
significant Violax correlations were with DMSP, while four of the eleven significant
production correlations were with DMS. In comparison the traditional indicator of
biomass (TChl a or Chl a), only correlated significantly seven times. These results suggest
that in oligotrophic regions, carbon fixation rates may provide a better indicator of DMS(P)
production than biomass. Secondly, the significant positive correlations of DMSP with
Violax corroborates the theory that DMSP might be part of a photo-protective strategy
(Sunda et al., 2002). These conclusions confirm those already inferred directly from Table

34.
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Chapter 3: Linking DMS(P) measurements with biological parameters

3.3.2 Principal Components Analysis (PCA)

Data covariance is a problem that can be circumnavigated to a certain extent using
Principal Components Analysis (PCA), which accounts for the variance of the entire
dataset and reduces the number of variables to a more manageable number (see Section
3.2.2 for further detail). This statistical method was initially applied to all of the available
data, but was not found to be useful as the pigment data grouped as one component (or
factor) and the production and bacteria data grouped together as a second component. This
did not reduce the number of variables in a manner that was useful for data interpretation,
and it was therefore decided to apply PCA to the pigment data only. It should be noted
that But+Hex and TChl a were not included as they are functions of pigment data already

included in this analysis (see Table 3.2).

As Table 3.9 shows, the PCA extracted the maximal variance from each variable
(transformed pigment); the minimum fraction extracted was 0.704 for Allox. Three rotated
components or factors (¥, F> and F’3) were then used from the PCA to represent >80% of

the extracted data (Table 3.10) in further analyses.

Table 3.9 Fraction of variance (where 1 = 100%) extracted from the initial AMT dataset for each
transformed pigment (variable). As can be seen, the majority of the variance for each variable was

incorporated into the PCA (minimum extraction of approximately 70%).

Variable Initial Fraction Extracted
logo(Chl ¢3) 1.00 0.843
log;o(Chl ¢;) 1.00 0.888
logo(Perid) 1.00 0.713

logo(But) 1.00 0.768

logo(Hex) 1.00 0.900
logo(Fucox) 1.00 0.872
logo(Violax) 1.00 0.759
logo(Allox) 1.00 0.704

(Zeax)™ 1.00 0.827

log,o(DV Chl a) 1.00 0.842
log,o(Chl @) 1.00 0.898
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Chapter 3: Linking DMS(P) measurements with biological parameters

Table 3.10

Principal components (or factors, F) extracted from the entire AMT pigments dataset. In

the first set of columns (sums of squared loadings), factors with Eigenvalues >1 (F; — F;_highlighted) were

selected as representative of the dataset and used for further analysis; these account for >80% of the variance

of the entire AMT pigment dataset. The second set of columns (rotated sums of squared loadings)

demonstrates how a Varimax rotation apportioned the variance as evenly as possible across the selected

factors whilst explaining an equal cumulative % variance.

Sums of Squared Loadings Rotated Sums of Squared Loadings
Component Initial % of Cumulative % Rotated % of Cumulative %
Eigenvalues | Variance Variance Eigenvalue | Variance Variance
F; 6.1 55.1 55.1 5.0 45.7 45.7
F, 1.7 15.2 70.3 2.3 20.6 66.2
F; 1.3 11.6 81.9 1.7 15.7 81.9
Fy 0.6 5.5 87.4
Fs 0.4 3.5 90.9
Fs 0.3 2.7 93.6
F; 0.2 1.9 95.5
Fg 0.2 1.8 97.3
Fy 0.2 1.4 98.6
Fio 0.1 0.9 99.5
Fi 0.1 0.5 100.0

The component matrix presented in Table 3.11 provides an indication of the initial
variables represented by each PCA factor. Using an understanding of known DMSP-
producers and the results from Section 3.3.1, it is possible to predict which factor is likely
to best correlate with the DMS(P) data. In particular, F; represents But, Hex and Fucox
(pigment markers for Prymnesiophytes, Chrysophytes and Dinophytes, known DMSP-
producers) and Violax (part of a xanthophyll cycle that correlated well with DMS(P)
measurements in Section 3.3.1). As the majority of pigments’ variance was accounted for,
a strong correlation with DMS(P) might therefore be expected for F;. In contrast, the
relatively ubiquitous Chl ¢; and Chl ¢, represent F, while Zeax and DV Chl a (both
markers for Prochlorophytes, poor DMSP-producers) represent F3. Components F» and/or

F3 would not therefore be expected to correlate particularly well with the DMS(P) data.
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Chapter 3: Linking DMS(P) measurements with biological parameters

Table 3.11 The component matrix enables the user to identify which of the three selected factors
explain the majority of the variance of each initial variable (i.e. pigment). As highlighted (light/yellow) in
the table: F; can be used to represent the majority of the variance of Perid, But, Hex, Fucox, Violax and Chl
a; F, can be used to represent the majority of the variance of Chl c; and Chl c¢;; and F; can be used to
represent the majority of the variance of Zeax and DV Chl a. Allox was not well represented by any one

factor, with only approximately half of the variance accounted for by F; and F, (highlighted dark/green).

Variable Rotated Component (Factor)

F, F, F;
log1o(Chl ¢3) 0.218 0.892 0.000
logo(Chl ¢;) 0.258 0.901 0.099
logo(Perid) 0.817 0.080 0.196
log;o(But) 0.834 0.260 0.073
log;o(Hex) 0.879 0.339 0.113
log;o(Fucox) 0.888 0.286 0.033
log;p(Violax) 0.861 0.095 -0.094
logo(Allox) 0.624 0.550 0.110
(Zeax)"? 0.101 -0.030 0.903
logo(DV Chl a) 0.008 0.140 0.907
log,o(Chl a) 0.919 0.231 -0.013
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Chapter 3: Linking DMS(P) measurements with biological parameters

Using the definition from Section 3.2.1, there are no ‘significant correlations’ between
PCA factors and DMS(P) data in the correlation matrix (Table 3.12); these results are
corroborated by X-Y plots of transformed data (Figure 3.6). One of the stipulations used
in Section 3.2.1 to define a ‘significant correlation” was that the strength of the correlation
had to be > +0.5 or <-0.5. Secondly, a strict criterion of a<0.0001 was used to identify
only the highly significant correlations. If these rules are relaxed for the results in Table
3.12, some correlations are evident. The two most notable correlations confirm the theory
postulated in the previous paragraph because, of the three PCA factors, F; correlates most
strongly with the DMSPd and DMSPp measurements (Table 3.12 and Figure 3.6). The
strength of these correlations is clearly lower and less significant than with individual
pigment concentration data (specifically, Violax; p=0.537, a<0.0001; Table 3.4). This
indicates that, once the majority of variance in the AMT pigment dataset has been
accounted for, the DMSP concentrations remain largely unexplained by pigment
concentrations alone. Based on the results of Section 3.3.1, this is likely due to variations

in production not linked to changes in pigment concentration.

Table 3.12 Correlation matrix of reduced sulphur compounds (DMS, DMSPd and DMSPp) versus

PCA factors (F}, F; and F;). p = Spearman’s Rank Correlation Coefficient; n = number of data points;

(%)

significant correlations marked ** 0<0.01, or ¥ a<0.05. Letters in brackets refer to the relevant plot in

Figure 3.6.

PCA Factor DMS DMSPd DMSPp
F, p=-0.028; n =289 (a) o) = 40.365; n = 275 (b) Gew) p = 40.437; n = 294 (c)
F, &) p =-0.133; n =289 (d) & p = +0.125; n =275 (e) p =+0.077; n =294 (f)
F; p=+0.013; n =289 (g) p =-0.098; n =275 (h) p =-0.081; n =294 (i)
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Chapter 3: Linking DMS(P) measurements with biological parameters

As discussed in Section 3.3.1, AMT-5 was different in that the cruise track did not progress
as far into the oligotrophic gyres. Correlation results (Section 3.3.1) clearly show that the
removal of AMT-5 data has an impact upon the relationships observed within the dataset
(both overall and when divided by ocean province). It was therefore logical to run PCA on
the AMT dataset with AMT-5 data removed. All variables (pigments) were well-described
by this second PCA except Allox (a fraction of only 0.43 was extracted, Table 3.13). The
extraction accounted for 78% of the variance (compared to 82% in Table 3.10) and, as with
the PCA for the entire dataset, produced three components (abbreviated in this case by C)
with Eigenvalues >1. The three components represented the same groups of pigments, but
in a slightly different order (Table 3.13). C; can be used to represent Perid, But, Hex,
Fucox, Violax and Chl a, but C; best represents Zeax and DV Chl a while C; now best

represents Chl ¢; and Chl c.

Table 3.13 The component matrix enables the user to identify which of the three selected factors
explain the majority of the variance of each initial variable (i.e. pigment). As highlighted (light/yellow) in
the table, C; can be used to represent the majority of the variance of Perid, But, Hex, Fucox, Violax and Chl
a; C, can be used to represent the majority of the variance of Zeax and DV Chl a; and Cj; can be used to
represent the majority of the variance of Chl c¢; and Chl ¢,. Allox was not well represented by any one factor,

but the majority of variance was accounted for by C; (highlighted dark/green).

Variable Rotated Component (Factor)

C G, C;
log1o(Chl ¢3) 0.121 -0.017 0913
logo(Chl ¢;) 0.051 0.151 0.901
log;o(Perid) 0.844 0.223 0.088
logo(But) 0.862 0.029 0.093
log;o(Hex) 0912 0.126 0.129
log;o(Fucox) 0.919 0.134 0.091
log;o(Violax) 0.825 -0.148 -0.120
logo(Allox) 0.553 0.296 0.191
(Zeax)"? 0.183 0.871 0.056
log;o(DV Chl a) 0.026 0.906 0.062
log;o(Chl a) 0.946 0.088 0.065
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Chapter 3: Linking DMS(P) measurements with biological parameters

Of course, the result of interest is whether the Spearman’s Rank Correlation between
components (C; - C3) and DMS(P) values was improved or weakened by the removal of
AMT-5 data. Only two correlations were significant at all (in fact both were 0<0.01):

C; versus DMSPd (p=0.241; n=215; 0<0.01)

C; versus DMSPp (p=0.246; n=233; a<0.01)
These correlations are plotted using transformed DMSPd and DMSPp data (Figure 3.7)
and, encouragingly, are similar to the first PCA results (Table 3.12). The strengths of the
correlations between C; and DMSP (dissolved and particulate forms) have reduced
considerably and, when comparing Figure 3.7a&b with Figure 3.6b&c, it can be seen that
this is likely due to the removal of high DMSP and C; data values. In summary, the
removal of AMT-5 has shown that a similar (and expected) correlation exists with F;/C;,
regardless of whether AMT-5 data is included or not (i.e. regardless of how oligotrophic
the water is). However, this relationship is not as strong or significant as the individual

correlations in Section 3.3.1, indicating other influencing factors.

Figure 3.7 Scatter plots of PCA component C; (AMT dataset with AMT-5 data removed) versus
transformed (a) DMSPd (DMSPd"™’) and (b) DMSPp (DMSPp™).

90



Chapter 3: Linking DMS(P) measurements with biological parameters

3.3.3 Seasonality in the South Atlantic gyre?

Previous investigations have discovered that the overall biomass standing stock in
oligotrophic environments is relatively unchanged throughout the course of a year
(Claustre and Marty, 1995; Gibb et al., 2000). However, observations in the northern
tropical Atlantic indicate that, whilst the community structure and standing stock are stable
between seasons, water column stratification and production rates vary significantly
between spring and autumn (Claustre and Marty, 1995). It is therefore of interest to see if
DMS(P) concentrations in oligotrophic regions during the AMT project appear to be
influenced by these seasonal changes. In order to assess this, it is important to account for
any confounding factors such as spatial variability. The SATL provides a perfect vehicle
for such a study as the cruise tracks during AMT-12-14 were identical in this region and
represent measurements for two seasons (AMT-12 and AMT-14 in southern hemisphere
autumn, AMT-13 in spring). A comparison (i.e. ANOVA) of the results from these cruises

may indicate whether the reduced sulphur cycle is affected by seasonality.

DMS(P) data and ancillary biological measurements were investigated using the ANOVA
method described in Section 3.2.3. In order to best interpret the results, plots of the means
(£ standard error of the mean) of each cruise for each variable (Figure 3.8), and a table
displaying whether the differences were significant (Table 3.14) are required. DMS,
DMSPd and DMSPp display similar patterns, with differences in DMSPd concentrations
the most significant (Figure 3.8 and Table 3.14). Interestingly, the southern hemisphere
spring (AMT-13) concentrations were higher than those in autumn (AMT-12 and -14) and
the only other variable with a significant result and similar pattern was production (Figure
3.8 and Table 3.14). Production has been observed to vary significantly in another
oligotrophic system in the North Atlantic despite overall biomass remaining unchanged
(Claustre and Marty, 1995), and results from Section 3.3.1 also suggest that production

may drive a change in DMS(P) concentrations in such regions.
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Chapter 3: Linking DMS(P) measurements with biological parameters

Table 3.14 Statistical determination of significantly different (a<0.05) cruises in the SATL; AMT-12
and -14 were during the southern hemisphere autumn, AMT-13 during the spring. For optimum

interpretation of these results, use this information with the plots in Figure 3.8.

Parameter Cruises Sig. Diff? (04<0.05)

DMS AMT-14 sig. diff. to AMT-12 and -13
DMSPd AMT-13 sig. diff. to AMT-12 and -14
DMSPp AMT-14 sig. diff. to AMT-12 and -13

Production AMT-13 sig. diff. to AMT-12 and -14

Chl a Only AMT-13 and AMT-14 sig. diff. to each other

Violax AMT-14 sig. diff. to AMT-12 and -13

Perid No Differences
DV Chl a All Different

Zeax AMT-14 sig. diff. to AMT-12 and -13

TChl a No Differences

Chl c3 Only AMT-12 and AMT-14 sig. diff. to each other

Chl c2 AMT-14 sig. diff. to AMT-12 and -13

Allox AMT-12 sig. diff. to AMT-13 and -14
Bacteria AMT-12 sig. diff. to AMT-13 and -14

Fucox No Differences

But No Differences
Hex No Differences
But+Hex No Differences




€6

“XoH+Ing (1) pue xof (b) “ing (d) xoong (0) terrvreg (U) XO[IY (W) 20 [UD (1) €2 [UD () 2 [YIL (N xvaZ (1) 2 [YD AQ () *PHd (3) *XBIOIA (§) P TYD (9) tuononpoid

3 3 3 . . 13 — _ .
(p) :ddSINA (9) *PISINA () ‘SN (®) :pautiogsue Juasaxdar s10[d “#1-LINV PUe € [-LINV ‘TI-LINV 10J (STeq 10110 = I0ug pIepuel§ 7) 4ST F (Ueaur) 95104 Jo $10[J 8¢ 2an31g
asinip asInI9 asiniy asInI9 esInIp s
PLLAY €LY 2L-LAY PNV SL-LAY ZL-LAY PLLAY €LY 2L-LAY PNV SL-LWY ZL-LAY PLI-LNY  ELLAY 2LV PLILLAV  ELLAY  2L-LAY
I I I o1 I I I - I I | . I I I - I I I 0055 I I I 00
_ s T 0 1
lo1-8 = 10009 4 .
a g 5 & 2 rood
=3 Fog oz e = 2
Foi-B F ) < 0059 8 >
g 2 & g g Foog
Freg = W = oo & =
3 HoL- 3 H61-5 ez g H LooB
.- m H 3 e, 2 =
—v N N H —0°0SL 3 H
W P w ) H )
2 m m m b oo
e m gt et Fee 0008 m
- 1 b d - o u w
Let- Loose Loo
asinip s asiniy s sy asInI9
PI-LNY €LV 2L-LAY PLILAY  ELLAY  2L-LAY PLLAY  ELLAY  2L-LAY PLILAY  ELLAY  2LLAY PI-LNY €LV 2L-LAY PNV SL-LWY ZL-LAY
I I I 00 I I I 00 I I | 1 I I I o I I I I I I oe
Lo Loy 1o Hio® L gz
Loog vog - crg ® g 62 =
= 3 3 Feo El 3
Q FooQ -9 N M Fez g
rog 8 5 lzo& lzo=Z g
= F10= Ho'b-= = 2 re-=
7 z g T Heod = 2
rtog E} 5 3 8 3
a Fron HO b i e 5 oz 1
N ') N —eon —20n Uw
Frow ) .- A P 2
m From 60 20 [ g2
| Lio X Lo - [ Leo I Lzo Yy Lo 6 L,
asiniy EST ) asiniy asiniy EST ) asinIy
PIELAY  ELLAY  2h-LAV PNV SLLAY  ZL-LAY PLLAY  ELLAY  Zh-LAV VLAV LAY 2L-LAY PNV ELLAY  2L-LAY VLAY ELLAY  2L-LAY
| | I o I I I | | I | | I " I I | vl | | I 50
[ -
M lee _ _ g 9 M oty »
8 Fe-@ 3 ! 3 F20g
e < ° .o - (=] AN =
S Es e g = = ]
Foe 8 ® 2 ] Loz 0B
= Fe = s k] e r80=
= F 3 E s 5
L oo @ 0L -
ze§ 3 = o1 B ez g g
W —Hh e ] S i L60mM
Y nN 3 " e n
w La0-
% .om 80-r —02Cw [72] _.ﬂ
ez Fo1- @ 4 oz L.,
} 9 o 2 q e
Loz Lgo Lze Lgz

s1ojowrered [eor3oforq Ym syuduwaInseaw (J)SING Suryury

€ 423doy)



Chapter 3: Linking DMS(P) measurements with biological parameters

As well as the seasonal trends in DMS and DMSPp already mentioned, the Chl a, Violax
and Perid plots show a similar trend, but only certain cruises can be differentiated
statistically (Figure 3.8 and Table 3.14). Violax has previously been shown to correlate
significantly and positively with DMSP, so it is unsurprising that a similar trend in mean
concentration is observed. Chl a and Perid change in a similar manner to the reduced
sulphur compounds, suggesting that the change in community production drives a change
in speciation. Indeed, the polar opposite of the aforementioned trend is exhibited by DV
Chl q, i.e. low during the southern hemisphere spring, AMT-13; and high during autumn,
AMT-12 and -14 (see Figure 3.8 and Table 3.14). Zeax, another marker for the
Prochlorophytes and a photo-protective pigment, demonstrates a similar pattern to DV Chl
a, although AMT-12 and -13 cannot be distinguished statistically (Figure 3.8 and Table
3.14).

Based on the production and DV Chl a results, it would seem that as the productivity of the
phytoplankton community increases in spring, the Prochlorophytes (i.e. Prochlorococcus)
become less prevalent, and the data suggests (not significantly) that Perid-containing
phytoplankton (possibly dinoflagellates) may fill that niche. As this change in community
structure occurs, the DMS(P) levels are affected, most notably the DMSPd concentrations.
TChl a results cannot be separated statistically at all (Figure 3.8 and Table 3.14), which
corroborates the results of Claustre and Marty (1995), but this is understandable as TChl a
is a function of DV Chl a plus Chl a and these pigments demonstrate opposing trends, each
effectively nullifying the effect of the other. Ideally, more data should be collected for this

region during the southern hemisphere spring to confirm these interpretations.
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3.3.4 Unusually high DMS concentrations observed in the NAST during AMT-14

During AMT-14, unusually high concentrations of DMS were encountered between
approximately 25°N and 30°N (for relevant region, see Figure 3.9), with sub-surface
concentrations of approximately 3 nM (Figure 3.10a). In comparison, the equivalent sub-
surface concentration for the same region latitude and region during AMT-12 was 1.1 nM
(Figure 3.3). Increased biological production is an obvious candidate for these increased
DMS concentrations but this would suggest a proportional increase in DMSP
concentrations. No clear pattern is apparent in the dissolved and particulate DMSP
concentrations and, if anything, there is a suggestion that DMSPd concentrations may have
reduced slightly for the area in question (Figure 3.5). Had DMSP-production and DMSP-
lyase activity (DLA) increased (and DMS loss terms remained constant or reduced), an
increase in DMS concentrations would be expected. No DMSP production measurements
were made during AMT-14, and DLA measurements from chl max and surface waters do
not suggest any unexpected levels of activity for the relevant stations (see Chapter 5,
Figure 5.2). It was hoped that the ancillary data (biological and physical) might help
explain the observed DMS ‘hotspot’.
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Chapter 3: Linking DMS(P) measurements with biological parameters

Figure 3.9 Close-up view of northern hemisphere gyre-focussed AMT cruise tracks. Both AMT
cruises were northbound and occurred during the northern hemisphere’s spring (May/June) in 2003 (AMT-
12, squares) and 2004 (AMT-14, triangles). The provinces defined by Longhurst (1995) are shown to
provide spatial reference: North Atlantic Sub-Tropical Gyre — East (NAST(E)); North Atlantic Sub-Tropical
Gyre — West NAST(W); Canary Current Coastal (CNRY); North Atlantic Tropical Gyre (NATR); and
Western Tropical Atlantic (WTRA). The circled region during AMT-14 is the focus of this section (Section

3.3.4). Plot produced using Ocean Data View (http://odv.awi-bremerhaven.de/home.html).

Although AMT-14 concentrations were twofold higher than previous AMT measurements
from the NAST, the most notable aspect of these waters was reflected by the concurrent
biological data. As expected for oligotrophic gyre waters, Chl @ measurements were
typically low (< 0.1 ug L!, Figure 3.5). However, whilst these regions are typically
dominated by Prochlorococcus (Zubkov et al., 2000), which use DV Chl a instead of Chl a
for photosynthesis (Wright and Jeffrey, 1997, and references therein), their density
dropped sharply as the DMS concentrations increased (Figure 3.10b). A similar drop was

observed in heterotrophic bacterial density (Figure 3.10c).
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Chapter 3: Linking DMS(P) measurements with biological parameters

a

Figure 3.10 Depth contour plots of (a) DMS (red); (b) Prochlorococcus density in number ml”! (green);
and (c) heterotrophic bacterial density in number ml™' (grey) during the northern section of AMT-14 (the red
cruise track on Figure 3.1, equator to 40°N). Sample points are indicated (black dots) and the location of the
DMS ‘hotspot’ circled on each section. Contour lines are set at intervals of 0.5 nM and 250,000 cells ml! for
DMS and heterotrophic bacterial density respectively. For Prochlorococcus density, contour lines were set at
100,000 cells ml™! with extra contours for 50,000 and 25,000 cell ml”. For DMS and heterotrophic bacterial
density, scales have been capped respectively at 3.5 nM and 900,000 cells mI™ for readability and thus a
small minority of points exceed these values. Equivalent plots for DMS and heterotrophic bacterial density

with unlimited scales are included in the appendix (Figure V).
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Chapter 3: Linking DMS(P) measurements with biological parameters

Surface water carbon fixation provides an indication of the overall phytoplankton
community activity. During AMT-14, size-fractionated carbon fixation shifted dominance
from the small (0.2-2 um) fraction to the large (>2 um) fraction within the DMS hotspot
(Figure 3.11b), although a similar shift was observed at a similar latitude during AMT-12
(Figure 3.11a). Further to this, total carbon fixation rates reduced between 25°N and 30°N,
but no more than would be expected in gyre waters; total carbon fixation during AMT-12

was in fact lower than during AMT-14 (Figure 3.11c¢).

As discussed in Section 3.3.1, it is conceivable (but unproven) that Prochlorococcus
assimilates DMSP. The decline in Prochlorococcus numbers may therefore have resulted
in an increase in DMSP and thus DMS. However, this is unlikely to have been the case as
DMSPd concentrations were observed to stay constant or even reduce. In a similar vein,
heterotrophic bacteria have been observed to consume DMS (e.g. Gonzalez et al., 1999;
Zubkov et al., 2002; Zubkov et al., 2004), and thus a decline in their numbers could be
linked to an increase in DMS concentrations. Whilst this remains a possibility, it is
unlikely because the rate of DMS consumption in such waters is low and DMS production
would have had to continue in the absence of DMS consumption for a significant period of

time for concentrations to build up to observed levels (Zubkov, M., Pers. Comm.).
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Figure 3.11 Balance of size-fractionated carbon fixation (%) in North Atlantic Sub-Tropical surface
waters during (a) AMT-12 and (b) AMT-14. Total carbon fixation (c) is plotted for reference (squares,
AMT-12; triangles, AMT-14). The focus of this section (Section 3.3.4) is circled on all plots.
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Chapter 3: Linking DMS(P) measurements with biological parameters

As the biological measurements fail to satisfactorily explain the elevated DMS
concentrations, we must consider the physical structure of the water column. The

following pages contain AMT-14 CTD profiles from the NAST (Figure 3.12) and for

comparison the SATL (Figure 3.13), with each station’s DMS depth profile overlain. The
DMS hotspot profiles in the NAST are CTDs 67 and 71, and the subsurface DMS maxima

can clearly be identified. Of greatest interest are the corresponding density profiles, which

suggest that the water column is stratified to the surface (i.e. every parcel of water is less
dense than the water directly below it). Certainly this provides an explanation for the
reduced biological activity as the phytoplankton and bacterioplankton could easily have
become nutrient-limited. Explaining an increase in DMS concentrations with this
mechanism is less straightforward. One suggestion might be that the stratified surface
layers have physically capped any DMS produced and restricted the sea-air gas flux.
However, as is evident in Figure 3.12, CTD profiles outside of the DMS hotspot
demonstrate a similar structure. This difference could be explained by the length of time
that the water column has been fully stratified, i.e. increase in time capped = increase in
DMS concentration. The fact that the SATL profiles (Figure 3.13) look completely
different to those in the NAST (i.e. contain a clearly defined mixed layer), suggests this

might be a possibility, but we have no way of discerning that this is the driving factor.
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Chapter 3: Linking DMS(P) measurements with biological parameters

A valid question to address is whether a phenomenon similar to the AMT-14 DMS hotspot
has ever previously been observed. The most extensive DMS database available can be
found online (http://saga.pmel.noaa.gov/dms/), and surface measurements from this plus
AMT-12 and -14 data are displayed in Figure 3.14. Despite this extensive collection of
DMS measurements and the fact that it covers all seasons, surface concentrations have not
previously been observed within the local region. One pertinent point is that no
measurements have previously been made as far west as AMT-14, and therefore there is no
way of knowing whether or not this is a transient feature. More measurements are
essential from this region and further west if we are to identify and characterise the

processes driving this DMS hotspot and any other similar phenomena.

Figure 3.14 Currently available surface DMS concentrations (nM) within the northern hemisphere
(10°N — 40°N; 60°W — 10°W), including measurements from the global DMS database
(http://saga.pmel.noaa.gov/dms/) and samples from the AMT-12 and -14 cruises. The DMS scale has been
capped at 3 nM to distinguish smaller-scale variations. According to Longhurst (1995), the distinction
between the North Atlantic Sub-Tropical Gyre (NAST) and the North Atlantic Tropical Region (NATR) lies
along 25.5°N (dashed line). The elevated DMS concentrations encountered during AMT-14 are circled.

Beyond the North Atlantic, time series measurements from the oligotrophic Sargasso Sea
have identified a regular increase in DMS concentrations during the summer months
(Dacey et al., 1998). Unusually, this increase in DMS occurs while DMSP concentrations
are observed to reduce, suggesting a similar scenario to the DMS hotspot observed during

AMT-14. Subsequent work on the Sargasso Sea dataset has identified significant positive
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Chapter 3: Linking DMS(P) measurements with biological parameters

correlations between DMS concentrations and light, in particular ultraviolet light (Toole
and Siegel, 2004), suggesting another link with the anti-oxidant hypothesis of Sunda et al.
(2002). Unfortunately no UV measurements were made during AMT-14 and no data exists
from the DMS hotspot region in the days preceding the observations, so we are unable to

test such a theory.
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3.4 Summary

Certain results from this chapter (Figure 3.2; Table 3.4; Table 3.7; and Table 3.8) clearly
show that AMT-5 differed significantly from subsequent cruises as the transect did not
progress as far into the subtropical gyres (see Figure 3.1). This clearly demonstrates the
difference between the definition of oligotrophic, gyre-like conditions using
measurements, versus the definition of the North and South oligotrophic gyres as defined
by Longhurst (1995). This difference should be borne in mind if extrapolating results from
such regions across the entire Longhurst province or if planning future research in these

and similar regions of the world’s oceans.

In Section 3.3.1, results from previous correlations between DMS(P) and accessory
pigments were discussed. In particular, the work of Belviso et al. (2001) and McKee
(2001) indicated DMSPp linkages with Hex+But (Belviso et al., 2001), and with Hex and
Allox (McKee, 2001). Overall, the AMT results do not corroborate these trends, although
when surface data was isolated, significant correlations were observed with But, Hex and
But+Hex (Table 3.8). In particular, the correlation between DMSPp and Allox appears to
have only occurred during AMT-5 (Table 3.5 and Table 3.8). In the oligotrophic waters of
the North and South Atlantic, phytoplankton community carbon fixation rates appear to
represent a more accurate indicator of ambient DMS(P) (in particular DMSPp)
concentrations than Chl a or TChl a (Table 3.4, Table 3.5 and Table 3.7). Numerous
significant correlations between DMSPp and Violax (Table 3.4, Table 3.5, Table 3.7 and
Table 3.8) add statistical weight to the anti-oxidant hypothesis first proposed by Sunda et
al. (2002). Combined with the DLA results from Chapter 5, this strongly suggests that the

reduced sulphur cycle plays a role in combating oxidative light stress in phytoplankton.

Correlations using the factors or components created using PCA and pigment data
corroborate individual correlation results whilst taking into account the majority of
variation within the pigment dataset (see Section 3.3.2). However, the correlation
coefficients (p) are weaker and the significance («) lower than individual correlations,
suggesting that at least one other factor plays a major role (e.g. phytoplankton production).
ANOVA results for the SATL indicate that seasonality does exist within the reduced
sulphur cycle and relates to differences in carbon fixation (see Section 3.3.3). Further, the
results suggest that in spring, carbon fixation increases, subtly changing the community

composition and resulting in a change in DMS(P) levels. More data is required to verify
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these conclusions. The DMS hotspot encountered during AMT-14 (see Section 3.3.4) is a
phenomenon previously unseen in the NAST, although a similar trend has been observed
in the Sargasso Sea (see Dacey et al., 1998). The changes in DMS co-occurred with
changes in certain biological parameters and the water column’s physical structure. This
information provides clues as to the cause of such a DMS hotspot, but firm conclusions are
limited because measurements were not made as part of a lagrangian study, which would

have provided a good context for data interpretation.
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Chapter 4: Comparing AMT data with algorithms for surface DMS concentrations

4 Comparing AMT data with proposed algorithms for global surface

DMS concentrations

4.1 Introduction

During recent 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. 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 DMS concentration and 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; Simo and Dachs,
2002; Chu et al., 2003; Belviso et al., 2004b), 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).

In this chapter, surface DMS concentration, chlorophyll concentration and DMS flux data
is presented for five research cruises during the AMT programme (AMT-5, -9, -12, -13 and
-14; see Figure 1.18) and attention is paid to the spatial variability of these parameters.

The significant amount of data and the large spatial coverage enabled a comparison of

DMS measurements with the following, recently-published algorithms, formulated using
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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.

A modified version of this chapter has been accepted for publication in Deep-Sea Research

IT (Bell et al., 2006b).
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4.2 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 Chapter 1). In
practice, however, it is very difficult to sample the seawater microlayer (tens of microns
thick at most). It is customary for samples to be collected from the ‘near-surface’ layer
and, for the purposes of this chapter, 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 6.5 m, it was decided that when
analysing the data, the depth considered to be ‘surface’ (or ‘near-surface’) would be 10 m
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.
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4.3 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 1.18). In particular, the
transects from Phase Two progress 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 14°S. 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 their relevance is discussed later.

Here, the dataset is divided into the ocean biogeochemical provinces identified by
Longhurst (1995) (Figure 1.18). However, as has been acknowledged by Longhurst
(1995), the borders and characteristics of these provinces shift due seasonal changes and
longer-term phenomena such as El Nifio 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.
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4.3.1 Surface DMS Concentration and Flux

Flux calculations were made for every surface DMS measurement, using an average wind
speed from the previous 10 minute period. Please refer to Section 1.1 (in particular

Section 1.1.1) for further details on how DMS fluxes were calculated.

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 4.1. It is important to note
here that, for the chlorophyll @ measurements on AMT-9, a fluorometric method was used
rather than high-pressure liquid chromatography, and this will have led to differences in
the concentrations relative to the other cruises (Mantoura et al., 1997). The Mauritanian
upwelling region (approximately 20°N) 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 (e.g. 13.4 nM DMS and 28.8 pmol m”
day™ flux, AMT-5). 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 Figure 1.3), 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
an increase in DMS concentration (from 1.1 nM to 6.7 nM); this is due to a concurrent
drop in wind speed (from 6.0 m sec” to 3.2 m sec”'). Whether the wind speed and DMS
concentration co-vary (e.g. 30°N during AMT-14) or not will clearly have a significant

impact on the overall DMS flux.
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Figure 4.1 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.
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Whilst the format used in Figure 4.1 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 4.1). Although all the cruise tracks passed
through the same biogeochemical provinces, the chlorophyll a plots in Figure 4.1 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 aresult, 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 3.1), only the four provinces that were

regularly sampled are included in Table 4.1.

Table 4.1 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). Please see Table 3.1 for full biogeochemical province

names and their acronyms, as from Longhurst (1995).

X Surface [DMS] (nM) Wind Speed (m sec™) DMS Flux (umol m™ day™) No. of
Province
Mean Median Range Mean Median Range Mean Median Range Samples
NAST(E) 2.1 1.9 1.1-3.9 5.1 5.3 0.9-8.8 32 3.1 0.2-7.6 26
NATR 1.3 14 0.5-2.0 6.7 7.1 1.8-14.5 3.7 33 0.4-14.7 25
WTRA 1.1 0.9 0.7-2.3 6.6 6.8 2.6-8.9 34 33 0.4-10.6 19
SATL 0.9 0.7 0.1-34 7.3 7.4 0.8-13.5 2.7 2.1 0.1-14.5 68
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There is little pattern apparent in the variations of mean and median surface DMS
concentration and flux (Table 4.1). 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 4.1) and the
remarkably similar averages and ranges per province (Table 4.1). 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.
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4.3.2 Predictive Algorithms

The five algorithms tested in this chapter (see summary Table 4.2) 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 ANO1;
MLD in SD02). Great effort was made 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, it is expected that using climatological data rather than measured data would
have lead to a poorer fit with the relevant predictive algorithms (i.e. ANO1 and SD02).

Unfortunately, time limits did not allow the time necessary to fully test this premise.

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 season (i.e. by cruise) and/or
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).

114



Chapter 4: Comparing AMT data with algorithms for surface DMS concentrations

Table 4.2 Algorithms for predicting sea surface DMS concentrations tested using the AMT dataset.
The AUO02 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 (BEO04a(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 TChl a x [1-Fp]). For AT04, the authors suggest a
constant value of 60 + 30 umol m™ based on their data, hence initial comparison with the AMT dataset used

constants of 30, 60 and 90 umol m>.

Egn.
Algorithm D Equation Reference
ANOL a(i) [DMS] = 2.29 for log1o(CJQ) < 1.72 | Anderson et al.
a(ii) | [DMS] =8.24.[log,;(CJQ) - 1.72] + 2.29 for logo(CJQ) > 1.72 (2001)
0.10769
Total DMSPp =(20XTChla x Fp)+|13.64 + 5
a o p = axFp) [ (1.04+24.97(1— Fp)xTChla )™’ J
AU02 Aumont et al.
for Fp < 0.6
b(i) | DMS: DMSPp=0.015316+—2003294 orip= (2002)
0.0205+ Fp
b(ii) | DMS : DMSPp = 0.674Fp - 0.371 for Fp > 0.6
a(i) Total DMSPp = (20 x TChl a X Fp) + 21 for TChl a”< 0.3 mg m*
BE04 . Total DMSPp = (20 X TChl a X Fp)+(356.4 X TChl a”- 85.5)  for TChla”> 0.3 mg m" Belviso et al.
a(ii) 3 (2004b)
b | DMS:DMSPp =0.231 - 3.038Fp + 13.0Fp” - 38.05Fp’ + 41.12Fp* - 16.32Fp’
SD02 a(i) | DMS = -Ln(MLD) + 5.7 for Chl/MLD < 0.02 Simo and
a(ii) | DMS = 55.8(Chl/MLD) + 0.6 for Chl/MLD >0.02 | Dachs (2002)
Aranami and
ATO04 a DMS x MLD = Constant for Chl/MLD < 0.02 Tsunogai
(2004)

ANOI 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'z) 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 also Table 4.2):

[DMS] = 2.29 for log;o(CJQ) < 1.72

Equation 4.1

[DMS] = 8.24.[log;o(CIQ) — 1.72] + 2.29 for logio(CJQ) > 1.72

Equation 4.2
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The term Q is a Michaelis-Menten nutrient limitation factor that has often been used in
ecosystem models (Anderson et al., 2001):

N

C &, +N)

Equation 4.3

where N = nitrate concentration and Ky = half saturation constant, both measured in mmol
N m™. For the purposes of their study, the authors used 0.5 mmol N m” for Ky, and it was
decided to use the same value to maintain comparability. For some data points, when
calculating Q (Equation 4.3), the nitrate (N) concentration was below the detection limit (2
nM). In these cases, the detection limit value was used, which may have lead to an
overestimation of Q. However, any reduction in Q would only reduce log;o(CJQ) (i.e. a
shift left along the X axis of Figure 4.2), and would not change any of the overall

conclusions.

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 this study was to use in situ
measurements. As a result, the numbers used to calculate each predicted DMS
concentration were real-time measurements of the surface chlorophyll concentration, the
surface nutrient concentration and an average of the daily solar radiation (300-3000 nm
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 data 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 4.2), it is evident that the ANO1 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 4.2 is that the ANO1 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 4.2a), no apparent pattern can be seen. In general the same applies for the
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data divided by region (Figure 4.2b), although there are slight differences between
provinces. The data from both sides of the North Atlantic subtropical gyre (NAST(E) and
NAST(W)), plot consistently closer to the ANO1 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.
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Figure 4.2 Surface DMS concentrations for AMT-5, -12, -13 and -14 plotted against log;o(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), ANO1, is shown as a solid black line.

AUQO2 / 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 @ and community composition
data. The community composition index, Fp, is a ratio of depth-integrated (denoted by 2)
pigment biomarkers:
Fp = (X fucoxanthin + X peridinin) x
(X fucoxanthin +X peridinin + 2 19°-BF + X19’-HF
+ X zeaxanthin + X TChl b + X alloxanthin) !

Equation 4.4
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This is effectively the ratio of diatom and dinoflagellate pigments (fucoxanthin and
peridinin, respectively) to total pigments (Claustre, 1994). The total depth-integrated
pigment concentration represents the main phytoplankton groups in the ocean —
fucoxanthin (diatoms), peridinin (dinoflagellates), 19’-butanoyloxyfucoxanthin (19’-BF,
chrysophytes), 19’-hexanoyloxyfucoxanthin (19’-HF, prymnesiophytes), zeaxanthin
(cyanobacteria), TChl b (defined as the sum of Chlorophyll b and divinyl-chlorophyll b;
green flagellates) and alloxanthin (cryptophytes). 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 (DMSPp°) = Total DMSPp — (20 xTChl a x Fp)

Equation 4.5

Non-diatom TChl a (TChl a”) = TChl a x(1 — Fp)
Equation 4.6

Based on field measurements, the DMSPp-to-TChl a ratio for phytoplankton communities
dominated by diatoms (and to a lesser extent dinoflagellates) was suggested to be
approximately 20 mmol g”' (Aumont et al., 2002), and this was incorporated into Equation
4.5. Using data from various projects (ALBATROSS, EUMELI, DYFAMED, PROSOPE
and Antares cruises), the authors then derived a relationship between DMSPp” and TChl a”
(r*=0.84; n = 189):

0.10769

DMSPp'=13.64 +
(1.0 +24.97TChla') >

Equation 4.7
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Using Equation 4.5, Equation 4.6 and Equation 4.7, Total DMSPp concentrations in

surface waters were then predicted from the following formula (see also Table 4.2):

0.10769 J

Total DMSPp = (20X TChlax Fp)+| 13.64 +
( ») ( (1.0+24.97(1— Fp)xTChla) ™’

Equation 4.8

Further, the surface DMS concentrations could also be predicted if Equation 4.8 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; P = 0.51; n =125 (see also Table 4.2):

0.005294

DMS:DMSPp =0.015316 + — for Fp <0.6
0.0205 + Fp

Equation 4.9

DMS:DMSPp = 0.674Fp — 0371 for Fp > 0.6

Equation 4.10

For BE04, Belviso et al. (2004b) modified Equation 4.7, Equation 4.8, Equation 4.9 and
Equation 4.10 to make the algorithms more applicable to a global scale and re-evaluated
the lines of best fit (Norwegian fjord data with high Fp ratios and exceptionally variable
DMS and DMSP concentrations were removed). Equation 4.7 was changed into a two-

part equation (another ‘broken-stick’ relationship):

DMSPp” = 21 nmol L™ for TChl a” < 0.3 mg m™

Equation 4.11

DMSPp” = 356.4TChl a” - 85.5 for TChl a”> 0.3 mg m™

Equation 4.12

The reformulation of Equation 4.8 was then dependent on whether TChl a” was less than
or greater than 0.3 mg m™ (see also Table 4.2):

Total DMSPp = (20 x TChl a X Fp) + 21 for TChla“ < 0.3 mg m>

Equation 4.13
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Total DMSPp =(20xTChlax Fp)+ (356.4TChla'-85.5)  for TChl a”> 0.3 mg m™

Equation 4.14

After the same dataset modification mentioned earlier, Equation 4.8 became (see also
Table 4.2):
DMS:DMSPp = 0.231 — 3.038Fp + 13.0Fp* — 38.05Fp’ + 41.12Fp* — 16.32Fp’

Equation 4.15

The data used to create Equation 4.8, Equation 4.9 and Equation 4.10 (AU02) and
Equation 4.13, Equation 4.14 and Equation 4.15 (BE04) were from surface waters alone
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 used in the

equations above 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 4.3a&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 4.3c&d) is also very similar for low
Fp ratio values, but the relationships deviate significantly above a Fp ratio of 0.6. This is

not relevant to this study as the waters of interest have much lower Fp ratios.
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Figure 4.3 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 (Equation 4.8, Equation 4.9 and
Equation 4.10), and the solid line represents BE04 (Equation 4.13, Equation 4.14 and Equation 4.15). 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 (Equation 4.5), plotted against TChl a”, calculated
from measured surface TChl a and the Fp ratio (Equation 4.6). 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.

Although the AU0O2 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 BE(04
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 4.3a-d). Using
the ratio and DMSPp” results to calculate a predicted DMS concentration will increase the
overall 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 4.3a) or by province (Figure 4.3b) 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
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phytoplankton present contained much less DMSPp than might be expected based on the
AUO02 and BE04 algorithms. The DMS:DMSPp ratio plots, divided in the same manner
(Figure 4.3c&d), are interesting since the data collected during AMT-5 is in good
agreement with 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 formulae proposed by Aumont et al. (2002) and Belviso et al.

(2004b).

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 datasets with a large geographical coverage,
to independently verify the algorithms proposed. The level of success was mixed, with
model performance varying 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.

SD02 & ATO04 relationships predicted using the MLD

The relationships described in this section link surface DMS concentrations with the MLD
(Simo and Dachs, 2002; Aranami and Tsunogai, 2004). 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”™ (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 the following algorithms
(see also Table 4.2):
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DMS = -Ln(MLD) + 5.7 for Chi/MLD < 0.02

Equation 4.16

DMS = 55.8(Chl/MLD) + 0.6 for Chl/MLD > 0.02
Equation 4.17

ATO04 compared their surface DMS concentrations with measured MLD values. The
authors found that DMS concentrations were higher in shallower MLD, and lower in
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 also Table 4.2):

DMS x MLD = constant for Chl/MLD < 0.02

Equation 4.18

From their dataset, the authors suggested a constant value of 60 + 30 pmol m™>. When
comparing the AMT dataset with AT04, the following constants were therefore used: 30,
60 and 90 pmol m™.

MLD determination

A number of different methods are available to calculate the MLD, with critical thresholds
for salinity, temperature or density often arbitrarily decided (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™ 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).
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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 10 m
(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” density difference (hereafter referred to as MLDp) 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 MLDr) provided a better fit than the mixed layer. As can be seen in Figure
4.4, 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, MLDyp, was greater than MLDr, indicating
that the MLDt method tended to pick up more recent changes (i.e. the mixing layer)
whereas the MLDp 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 MLDp, values (Figure 4.4), the depth of the mixed layer presented in
Figure 4.5a-c is MLDr.
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Figure 4.4 A comparison of the two methods used in this study (AMT-5, -9, -12, -13 and -14) to

define the depth of the mixed layer (MLD): MLDy, uses a density difference of 0.125 kg m™ from the
surface; MLDr uses a temperature difference of 0.2°C from a reference depth of 10 m (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 (MLDp) predicts a deeper MLD, corroborating theory.

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 be due simply to the effect of dilution. It is important to consider the
differences between the original studies in MLD determination — 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 3 were equal to or greater than the Chl/MLD
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critical threshold of 0.02 (see Equation 4.16 and Equation 4.17). It would be difficult to
draw any conclusions from such a small number of points so they are not considered as
part of this study, and the focus is 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 4.5a). 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 100 m (Belviso et al., 2004a). If MLDy, is used rather
than MLDr, 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; data not shown).

When the AMT data is divided by cruise (Figure 4.5a), there is no observable 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 4.5b). 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.
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Figure 4.5 Measured surface DMS concentrations for AMT-5, -9, -12, -13 and -14 plotted against the
mixed layer depth (MLDy), calculated from profile data using a temperature difference of 0.2°C relative to a
reference depth of 10 m (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 x MLD = constant,

where the suggested values were 30, 60 and 90 umol m™.

The AMT data fits best-to the AT04 algorithm (Figure 4.5c) and this can be shown by
comparing plots of observed DMS concentrations against residual values (predicted minus
observed DMS concentrations) for each algorithm (Figure 4.6a&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
pumol m’ for their algorithm, but a large proportion of the AMT data actually sits between
the constant lines of 30 and 60 umol m™ (51 out of 117 points, 44%). The AT04 constant
was optimised to the AMT data by finding the lowest median modulus residual, and then

used the predicted data from this optimised constant (40 pmol m™) to compare with the
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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 ANO1 (1.21 nM).
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Figure 4.6 Measured DMS concentrations plotted against residual DMS concentrations (predicted

minus observed) for all five algorithms, separated into two plots for clarity. Panel (a) displays AN0O1 (small
filled triangles), AU02 (grey squares), and SD02 (open circles). Panel (b) displays BE04 (open circles) and
the optimised AT04 line, DMS x MLD = 40 umol m™ (grey squares). Panel (a) excludes 4 data points for
AUO02 where the algorithm significantly over-predicts DMS concentrations (residual values not shown are
6.1,6.7,24.8 and 26.5 nM). Panel (b) excludes 2 data points for BEQ4 where the algorithm significantly
over-predicts DMS concentrations (residual values not shown are 8.8 and 13.0 nM). These exclusions were

necessary to ensure the scales are appropriate so that the remaining data is both readable and comparable.

While the AMT data fits the AT04 dilution model reasonably well, the scatter suggests that
using the optimised constant of 40 pmol m* 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 is to be incorporated into a global model.
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4.4 Summary

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 4.5¢). 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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S Spatial variability in DMSP-lyase activity during AMT-14

5.1 Introduction

DMSP is chemically stable in seawater with a half-life of ~8 years at 10°C (Dacey and
Blough, 1987). Consequently, DMS production from DMSP is thought to be dependent on
DMSP-lyase activity (DLA). The DMSP-lyase enzymes that catalyse this reaction have
been found in a wide range of marine organisms including phytoplankton (Stefels and van
Boekel, 1993; Steinke et al., 1998; Niki et al., 2000), fungi (Bacic and Yoch, 1998),
bacteria (de Souza and Yoch, 1995; Gonzalez et al., 1999) and macroalgae (Van Alstyne
and Houser, 2003).

The role of DLA in the ecophysiology of marine organisms is uncertain but several
functions for this process have been described, including the production of chemosensory
attractant and deterrent compounds (Steinke et al., 2002c, and references therein). It has
also been suggested that algal DLA is part of an activated chemical defence reaction during
grazing (Wolfe et al., 1997). Finally, evidence suggests that DLA is central to an anti-
oxidative stress mechanism involving DMSP, DMS, acrylate, DMSO and methane
sulphinic acid (Sunda et al., 2002). All of the above possibilities are discussed in more

detail in Section 1.1.1.

During an Emiliania huxleyi bloom study in the North Atlantic in 1998, Steinke et al.
(2002a) demonstrated that the coccolithophore contribution to DLA was approximately
26%, with the remaining activity attributed to particles larger than 10 um. This
information, combined with a significant correlation with peridinin (r2 =0.88,p<0.02), a
chemotaxonomic marker for dinophytes, linked DLLA with phototrophic dinoflagellates
found in the surface waters. Further analysis of the same data set revealed a significant
relationship with the photo-protective pigment diadinoxanthin (+* = 0.96, p < 0.01), with
highest concentrations at the surface. Fieldwork conducted a year later in the North Sea
(Steinke et al., 2002b) also produced a significant relationship with diadinoxanthin (¥ =
0.63, p < 0.01). More recently, research on the oligotrophic waters of the Sargasso Sea
demonstrated similar results, with DLA (normalised to chlorophyll a) highest at the surface

and closely following the depth profile of diadinoxanthin (Harada et al., 2004). These
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studies provide further evidence for the role of DLA in producing anti-oxidants under

conditions of photo-oxidative stress.

The AMT-14 cruise in May 2004 provided the opportunity to focus on DLA and related
sulphur compounds in the southern and northern gyres (Figure 5.1). These central gyres
are characterised by high light intensities and low nutrient concentrations — conditions that
have the potential to induce oxidative stress in phytoplankton in the euphotic zone. We
hypothesised that DLA would increase in these areas and predicted that samples taken
close to the surface would demonstrate high DLA relative to those at lower light levels in

the chlorophyll maximum (chl max).

A modified version of this chapter has been submitted to Aquatic Sciences and is currently

under review (Bell et al., 2006a).
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Figure 5.1 Cruise track and sample locations for AMT-14 cruise northbound from the Falkland Islands
to the UK (May 2004). Samples were divided into four geographical sections (I-IV) as part of the data
analysis (see text). The provinces defined by Longhurst (1995) are shown to provide spatial reference: North
Atlantic Subtropical Gyre-East (NAST(E)); North Atlantic Subtropical Gyre-West (NAST(W)); North
Atlantic Tropical Gyre (NATR); Western Tropical Atlantic (WTRA); and South Atlantic Subtropical Gyre
(SATL). In addition, the season for each hemisphere is indicated. Plot produced using the freely-available

Ocean Data View (http://odv.awi-bremerhaven.de/home.html).
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5.2 Waters Sampled for DMSP-Lyase Activity (DLA)

Samples from the surface and chlorophyll maximum (chl max) were collected at pre-dawn
(approx. 0300 hrs local time) and late-morning (approx. 1100 hrs local time). For surface
samples, Niskin bottles were closed as near as possible to the ocean’s surface. The depth
varied depending on the sea-state; the mean surface bottle depth was 3.1 m and the range
was 0.5 — 8.0 m (n = 44). In the regions sampled, the chl max was considered
representative of low-light conditions as it was located either on or close to the 1% light
level. The mean chl max depth was 105.3 m (n = 44) while the depth range was greater
than for the surface bottles (47 — 150 m) because of the shallower chl max in equatorial

upwelling waters.
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5.3 Results and Discussion

Field measurements of DLA have been made previously in a number of locations and
significant variations in activity have been observed in the North Atlantic, 0.1 — 142.3
nmol L' h™' (Steinke et al., 2002a); the North Sea, 4.0 — 207.0 nmol L™ h™' (Steinke et al.,
2002b); and the oligotrophic Sargasso Sea, 60 — 300 nmol L™ h™' (approximated data from
figure 3 in Harada et al., 2004). The AMT-14 cruise track passed through predominantly
oligotrophic waters and DLA was lower, covering a range from O (no activity detected) to
58.6 nmol L' h™". Samples were taken for DMS, DMSP and DLA in the southern gyre,
equatorial upwelling and northern gyre, from 35°S to 40°N (Figure 5.1). In vitro DLA in
the chl max (Figure 5.2a) was consistently low throughout the cruise (0 to 8.7 nmol L' h™';
mean = 2.1 nmol L™ h™). In comparison, the surface DLA showed relatively high
variability and ranged from 0 to 58.6 nmol L h™ (Figure 5.2a). These variations in
surface DLA, and their spatial distribution over a more geographically extensive transect

than previously studied, are the focus of this chapter.

The AMT-14 transect can be divided into sections I to IV based on the ratio of DLA to
total chlorophyll a (DLA:TChl a; Figure 5.2¢), where TChl a (Figure 5.2b) represents the
sum of chlorophyll @ and divinyl chlorophyll a for HPLC, or Chl a for fluorometric
measurements. Sections I and III show elevated surface DLA:TChl a (approximately >
100 nmol L™ h™ pg™ TChl a while in sections IT and IV surface DLA:TChl a is generally
low (approximately < 100 nmol L™ h™ pg™ TChl a; Figure 5.2¢). Sections I and III are
thus considered ‘high’ surface DLA while sections II and IV are considered ‘low’ surface
DLA. It is important to note that the majority of DLA:TChl a variability is driven by
changes in DLA rather than changes in TChl a.
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The well-recognised Longhurst classification of the world oceans in terms of
biogeochemical regions (Longhurst, 1995) describes the northern limit of the South
Atlantic sub-tropical gyre (SATL) to be approximately 7°S. However, the distinction
between section I (high DLA) and section II (low DLA) in the southern hemisphere is
observed at approximately 20°S. In contrast, the region of elevated DLA in the northern
hemisphere (section III; 13°N to 36°N) fits reasonably well with two of the Longhurst
(1995) provinces — the North Atlantic sub-tropical gyre (NAST; 12°N to 25°N) and North
Atlantic tropical region (NATR; 26°N to 43°N).

Given that the regions of elevated DLA did not show a complete fit to established
biogeochemical provinces, the data set was explored for any relationships with ancillary
data. In particular, parameters were investigated that relate directly to DLA (i.e. DMS and
DMSP concentrations) and those that may be indirectly related (e.g. nutrient
concentrations, '*C-fixation rates, accessory pigment concentrations, light intensity). It is
important to recognise that these samples were analysed for in vitro DLA rather than in
vivo DLA. However, new information on the substrate kinetics of in vitro and in vivo DLA
during a mesocosm experiment suggest that in vitro data are similar to in vivo activities in
some natural populations (Steinke et al., Submitted). It is instructive to make comparisons
with ambient DMS and DMSP concentrations in the water column. As would be expected,
surface DMS concentrations vary throughout the AMT-14 transect, but the pattern
observed in DLA:TChl a for sections I/III and sections II/IV is not repeated in the surface
DMS concentrations (Figure 5.3a). This is of no particular surprise as biological turnover,
sea-air gas flux, and photo-oxidation have been shown to be dominant but variable loss

terms for DMS in oligotrophic surface waters (Kieber et al., 1996).

On the basis of laboratory studies with phytoplankton cultures, it has been suggested that
oxidative stress produces a protective response leading to elevated DMS and DMSPp
production (Sunda et al., 2002). Ambient DMS concentrations increased as the transect
progresses northwards and this is most likely due to the onset of spring in the northern
hemisphere (Figure 5.3a). Surface DMSPd (Figure 5.3b) and DMSPp (Figure 5.3c)
concentrations follow the same general pattern as DMS, although there is greater
variability in the DMSPp concentrations. None of the DMS, DMSPd or DMSPp
concentrations demonstrate the more distinct pattern observed for DLA. This is

highlighted when DLA is normalised to DMSPp (Figure 5.3d) because sections I and III
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can still be clearly distinguished. It is worth noting at this stage that ambient
concentrations of DMS or DMSP may not correlate well with DLA because additional
factors influence their turnover time (e.g. sea-air flux; biological production and

consumption processes).

Harada et al. (2004) use their DLA and DMSPp values to calculate a potential turnover
time (Equation 5.1) for the DMSPp pool, presenting a 5 min turnover time on average for
their oligotrophic Sargasso Sea samples. Equivalent turnover times for this study range
between 1 and 211 min, with an average of 13 min for sections I/III and 23 min for
sections II/IV. If total DMSP (i.e. DMSPd + DMSPp) is used in the calculations, the
average turnover time for DMSP increases to 24 min for sections I/IIl and 41 min for
sections II/IV. Such calculations are hypothetical as they assume that in vitro values are
representative of in vivo values and that all DMSP is freely mixed with all available
DMSP-lyase enzymes. In addition, the calculation assumes that true DMSP-lyase enzyme
activity is always operating at near saturation levels. This is unlikely given that recent
estimates using Michaelis-Menten type enzyme kinetic data suggest longer turnover times
during a mesocosm experiment, from 310 d at the beginning to 1 d at the end (Steinke et al,

Submitted).

[DMSPp]
DLA

Turnover Time =

Equation 5.1
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Figure 5.3
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Plotting DLA:TChl a against phytoplankton carbon fixation provides an insight into the
DLA:TChl a data that is not immediately obvious when it is plotted against latitude (Figure
5.4). The horizontal and vertical lines on this plot represent the mean values for each axis.
While DLA:TChl a shows variability at most '*C-fixation rates, it is notable that only two
above-average DLA:TChl a samples (i.e. > 131.7 nmol L' h™ ug™” TChl a) were observed
at carbon fixation rates greater than 0.28 mmol C m™ d™'. This finding suggests that in
regions of higher carbon fixation (i.e. higher production), DLA:TChl a is unlikely to be
high because conditions are more amenable for phytoplankton growth (i.e. nutrient-
sufficient, appropriate light levels, etc.). This is in agreement with the proposed role of

DLA in a DMSP-based anti-oxidant cascade (Sunda et al., 2002).

Nutrient limitation is one of a number of possible causes of oxidative stress in
phytoplankton cells in oligotrophic surface waters. The ambient nutrient concentrations
(nitrate, NOs', Figure 5.5a) clearly demonstrate that cells at the surface are, as expected,
nutrient limited relative to those at the chl max. However, the depth of the nitracline
(defined as the depth of the 1 pmol L™ NOj3” isopleth, Figure 5.5a) provides a better
indication of nutrient availability as a deep nitracline indicates a low nutrient supply to the
surface. In the northern hemisphere, the deepening of the nitracline clearly coincides with
section III where DLA:TChl a increases (Figure 5.5d), while in the southern hemisphere
the elevated DLA:TChl a values were also measured when the nitracline was deep (section
I). In section II, the equatorial region exhibits low DLA and a correspondingly shallow
nitracline (i.e. greater nutrient supply). However, South of approximately 5°S in section II,
the nitracline deepens while surface DLA stays low. With the exception of this region,

most of the higher DLA values appear to be associated with a low nutrient supply.
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Figure 5.5
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chlorophyll) denote surface samples and samples from the chlorophyll maximum are represented by filled

squares. Dashed line in (a) represents nitracline depth (m). See text for definitions of PP:PS and F,/F,,,.
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Fast repetition rate fluorometry facilitates the calculation of the F, (variable fluorescence)
to F,, (maximum fluorescence) ratio, which represents photochemical efficiency and has
often been used as a general indicator of photosynthetic health for natural phytoplankton
assemblages and cultures (Falkowski and Raven, 1997). Throughout AMT-14, F,/F,
values were lower in surface waters relative to chl max values (Figure 5.5b). This could be
due to light stress (Falkowski and Raven, 1997), nutrient limitation (Parkhill et al., 2001),
taxonomic variability (Moore et al., 2006) or a combination of all three. Although the data
suggests that cells at the surface are potentially in a more stressful environment, the surface

values do not demonstrate obvious co-variation with DLA.

If DLA increases due to light stress then variations in photo-protective pigment
concentrations might also be expected to co-vary with DLA values. Indeed, previous
studies from a range of environments have found significant relationships between DLA
and accessory pigment concentrations (Steinke et al., 2002a; 2002b; Harada et al., 2004).
Whilst different phytoplankton groups dominate in different ocean regions and seas, these
studies have all described a significant correlation between DLA and the commonly
occurring photo-protective pigment, diadinoxanthin. This pigment is part of the
diadinoxanthin-diatoxanthin xanthophyll cycle, a photo-protective mechanism found in
major phytoplankton groups, including diatoms, dinoflagellates and haptophytes (Porra et
al., 1997). However, our data demonstrates no such correlation between DLA and

diadinoxanthin or any other xanthophyll cycle pigment.

The phytoplankton community was classified using an approach similar to that used by
Gibb et al. (2000), which identifies the relative investment in photo-protective (PP) versus
photosynthetic (PS) pigments. This index divides the molar concentrations of the major PP
accessory pigments (diadinoxanthin, zeaxanthin and alloxanthin) by the major PS
accessory pigments (peridinin, 19'-butanoyloxyfucoxanthin, fucoxanthin, 19'-
hexanoyloxyfucoxanthin and prasinoxanthin) along the AMT cruise track. The PP:PS ratio
is consistently higher at the surface relative to the chl max (Figure 5.5¢), i.e. a greater
relative investment in PP pigments in surface waters. The PP:PS ratio correlates
significantly and positively with DLA (Spearman’s p = 0.53, p < 0.01, n = 68) but the
correlation is not exceptionally strong because, as with F,/F,,, the pattern of the surface
data does not follow that of surface DLA. Photo-protective pigment production is

designed to help the cell in redistributing energy, protecting photosystem II from over
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excitation in high light conditions whilst maintaining photosynthetic rates (Falkowski and
Raven, 1997). In contrast, it has been suggested that DLA is part of a process designed to
protect the cell against excess harmful oxidative radicals formed due to numerous
stressors, not just elevated light (Sunda et al., 2002). It therefore should not be expected
that photo-protective pigments display exactly the same patterns as DLA, because other
factors such as nutrient limitation (e.g. by nitrogen or iron) and intracellular CO, shortage

contribute to the potential for oxidative stress and may also influence DLA.

The starting hypothesis for this chapter was that DLA would increase with factors that
cause oxidative stress. Therefore, if DLA is related to the level of oxidative stress
experienced, it might vary with the length of light exposure to the water column over
recent hours. The late-morning CTD data was investigated for the surface light history of
the local region (total irradiance received) over the past 2—4 hrs, but this revealed no clear
pattern (data not shown). However, it is interesting that the high surface DLA samples (i.e.
sections I and III) from the late-morning CTD had higher activity than those surface
samples from the pre-dawn cast, with the exception of two days in section III (Table 5.1).
Whilst these samples were spatially distinct and therefore only represent a pseudo time-
series, the regions covered by sections I and III are large oligotrophic gyres and the
biological, chemical and physical conditions can be expected to remain relatively constant
over the distance travelled between the pre-dawn and late-morning casts. These results are
in agreement with other results from somewhat similar waters, which suggest a link
between the reduced sulphur cycle and light exposure (Toole and Siegel, 2004). Elevated
DMS concentrations are observed every summer in the Sargasso Sea and demonstrate a

strong, significant correlation with photosynthetically active radiation and UV.
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Table 5.1

Surface DLA values from pre-dawn (PD) and late-morning (LM) CTD casts. Each PD and

LM sample pair was selected from the same day and was from the same section. The final column represents

the difference between LM and PD. Sections I and III demonstrate elevated DLA in the LM cast relative to

the same day’s PD cast, with the exception of two days in section III (20 May '04 and 23 May '04).

Pre-Dawn DLA (PD)

Late-Morning DLA (LM)

Section Date dua dua LM -PD
(mmol L™ h™) (mmol L™ h™)

I 05 May '04 17.2 36.1 18.9
I 06 May '04 239 553 31.4
I 07 May '04 10.8 49.7 38.9
II 11 May '04 59 32 -2.7
I 12 May '04 29 1.0 -2.0
I 13 May '04 5.3 9.7 44
II 14 May '04 4.8 0.0 -4.8
I 16 May '04 3.1 3.9 0.8
I 18 May '04 8.2 30.2 22.0
111 19 May '04 1.2 4.2 3.0
111 20 May '04 32.0 7.6 —24.4
11 21 May '04 7.2 13.0 5.7
I 22 May '04 13.5 29.5 159
I 23 May '04 20.2 19.1 -1.1
v 26 May '04 3.8 1.6 -2.3
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With the methods used here (see Methods; Section 2.3), the water-column DLA measured
is nominally representative of the size fraction greater than 0.7 um. As a result, the data
are unlikely to include DLA for all unattached bacteria, although some may have been
retained as filtration proceeded. An experiment in 1999 in the St. Lawrence estuary found
that free-living bacteria and free enzymes accounted for only a small (< 10%) proportion of
the overall DMS production, corroborating previous findings (Scarratt et al., 2000, and
references therein). These samples were collected in more oligotrophic waters and the
DLA could relate to a combination of phytoplankton DLA, particle-attached bacterial DLA
and the activity of some unattached bacteria that may have been retained on the filter. An
inherent problem with the methods currently used to determine DLA is that there is a
possibility that variable proportions of free-living and particle-attached bacteria contribute

to observed variations in surface DLA.
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5.4 Summary

The novel data set presented here was collected over a wide geographic range covering the
oligotrophic northern and southern gyres of the Atlantic. Considerable variability in
surface DLA was observed, but these variations did not relate particularly well with
observed DMS and DMSP concentrations. Oxidative stress is less likely for phytoplankton
cells in nutrient-replete, high productivity waters and elevated DLA:TChl a was not
observed when the nitracline was shallow or when carbon fixation rates were greater than
0.28 mmol C m> d™". However, surface waters with low 4C_fixation and a deep nitracline
did not always display elevated DLA. At the surface, F,/Fy, values were lower and the
PP:PS accessory pigment ratio was higher, which may be due to generally more stressful
conditions at the surface. However, neither of these parameters correlate well with surface
DLA. Comparison between pre-dawn and late-morning CTD casts suggests that the DLA
response to changes in light conditions is relatively rapid, although no correlation could be
found between recent light history and DLA. The relationship between oxidative stress
and DLA in open ocean waters deserves further attention in order to fully understand what
causes the variations in surface DLA observed during this study; this is essential to
improve understanding of how DLA may influence ambient DMS concentrations and the

subsequent ocean-atmosphere flux of this climate-cooling trace gas.
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6 Atmospheric gaseous and aerosol nitrogen and sulphur

measurements

6.1 Introduction

Having addressed the reduced sulphur cycle in the surface ocean in chapters 3-5, this
chapter focuses on the atmosphere and discusses relevant results from the AMT
programme. The oxidation of atmospheric DMS to sulphate (SO4>) and the subsequent
role of SO4> aerosol in the formation of cloud condensation nuclei (CCN) are core
components of the CLAW hypothesis (Charlson et al., 1987). Atmospheric ammonia
(NH3) reacts readily with sulphate aerosol, facilitating new particle nucleation (Coffman
and Hegg, 1995). For these reasons the atmospheric data collected during AMT is of
interest. After a methods section (Section 6.2), Section 6.3 focuses on atmospheric
concentrations of the products of DMS oxidation, methane sulphonic acid (MSA) and non-
sea-salt sulphate (nssSO42'). The subsequent section (Section 6.4) concentrates on reduced
nitrogen, i.e. gaseous ammonia (NHj)) and its flux to and from the ocean. The final
section (Section 6.5) combines results relating to both the nitrogen and sulphur cycles, and
discusses them in the context of current theory. In particular, in situ DMS and NH3(,
fluxes are compared and remote marine atmospheric aerosol ammonium to non-sea-salt
sulphate ratios (NH4+:nssSO42') are discussed using AMT and other data from the

literature.

Due to instrumentation problems, oceanic NH4" and atmospheric NHj(,) samples were only
collected concurrently during AMT-14 and thus flux calculations for NH3 could be made
for this cruise alone. In addition, atmospheric MSA concentrations were only measured
during AMT-14. As a result, the first two result sections (6.3 and 6.4), discuss data
collected during AMT-14 in May 2004 (for cruise track, see Figure 1.18 in Section 1.5,
Chapter 1). Initially, Section 6.5 discusses NH3; and DMS fluxes and is thus also solely
focussed on data collected during AMT-14. However, once the focus shifts onto the
NH4+:nssSO42' ratio in aerosol, data from AMT-12, -13 and -14 is discussed. Finally,

relevant results are presented from an extensive literature search.
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6.2 Atmospheric methodologies

The following sections provide some detail on the collection and analysis methods for the

chemical species discussed in this chapter.

6.2.1 Concentration of chemical species in aerosol

All AMT atmospheric aerosol samples were collected and analysed by Alex Baker, Tim
Jickells and Karabi Biswas, who kindly made their data available for interpretation here.
All aerosol samples were collected on Whatman 41 filters using a high-volume (1 m’ min’
" cascade impactor (Figure 6.1), set up to separate samples into coarse (>1 pm diameter)
and fine (<1 um diameter) particles, which broadly represent two different aerosol
formation routes (Raes et al., 2000). The coarse mode aerosol is formed predominantly by
physical processes (e.g. spray from the ocean or dust resuspended from the continents),
while gas-to-particle conversion forms fine mode aerosol (e.g. SOy () conversion to

sulphate aerosol).

The cascade impactor was set up to collect these samples using three stages. Two stages
and filters were placed nearest to the air intake of the impactor. The first initiated the flow-
field of air, which aids separation of fine and coarse mode particles (see Figure 6.1), and
the second collected the majority of particles >1 um in size. These two filters were
extracted together and represent the coarse mode aerosol sample. A third filter (Whatman
41 cellulose, with ~0.1 um pore size) was placed beneath the slotted filters and the extract
from this represented the fine mode aerosol sample. Samples were generally changed once

a day and sampled an average air volume of ~1400 m’ with a flow of ~0.5 m® sec™.
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Cascade wnpactor plates numbered

- 1to 6, from top Muts and bolts holdmg ipactor

together

TWing tut and bolt secures
tmpactor to sampler

Bacloup filter plate
(filrer placed on top)

Gashets forming an airtight seal
ketween plates and sampler

Slotted filters between plates

Figure 6.1 Diagrammatic representation of how a cascade impactor is set up and operated. Although 6

impactor stages were available, only 3 stages were used (see text). Diagram courtesy of Tim Lesworth.

It is possible that the Whatman 41 filters also collected gas phase nitric acid (HNO3) and
ammonia (NH3). However, nitrate is found predominantly in the coarse mode due to the

reaction of HNOj; with sea salt aerosol, thus suppressing any fine mode deposition of

HNO3; (Pryor and Sorensen, 2002).

Throughout this chapter, the term ‘major ion’ refers to the dominant chemical species
found in the aerosol. In terms of the extraction and analysis described here, the following
major ions and chemical species were all analysed using ion chromatography after
extraction into milliQ water:

Ammonium (NH;"), Sulphate (SO42'), Nitrate (NO3"), Chloride (CI'), Sodium (Na*),
Calcium (Ca®"), Potassium (K*) and Methane Sulphonic Acid (MSA).
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6.2.2 Atmospheric gaseous NH3 concentrations

Atmospheric gaseous NH3 was collected using a system commonly known as a ‘filter
pack’. Two filter packs were used in parallel to account for any variability, with a third
pack deployed as a blank, which was disconnected from the vacuum pump; the filters from
the blank filter pack were used to blank correct the data. The filter pack systems were
positioned at the fore (front) of the monkey island (top deck) and sampling only ever
occurred when the net wind direction (i.e. wind direction corrected for ship’s motion) was

from forward of the ship’s funnel. Filter pack setup was as shown in Figure 6.2:

acid-coated
Whatman 41 filters

cyclone separator

Air in Air out to flow meter

and vacuum pump

PTFE membrane filter holder
(1um pore size)

Figure 6.2 Schematic diagram of a filter pack system (figure taken from Johnson, 2004). Whatman 41

filters were coated with oxalic acid.

Air is sucked through the filter pack using a vacuum pump set at a flow rate between 5 and
100 dm® min™" (Johnson, 2004). The cyclone separator spins the air to remove the larger
particles (approximately > 0.9 um in diameter) and this prevents the PTFE filter from
clogging with sea salt particles. In order to collect solely gaseous NHj3, aerosol particles
must first be removed using a PTFE pre-filter. As air passes through the acid-coated
(oxalic acid) filters, the gaseous NH3 is stripped out and held on the filter. The principle
behind having more than one filter is that some NH3; may pass through the first filter and
be ‘mopped up’ by the second. In addition, it has been observed that the vacuum pump is
actually strong enough to suck acid off the filters (T. Lesworth, Pers. Comm.) so it is

essential that oxalic acid is retained from the first filter at least.
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Quinn et al. (1990) report that at room temperature and 75% relative humidity, oxalic acid-
coated filters had a collection efficiency for NHj() of 103+30%. Despite this, a number of
potential problems have been identified with the filter pack method. The first noteworthy
criticism is that the method does not account for volatilisation of aerosol particles
(specifically NH4NO3 and NH4Cl) on the PTFE pre-filter. These volatilised gases may
then pass through the PTFE filter and be trapped on the acid-coated filters. Secondly, if
the aerosol trapped on the PTFE filter is acidic, this may lead to gaseous NHj reacting with
aerosol before it reaches the acid-coated filters. Following an in-depth discussion of the
pros and cons of different methods, Johnson (2004) concludes that although more
expensive methods are available, with due care and attention the filter packs are still a

viable option for sampling atmospheric gaseous NHj.

For the majority of samples on AMT-14, the filter packs were run to collect an integrated
sample over approximately one day. A flow meter was placed between the filter pack and
the vacuum pump, and this was used to record the volume of air that had passed through
each filter pack. Taking great care not to contaminate the filters, the filter packs were
changed in a glove box (pumped with NH;-free air) and each filter placed in a pre-labelled
50 ml corning tube which was frozen until analysis back in the laboratory. It is very easy
to cause contamination throughout the collection and analysis of NH; as human skin is a
significant source of contamination (Johnson, 2004). Thus, a strict cleaning protocol was
observed throughout the sampling and analysis procedures. Prior to use, all glassware was
soaked in 5% Decon for 24 hrs, rinsed with milliQ water and then soaked in milliQ for 24
hrs. Hands and forearms were washed thoroughly, dried and latex gloves put on before

handling anything involved in either sampling or analysis.

Gaseous NH3 was analysed as aqueous NH,4" using the spectrophotometric method of

Holmes et al. (1999). MilliQ water was added to the corning tube to create an aqueous

‘sample’ and this was then analysed. Analysis involved adding 1 ml of ‘Working Reagent’

to a 25 ml sample (or standard), which produces a linear calibration range up to 2.5 uM.

Working Reagent is a mix of the following:

> Disodium tetraborate solution (80 g in 2 litres MilliQ water)

> OPA (ortho-pthaldealdehyde) solution (4 g in 100 ml ethanol). OPA is light
sensitive and hence the solution should be stored in the dark.

> Sodium sulphite solution (1 g in 125 ml MilliQ water) to prevent the OPA solution

from reacting with any amino acids and other amines.
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Working Reagent (2 litres of disodium tetraborate buffer, 10 ml sodium sulphite and 100
ml of OPA) was then added to the samples/standards (1 ml added to 25 ml of
sample/standard produces a linear response up to 2.5 um), which were incubated in the
dark to allow the fluorescent reaction to develop. As shown in Figure 6.3, the
samples/standards needed to be incubated for at least 3 hrs for the reaction to fully develop.
After full development of fluorescence, it plateaus for approximately 20 hours before
gradually decaying over a number of days (Figure 6.3). To account for variation in the
fluorescence over time, the Working Reagent was added to the standards at the same time
as the samples and they were both then analysed at the same time. Analysis was carried
out on a Jasco FP-740 spectrofluorometer, which was set to measure the light emission at a
wavelength of 420 nm after excitation of a sample at a wavelength of 380 nm. All samples

were blank corrected using Working Reagent + MilliQ water.

0.35

0.30 -

0.25 1

0.20 1

0.15

Raw fluorometer units

0.10

0.05

0.00 T T T T T T T
0] 2 4 6 8 20 40 60

Incubationtime/h

Figure 6.3 The fluorescence development-plateau-decay cycle of the OPA method (figure taken from

Holmes et al., 1999).
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Having calculated the amount of NHj that had been trapped on each filter, the atmospheric
concentration could be calculated using the total volume of air that had passed through the
filter pack. In addition to blank-correcting the filter pack samples, the blank filter packs
were used to indicate the uncertainty for each sample. Two standard deviations about the
mean of the NHj3 on the blank filters from every AMT blank filter pack provided an
estimate of the uncertainty associated with each filter pack. However, to produce an idea
of the uncertainty in nmol m”, this was then divided by the average volume of air to pass
through all the filter packs during AMT-14. This value (+3.66 nmol m™) could then be
used as an indication of the uncertainty for each filter pack. When the mean atmospheric
concentration for each sample was calculated from the two sample filter packs, the

propagated uncertainty was +2.59 nmol m™.
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6.2.3 Sea-salt correction of marine aerosol composition

Throughout this chapter, reference will be made to non-sea-salt ions (i.e. nssSO42', nssK”,
nssCI', nssCa2+). Essentially, these are the concentrations of ions in the aerosol after the
correction for sea salt influences. To calculate this, the ratio of the respective ion (X) to
sodium (Na") in seawater is used. Na" is used as it is abundant in seawater, is not
concentrated or diluted during the production of sea spray, and is thought to be relatively
inert during atmospheric processing. In order to calculate the sea salt component of an ion

in aerosol, the following equation was used:

[X g =[Na*]x (IJ%JSW

Equation 6.1

where the subscript SW represents ‘in seawater’. This assumes that all sodium (Na") in the
atmosphere is from the ocean and that the ratio of X to Na* in the sea salt aerosol formed is
the same as in the ocean. The ratios for SO4*, K*, CI' and Ca** (to Na*) in seawater are
6.026x107, 2.180x1072, 1.16453 and 2.180x107 respectively (Stumm and Morgan, 1981).
To calculate the non-sea-salt fraction, the sea-salt fraction is then taken from the total

value.
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6.2.4 Air mass source classification and back trajectories

In order to help identify air mass source, 5-day air mass back trajectories were determined
for each sample using the NOAA Hysplit model FNL version (Draxler and Rolph, 2003).
The model was set to allow vertical motion to be modelled and each back trajectory was
run from 00:00 hrs each day from the latitude and longitude noted at the beginning of each
sampling period. The AMT air masses were classified into seven categories: North
Atlantic, Remote; North Atlantic, European; Saharan; South Atlantic, South East; African
Biomass Burning; South Atlantic, Remote; and South Atlantic, South Pacific. Back
trajectories were run for heights of 15 m and 1000 m above mean sea level, although the
only trajectories presented in Figure 6.12, Figure 6.13 and Figure 6.14 were those from 15
m. The 15 m trajectory indicates where the air mass itself has travelled over the last 5
days, while the 1000 m trajectory attempts to account for the gravitational settling out of
dust particles from the upper atmosphere. Both the Saharan and African Biomass Burning
categories were therefore identified using the 1000 m back trajectory rather than the 15 m
back trajectory. Air masses that had spent the majority of the five days over the ocean
were classified as remote and were then sub-divided by the wind direction; these four air
masses were: North Atlantic, Remote; South Atlantic, South East; South Atlantic, Remote;

and South Atlantic, South Pacific.

In addition to the back trajectories, a number of chemical ‘clues’ helped to confirm the
source location of the air masses. Air masses influenced by biomass burning (African
Biomass Burning) show elevated nssK* (Cachier et al., 1995); air masses influenced by
anthropogenic activity (North Atlantic, European) demonstrate high NO; and NH,"
concentrations; and high nssCa’" concentrations (> 5 nmol m'3) are an indicator of dust.
Finally, visual clues are also helpful as dust influenced samples are often tinged a reddish-
brown and blacker samples are indicative of combustion sources from either pollution or

biomass burning.

155



Chapter 6: Atmospheric nitrogen and sulphur measurements

6.3 Atmospheric sulphur

The dominant reaction products of atmospheric DMS oxidation are MSA and nssSO,”.
Before the atmospheric results from AMT-14 are discussed, it is worth considering certain
background information. As discussed in Section 1.2.2, the relative proportion of MSA
and nssSO,* produced by DMS oxidation varies with temperature (Hynes et al., 1986) and
has therefore been observed to vary with latitude (e.g. Bates et al., 1992a; Leck et al.,
2002a). It was first shown that the rate of hydroxyl radical (OH") addition increased with
reducing temperature (Hynes et al., 1986), resulting in an increased MSA:nssSO,” ratio in
the atmosphere. However, it has subsequently been identified that the decomposition of
the methylsulphonyl radical (CH3SO,") and the methylsulphinylperoxyl radical (CH3;SOs")
to sulphuric acid and ultimately SO4* (see Figure 1.10) are other aspects of the DMS
atmospheric oxidation scheme that are strongly temperature dependent (Yin et al., 1990a).
Should these radicals not decompose, they will be oxidised to MSA instead, increasing the
MSA:nssSO42' ratio; the influence of this has been demonstrated in modelling studies

(Ayers et al., 1996; Koga and Tanaka, 1999).

Further to the effect of temperature, the relative abundances of atmospheric oxidants also
impact upon the MSA:nssSO,” ratio. In contrast to OH®, which demonstrates relatively
stable atmospheric concentrations, the concentration of the nitrate radical (NOs") shows
considerable temporal variability because it is rapidly photolysed. As a result, DMS
oxidation by NO;" is an efficient nighttime loss term and dominates at higher latitudes
during the dark winter months (Koga and Tanaka, 1996); this reaction has been shown to
favour the production of MSA (Yin et al., 1990b). Recent results from a comparison of
modelled and measured global MSA:nssSO,4” ratios suggest that the distribution of the
DMS-derived MSA:nssSO,” ratio cannot be explained by marine biological activity (i.e.
DMS production) and temperature alone, and suggests that photochemistry indeed plays a
role (Gondwe et al., 2004). The authors’ suggested explanation is that light not only
impacts upon NOs" photolysis, but that the photochemical production of OH® should not be
neglected (Gondwe et al., 2004).

More recent work has demonstrated the importance of halogen chemistry for DMS
oxidation pathways, with bromine oxide (BrO) playing a particularly important role (von
Glasow and Crutzen, 2004). The authors showed that the inclusion of halogens in a one-

dimensional model led to increased importance of the addition pathway in DMS oxidation
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and thus reduced the potential impact on cloud albedo (von Glasow and Crutzen, 2004).
An extensive and detailed summary of DMS oxidation in the atmosphere has been recently
published (Barnes et al., 2006) and concludes that more multiphase model studies such as
conducted by von Glasow and Crutzen (2004) are needed to improve prediction of
atmospheric MSA:nssSO,4” ratios. Finally, physical mechanisms should not be neglected
as wet and dry deposition processes have been shown to remove MSA preferentially to

nssSO42' (see Gondwe et al., 2004 and references therein).

Clearly many of the parameters discussed in the paragraphs above were not or could not be
measured as part of the AMT campaign, but it is instructive to consider them when
interpreting the results. Figure 6.4 presents the MSA concentrations measured along the
AMT-14 transect, with the secondary axis showing the calculated DMS flux (see Section
1.1.1 for methodology). As is clear, the degree of co-variation between the DMS flux and
MSA concentration is relatively poor. This is unsurprising for four reasons:

(1) The oxidation of DMS to MSA is not immediate, taking upwards of a day to oxidise in
the remote atmosphere, during which time the air mass will have moved considerable
distance over the ocean.

(2) The DMS flux calculation uses the average wind speed from the previous 10 minutes
and is thus an ‘instantaneous’ measure and not comparable to atmospheric oxidation
products that have formed over a longer timescale.

(3) The proportion of MSA produced per mole of DMS changes with temperature and is
therefore likely to change with latitude.

(4) Atmospheric concentrations are dependent on the mixed layer depth of the marine

boundary layer; increasing mixed layer depth dilutes the concentration.
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Chapter 6: Atmospheric nitrogen and sulphur measurements

When surface seawater DMS concentrations are plotted against atmospheric MSA
concentrations, a similar trend with latitude can be seen for both variables (Figure 6.5).
Although numerous factors are involved in dictating atmospheric MSA concentrations, the
source strength of DMS will certainly play a role. Whilst DMS measurements were
immediate and only represent current conditions, it is reasonable to assume that oceanic
DMS concentrations in these areas do not vary substantially over the temporal and spatial
scales involved. As a result, deviations in MSA concentrations away from the seawater
DMS trend are more likely driven by changes in atmospheric processing due to

temperature, oxidative radicals, wet and dry deposition, mixing, etc.

[MSA] <1pum fraction [DMS]
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Figure 6.5 Latitudinal distribution of fine fraction (<1 pm) atmospheric MSA concentration (filled

squares) and seawater surface DMS concentration (red dots and line) along the AMT-14 transect. Error bars
on MSA concentrations represent one standard deviation, but these are so small as to only be seen on one

point close to the equator.
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Much of the atmospheric processing of DMS produces differing MSA:nssSO,4” ratios, so it
is instructive to consider this ratio in the context of surface seawater DMS concentrations
(Figure 6.6). Whilst MSA is exclusively produced by the oxidation of DMS, it is unlikely
that all measured nssSO42' has a biological source. This is discussed in more detail in the
proceeding paragraph using data presented in Figure 6.7. In the high latitude southern
hemisphere, it is less likely that the air masses sampled were significantly influenced by
anthropogenic sources of nssSO42'. The elevated MSA:nssSO42' ratios measured in this
region are most likely driven by the reduced atmospheric temperatures driving the MSA-

SO4* branching ratio towards MSA production (i.e. increasing the ratio).

MSA:nssSO,* ——[DMS]
Ratio (m) (nmol L)
0.16 - ~ 4
1,
-2
-1
r T 0
-50 -40 50
South Latitude North
Figure 6.6 Latitudinal distribution of fine fraction (<1 pm) atmospheric MSA:nssSO,” ratio (filled

squares) and seawater surface DMS concentration (red dots and line) along the AMT-14 transect. Error bars

on MSA:nssSO,” ratios represent one standard error.

The MSA:nssSO,” ratio data plotted in Figure 6.6 has again been plotted against latitude
in Figure 6.7, but without distinguishing between the northern and southern hemispheres.
The AMT-14 data clearly shows a latitudinal dependence — the ratio increases as latitude
increases (i.e. temperature reduces). Once samples identified as having been influenced by
Saharan dust or European pollution (Section 6.2.4) are removed, the slope of the regression
line increases. This clearly shows how terrestrial or anthropogenic sources of sulphate can
disrupt remote marine atmospheric chemistry and alter composition ratios, a point worth

considering later in the discussion of NH4+:nssSO42' ratios (Section 6.5.2).
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Chapter 6: Atmospheric nitrogen and sulphur measurements

Also plotted on Figure 6.7 is the regression line from Leck et al. (2002a), which plots
above the AMT regression lines, although this is possibly due to a difference in how the
best fit lines were produced. In contrast to Figure 6.7, Leck et al. (2002a) plot their line
using data (remote marine only) from both hemispheres, but plot South as negative when
they draw their regression line. Figure 6.7 clearly demonstrates the temperature
dependence of the MSA:nssSO42' ratio, but the relationship is not perfect and the same is
true for the data of Leck et al. (2002a). It is likely that other factors will have influenced
branching ratio of MSA-SO,* (e. g. photochemical production/destruction of OH'/NO3*
radicals; halogen chemistry, especially that of BrO; deposition history (wet and dry) of the

air mass).
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6.4 Atmospheric ammonia

Ammonia (NH3) is the primary basic gas in the atmosphere (Seinfeld and Pandis, 1998)
and reacts with available acids either on the surface of pre-existing aqueous phase aerosol,
or as part of new particle formation. In the aqueous phase (i.e. as ammonium, NH,"), it has
also been shown to influence the pH of natural rainwater, neutralising some of the acidity
contributed by the dissociation of acidic gases such as CO, and SO, (Charlson and Rodhe,
1982). Ultimately, both aerosol and rainwater are deposited back to the earth’s surface
and, whether deposited to the ocean or to the land, the nitrogen deposited is a key nutrient

for most biological systems (e.g. Schlesinger, 1991; Owens et al., 1992).

Much of Chapter 1, which details the air-sea flux and the cycling of NH3 within the lower
atmosphere (Sections 1.1.2 and 1.3.2 respectively), covers background information
relevant to this section’s results. In summary, the key influences upon the strength and
direction of the NHj; flux are the relative balance of atmospheric and oceanic
concentrations, although ocean temperature also plays a significant role (Johnson, 2004).
This is best illustrated using Figure 6.8, which demonstrates the equilibrium (Henry’s law)
lines for various ocean and atmosphere NH3/NHx concentrations at a variety of
temperatures. Certain simultaneous field measurements in the atmosphere/ocean have also
suggested that the ocean may be a source of NHj3 to the atmosphere (Quinn et al., 1988;
Gibb et al., 1999a). Nitrogen stable isotope measurements of aerosol NH4" provide further
evidence, indicating that the ocean is a source of NH3 and contributes isotopically lighter

nitrogen (as NH3) to the atmosphere (Jickells et al., 2003).
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Figure 6.8 Henry’s Law (H¢) equilibrium between atmosphere and ocean over a range in ocean

temperatures. At each relevant temperature, above the line represents a flux INTO the ocean, while below
the line represents a flux OUT of the ocean. Old (dashed lines) refers to Hc using the incorrect pKa
formulation from Khoo et al. (1977) while New (solid lines) refers to H¢ calculated using the correct pKa
formulation (Johansson and Wedborg, 1980). Note NHy = NH; + NH,*. Figure courtesy of Martin Johnson

(Pers. Comm.).

High resolution (i.e. every 10 min) atmospheric NH3; measurements have recently been
published from the Aerosols99 cruise in the Atlantic (Norman and Leck, 2005). Over a
three-day period in the temperate South Atlantic, the atmospheric NH3; measurements
exhibited diel variation, unrelated to changes in boundary layer height, and the authors
suggest this may be due to variations in oceanic source strength. Unfortunately concurrent
oceanic measurements were not made and thus no fluxes are presented. However, typical
atmospheric NH; concentrations in the South Atlantic and Indian Oceans were low (typical
range = 1.1 and 3.2 nmol m™), which would likely facilitate an ocean to atmosphere flux
(Norman and Leck, 2005). In contrast, the cold, high-latitude waters sampled by Johnson
(2004) in the northern North Sea and northeast Atlantic in December 2001, led to a
consistent flux into the ocean, despite atmospheric NHj levels similar to those observed by

Norman and Leck (2005).
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Figure 6.9a shows the air-sea flux of NH3 during AMT-14 and, for this plot and all
subsequent plots, a positive flux is OUT of the ocean into the atmosphere, and a negative
flux is INTO the ocean from the atmosphere. Unfortunately no oceanic pH measurements
(required for the flux calculation, see Section 1.1.2 for details) were made on the AMT-14
transect and thus it was necessary to approximate pH in order to calculate the NHj3 flux.
Two values were used so that the impact of a potential yet realistic change in pH on the
flux calculation could be identified (Figure 6.9a). For many high latitude regions, an
equivalent change in pH would not have a significant impact upon the direction of the NH;
flux. However, as can be seen in the sub-tropical and tropical waters sampled, a change of
0.2 pH units significantly impacts upon the NHj3 flux, often changing its direction (Figure
6.9a). In order to discuss the NHj; flux results further, we must examine the detail behind
the flux calculation, in particular the influence of the atmospheric and oceanic

concentrations (Figure 6.9b&c respectively) and seawater temperature (Figure 6.9d).
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When examining Figure 6.9b, the most striking point is the relative consistency of the
atmospheric NH; concentrations, ranging between < 1 and 4 nmol m™~. Encouragingly,
these measurements are the same order of magnitude as those recently published for
similar parts of the Atlantic (Norman and Leck, 2005). As expected, average seawater
NH," concentrations were consistently low (< 100 nM) for the majority of the cruise.
Perhaps the salient point to take from this plot is the effect of temperature on the NHj3 flux.
There are parts of the AMT-14 transect that, in terms of atmospheric and oceanic
concentrations, are very similar yet their fluxes are in opposing directions; e.g. 12°S versus
40°N. This difference is caused by temperature; a flux out of the ocean in warm, 27°C,

waters and vice versa for colder, 17°C, waters (Figure 6.9a&d).

A final point is the range of potential fluxes that can be achieved with data from this study.
For the majority of environmental conditions encountered and regions sampled, the NH3
flux is finely poised and could potentially be into or out of the ocean (Figure 6.10). Limits
of concentration for atmospheric and oceanic concentrations were used to calculate
maximum and minimum fluxes (plus intermediates). The atmospheric upper and lower
limits were calculated using the error of each sample (calculated using two standard
deviations of the average blank filter) to set minimum and maximum atmospheric
concentrations. The oceanic limits were identified as the minimum and maximum surface
concentrations measured throughout the sampling period (defined by the duration of each
atmospheric sample collection; see Section 6.2.2). The extreme fluxes (Min. Air, Max.
Ocean and Max. Air, Min. Ocean) are unlikely to be representative but define the ‘flux
bracket’ for each sampling period. The intermediate combinations provide an indication of

the more likely direction and magnitude of each calculated flux.
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Chapter 6: Atmospheric nitrogen and sulphur measurements

The main point from Figure 6.10 is that, even with one set of analysis, the potential range
in flux (and even direction) is relatively substantial due to the methods used. Whilst quick
to perform, the existing method of analysis for ocean concentrations is often difficult to
operate at very low levels. In addition, ambient nitrogen (especially NH4") in surface
waters has a high turnover rate and thus measured concentrations can change significantly
over very short timescales. This contrasts strikingly with the method of atmospheric NH3
analysis, which can require up to 36 hrs per sample. By far the biggest source of analytical
error for atmospheric sampling is the variation in blank filter concentration, and this
introduces large uncertainties in any measurements made in low-concentration atmospheric
NH; regions. As such, the ocean-atmosphere NHj flux along the AMT-14 transect ranges
from -6.8 to +24.2 ymol m™ day™ and its direction and magnitude are difficult to quantify

with confidence.
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6.5 A linkage between atmospheric nitrogen and sulphur cycles?

The atmospheric aerosol composition data collected by Covert (1988) and in particular
Quinn et al. (1990) has lead to the suggestion that the reduced nitrogen and sulphur cycles
in remote marine environments might be linked between the ocean and atmosphere (Quinn
et al., 1990; Liss and Galloway, 1993). The data of Quinn et al. (1990) demonstrate a
NH,":nssSO,* aerosol composition ratio consistently close to one, a partially neutralised
sulphate aerosol (ammonium bisulphate, NH4sHSO,). The authors suggested this might be
due to a link between the factors controlling the production and flux of biogenically
mediated NH; and nssSO42' (in this case, DMS-derived SO42'). However, no correlations
between seawater DMS and NH3 concentrations and fluxes were observed, although the
fluxes were in the same direction and of the same order of magnitude (Quinn et al., 1990).
Liss and Galloway (1993) took the concept of a linkage between the cycles a step further,
suggesting that marine micro-organisms might switch from glycine betaine (GBT, an
osmolyte and the nitrogen analogue of DMSP) to DMSP during periods of nitrogen

limitation and that this might explain the atmospheric coupling.

Since the initial study of Quinn et al. (1990), a comprehensive survey in remote regions of
oceanic NH3; and DMS concentrations, their fluxes and the atmospheric composition of
marine aerosol has not been carried out. Numerous studies have measured the atmospheric
composition of remote marine aerosol; these are summarised later in this section and are
therefore not discussed in any detail here. The AMT programme represented an
opportunity to make relevant sulphur and nitrogen measurements in the remote marine
environment, and an examination of these results is now presented. Statistical analysis was
performed on the oceanic reduced sulphur and nitrogen data collected during AMT cruises
-12, -13 and -14. Spearman’s Rank correlation analysis showed very weak but statistically
significant correlations of NH4* with DMSPd (Spearman’s p = 0.25, a < 0.01; n = 116) and
DMSPp (Spearman’s p = 0.39, a < 0.001; n = 129) in the surface (mixed layer) of the
ocean. No significant correlation was observed between oceanic DMS and NH,". These
results indicate that there is little direct correlation between the reduced sulphur and

nitrogen cycles in the surface ocean for the remote regions studied.
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Chapter 6: Atmospheric nitrogen and sulphur measurements

As stated in Section 6.1, technical difficulties with equipment for measuring both
atmospheric NH3 and oceanic NH,;" meant that NH; fluxes could only be calculated for
AMT-14. Figure 6.11 presents a visual comparison of the DMS and NHj3 fluxes from
AMT-14; as in previous sections a positive flux is out of the ocean and vice versa. At high
latitudes, the NHj3 flux, as discussed in Section 6.4, is always likely to be into the ocean
due to low seawater temperatures. In contrast, the concentration gradient for DMS is
always such that the flux will be out of the ocean. Any linkage between the fluxes is
therefore only really likely in warmer low latitude waters. It is difficult to identify any
consistent trends in the NH; and DMS fluxes, even when focussing upon the lower latitude

regions (Figure 6.11).

NH; Flux DMS Flux
(pmol m? day™) (umol m* day™)
10 - - 20
—pH 8.2, Mean Ammonia Flux Truncated peak
pH 8, Mean Ammonia Flux Flux = 36.6 ymol m? day”
—— DMS Flux
51 - 10
ouT
Latitude
0 T 0
-850 -40 ‘ "
— H
IN = _n
.5
South North
_10 i

Figure 6.11 The fluxes of NH; (blue lines) and DMS (red line and dots) along the AMT-14 transect; a
negative flux represents a flux into the ocean and vice versa. Two NHj; fluxes are presented representing

different assumed pH values (see Section 6.4 for detail).
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No consistent linkages in atmospheric gaseous concentrations or fluxes could be seen for
NHj; and DMS, so the next step is to analyse the atmospheric aerosol data collected during
AMT. On the proceeding three pages, fine mode (<1 um diameter) aerosol NH;" and
nssSO4> concentrations and air mass back trajectories for samples collected during AMT-
12, -13 and -14 are presented (Figure 6.12, Figure 6.13 and Figure 6.14, respectively).
Fine mode aerosol data is presented as the majority of gas-to-particle conversion is
generally considered to produce sub-micron particles. However, it should be noted that
this concept has been contested (O'Dowd et al., 1997b; Cainey and Harvey, 2002) because
low vapour pressure gases such as SO, readily condense onto pre-existing aerosol surfaces
and it is suggested that their size distribution may therefore be dominated by coarse mode
particles (> 1 um diameter). All three cruises are presented in the same manner, with part
(a) of each plot displaying 5-day air-mass back trajectories colour-coded as per the
dominant influence on the air mass composition (as defined in Section 6.2.4). Part (b) of
each plot displays, in the same manner as Quinn et al. (1990), the measured NH4" and

nssSO4> concentrations in aerosol and uses the same colour coding as part (a).
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Figure 6.12 Part (a) displays 5-day air mass back trajectories at 15 m above mean sea level for AMT-12

samples, each dot representing half a day. Samples are colour-coded depending on whether they were
deemed ‘Marine’ (blue) or Saharan ‘Dust’ influenced (red) using criterion defined in Section 6.2.4. Part (b)
displays the concentration of particulate nssSO,> vs. NH,* in each (<1 pm) sample, colour-coded as in (a).
Error bars represent one standard deviation. Solid lines are the aerosol composition lines for (NH4),SO, (2:1)

and NH,HSO, (1:1).
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Figure 6.13 Part (a) displays 5-day air mass back trajectories at 15 m above mean sea level for AMT-13

samples, each dot representing half a day. Samples are colour-coded depending on whether they were

deemed ‘Marine’ (blue), Saharan ‘Dust’ influenced (red), or ‘European Continental’ influenced (yellow)
using the criterion defined in Section 6.2.4. Part (b) displays the concentration of particulate nssSO4> vs.
NH," in each (<1 pm) sample, colour-coded as in (a). Error bars represent one standard deviation. Solid

lines are the aerosol composition lines for (NH4),SO, (2:1) and NH;HSO, (1:1).
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Figure 6.14 Part (a) displays 5-day air mass back trajectories at 15 m above mean sea level for AMT-14

samples, each dot representing half a day. Samples are colour-coded depending on whether they were

deemed ‘Marine’ (blue), Saharan ‘Dust’ influenced (red), or ‘European Continental’ influenced (yellow)
using the criterion defined in Section 6.2.4. Part (b) displays the concentration of particulate nssSO4> vs.
NH," in each (<1 pm) sample, colour-coded as in (a). Error bars represent one standard deviation. Solid

lines are the aerosol composition lines for (NH4),SO, (2:1) and NH,HSO, (1:1).
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As can be seen, the majority of air masses sampled during AMT cruises -12, -13 and -14
could be defined as ‘Marine’ (Figure 6.12, Figure 6.13 and Figure 6.14). When addressing
the concept that the nitrogen and sulphur cycles may be linked in remote marine regions,
we are really only interested in these air masses. To aid interpretation, the fine mode
NH4+:nssSO42' ratios of all remote air masses have therefore been plotted on the same
graph (Figure 6.15), leaving aside any air masses with a terrestrial influence (i.e. European
continent or Saharan Dust). Inset on Figure 6.15 are the results from Quinn et al. (1990)
for comparison; on this plot, the remote air mass samples (labelled as 3) can be seen to fall
between the 2:1 and 1:1 composition lines. In contrast, the AMT results tend to fall closer
to the 2:1 composition line, while the mean (+ 1 standard error) fine mode NH4+:nssSO42'

ratio for all marine AMT air masses is 2.4 + 0.6.

35 4 .
2:1 Ratio

30 A

25 - ++

20 A

1:1 Ratio

—a

15 4

10 ~

Submicron [NH;*] (nmol m*)

0 T T T T T T 1
0 5 10 15 20 25 30 35

Submicron [nssSO,*] (hmol m™)

Figure 6.15 Particulate, sub-micron concentrations of nssSO42' versus NH," in each marine sample
from AMT cruises -12, -13 and -14. Error bars represent one standard deviation. Solid lines indicate the
aerosol composition lines for (NH4),SO, (2:1) and NH4HSO, (1:1). Inset is Figure 8 from Quinn et al.
(1990), which has the same axes, scales and aerosol composition lines. The equivalent remote marine

samples were labelled as 3 on this plot (Quinn et al., 1990).

From Figure 6.15, it appears that the Atlantic marine aerosol has a reasonably consistent
NH4+:nssSO42' ratio and a lot of the points plot close to the 2:1 ratio line, indicating almost

complete neutralisation of sulphate acidity. This is in contrast to the Pacific data of Quinn
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et al. (1990), which suggest only partial neutralisation of the sulphate aerosol. However, as
indicated by the average AMT ratio, a substantial number of data points plot above the 2:1
ratio line. On Figure 6.15 this is less obvious as many of the points are at the low end of
both axes and therefore do not immediately appear distant from the 2:1 composition line.

A more informative plot is a boxplot of the ratios, as this presents the data without the
influence of high or low concentrations misleading the eye; Figure 6.16 presents all the
AMT data (including terrestrially influenced samples) in this manner, with the data divided

by source region as described in Section 6.2.4.

o

O 4] °
5 o
[
]
©
=
23 —‘7
=1
(7}
[}
(2]
=4
o T o
2
£ 2
32 % J_
g l
£
=] 1
<,
0 T T T T T T T
North North Saharan South African South South
Atlantic,  Atlantic, (n=15) Atlantic, Biomass Atlantic,  Atlantic,
Remote  European South East  Burning Remote South
(n=21) (n=5) (n=5) (n=3) (n=17)  Pacific
(n=4)
Atmospheric Source Region
. 2- . .
Figure 6.16 Boxplot of fine mode (<1 pm) NH,":nssSO, ratios for the seven source regions along the

AMT transect for AMT cruises -12, -13 and -14. Bold lines represent the median value; box length
represents the interquartile range (IQR); error bars represent the data range excluding outliers. Circles
represent outlying data, defined as 1.5 times the IQR or greater. (n) represents the number of samples per
source region. On this plot, one extreme case is not shown for the South Atlantic Remote source region

(value = 12.91).

Interestingly, many of the different source region median values are equal to or below a 2:1
ratio, i.e. an incomplete neutralisation of acidic sulphate aerosol (Figure 6.16). Another
critical point is that, in general, values increase for data collected in the southern
hemisphere, with error bars (representing the data range excluding outliers) extending as
high as 4.5 in these regions. The African Biomass Burning and South Atlantic / South

Pacific source region plots can, to some extent, be explained by the fact that there are very
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few data points from these regions, but this explanation cannot be used for the South
Atlantic, Remote source region (17 samples). To understand Figure 6.16 better, it is useful
to examine equivalent boxplots of NH," and nssSO4> concentrations (Figure 6.17a&b).
From these, it is evident that very little NH," or nssSO42' was present in aerosol for the
South Atlantic, Remote air masses. Therefore only small changes in concentration would

be required to produce a large change in aerosol composition ratio.
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Figure 6.17 Boxplots of fine mode (<1 um) concentrations of NH4" (a) and nssSO,~ (b) for the seven

source regions along the AMT transect for AMT cruises -12, -13 and -14. Bold lines represent the median
value; box length represents the interquartile range (IQR); error bars represent the data range excluding
outliers. Circles represent outlying data, defined as greater than 1.5 times the IQR. (n) represents the
number of samples per source region.

In summary, the AMT data collected appears to have a higher NH, :nssSO4” ratio than
that observed by Quinn et al. (1990), with many aerosols samples’ fine mode nssSO42'
acidity fully neutralised by NH4*. In addition, many truly remote air masses sampled from
the South Atlantic, Remote and South Atlantic / South Pacific source regions demonstrate
ratios greater than 2:1. Whilst this may in part be driven by the lower NH;* and nssSO4>
concentrations present in these aerosol samples creating more extreme ratio values, it also
suggests an additional source of acidity in order to prevent loss of NH3. It was therefore

decided to investigate the fine mode net acidity of the AMT samples (see next section).
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Net acidity in aerosol

It is currently impossible to measure the pH of an aerosol directly, and an ion balance
approach (whereby H' concentration is estimated based on the charge balance) is difficult
as it is unlikely that all chemical species have been measured. As a result, the basic
formulation used for calculating net acidity (units = charge equivalents) in an aerosol is as

follows:

Net Acidity = Z Major Acid Species — ZMajor Alkaline Species

Equation 6.2

The major acidic species used are: hydrochloric acid, HCI, represented by nssCI’
concentration; nitric acid, HNOs3, represented by NO3™ concentration; and sulphuric acid,
H,SOy,, represented by nssSO42' concentration. Further to Equation 6.2, a correction had to
be made for the following acid-displacement reaction (Brimblecombe and Clegg, 1988):

NaCl(S) + HNO3(g) > NaN03(S) + HCl(g)
Equation 6.3

If the sum of nssCl” and NOs™ (X) was negative (i.e. more HCI was displaced than was
replaced by HNOsy)), it could be assumed that there was no net contribution to acidity
from either HNO; or HCI. If the sum of nssCI” and NOj™ (X) was positive (i.e. after the
displacement process, some HCI still existed in aerosol), then there is a net contribution to
acidity. In this case, X is added to the contribution of nssSO42' to calculate net acidity. It
should be noted that an equivalent reaction to Equation 6.3 can occur between NaCl and
H,SO, but this is far less dominant (Seinfeld and Pandis, 1998). It is likely that either this
reaction and/or the error propagated in calculating X are the causes for negative values of

X.

The major basic species used in Equation 6.2 are ammonia, NH3, represented by NH,"
concentration; carbonate (CO3%) from calcium carbonate in dust, represented by 2xnssCa’*
concentration (this assumes that all nssCa’* is from CaCOs;); and bicarbonate (HCOj3") from

seawater, represented by Equation 6.4:
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[Hco, |, =[va ] ([ﬁi%r]]

SW
Equation 6.4

where the subscript SW represents ‘in seawater’. This assumes that all sodium (Na*) in the
atmosphere is from the ocean and that the HCO3™ to Na™ ratio in the sea salt aerosol formed

is the same as in the ocean, 4.915 x 107 (taken from Libes, 1992).

Some of the species and processes described above are mainly in the aerosol coarse mode
(nssCa2+ from dust, sea salt displacement of HCI, and sea salt contribution of sea salt
HCOy5"). However, only the sub-micron aerosol is focussed on here as the NH4+:nssSO42'
ratio presented is also for sub-micron aerosol. The coarse mode processes are still relevant
however, as the <1 pm cut off size inevitably results in some coarse mode collection

because the size distribution peaks of coarse and fine mode aerosol overlap.

Using the information and equations above, the net acidity was calculated for the fine
mode (<1 um) aerosol during AMT cruises -12, -13 and -14. As can be seen, the
variability in acidity was much greater in the northern part of each cruise transect and more

balanced at the southern end (Figure 6.18).
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Figure 6.18 Latitudinal distribution of net fine mode (<1 um) acidity in charge equivalents, calculated
using Equation 6.2 and Equation 6.4 for AMT-12 (grey triangles); AMT-13 (filled squares); and AMT-14

(crosses).

The data shown in Figure 6.18 has been re-plotted in boxplot form with the air mass source
regions distinguished (Figure 6.19). Although Figure 6.19 does not help us to understand
the data much more, it does confirm that the net acidity of aerosol samples from the South
Atlantic, Remote and South Atlantic / South Pacific source regions was relatively close to
zero. These samples had a NH4+:nssSO42' ratio greater than two, but it is likely that once
nssSO42' was fully neutralised, any excess NH;" reacted with HNO; to form NH4NO3
(Seinfeld and Pandis, 1998). This has implications for the ability of aerosol to attract
moisture and form cloud condensation nuclei (CCN) and demonstrates that, should the sea-

to-air flux of DMS and thus nssSO42' increase, there is NH; available to react and form
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more effective CCN. Finally, although the African Biomass Burning source region had an
NH,":nssSO,” ratio greater than 2:1, this aerosol also appears to be net acidic (Figure
6.19). It should be noted that the true net acidity in this air mass is likely to also have been
influenced by organic acids from biomass burning (Lacaux et al., 1995; Andreae and

Merlet, 2001), and these are unaccounted for in Equation 6.2.
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Figure 6.19 Boxplot of fine mode (<1 um) net acidity for the seven source regions along the AMT
transect for AMT cruises -12, -13 and -14. Bold lines represent the median value; box length represents the
interquartile range (IQR); error bars represent the data range excluding outliers. Circles represent outlying
data, defined as 1.5 times the IQR or greater. (n) represents the number of samples per source region. On

this plot, one extreme case is not shown for the Saharan source region (value = +61.31).
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6.5.1 Global NH,*:nssSO,* ratios

As mentioned earlier, numerous atmospheric studies have measured the composition of
marine aerosol. This section attempts to synthesise as much of this information as possible
to improve understanding of the remote marine NH4+:nssSO42' ratio in aerosol. Initially,
the focus was on the Atlantic, combining the AMT-12-14 data already presented with
measurements made as part of the following research cruises: AMT-9 (McKee, 2001); JCR
2001 (Baker, A., unpublished, Pers. Comm.); Meteor 2002 (Baker, A., unpublished, Pers.
Comm.); Polarbjorn 1992/93 (Leck et al., 2002a); and Aerosols99 (Norman and Leck,
2005). With the exception of Meteor 2002, which traversed from 60°W to 10°W at
10/11°N in the Atlantic, all of these cruises followed a North-South transect similar to the
AMT cruise tracks shown in Section 1.5 (Figure 1.18). For more detail, see the relevant
references; for cruises JCR 2001 and Meteor 2002, cruise details can be found in Baker et

al. (2003) and Croot et al. (2004) respectively.

As in the previous section, the data was subdivided by source region and it is possible to
see how the results are influenced by the additional data (Figure 6.20a&b). When
comparing the two plots, the obvious difference is that the ‘new’ samples have brought the
NH,*:nssSO,* ratio down slightly, although the majority of marine aerosol in the Atlantic
still has a ratio between 1:1 and 2:1. The biggest difference between (a) and (b) in Figure
6.20 is that the boxplot of the ratio for the South Atlantic, Remote source region has

dropped substantially so that the median ratio is now also between 1:1 and 2:1.
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Figure 6.20 Boxplots of fine mode (<1 pm) NH,:nssSO,4™ ratios for seven source regions in the

Atlantic using (a) AMT-12-14 data; and (b) AMT-12-14 data plus atmospheric measurements made during
the following research cruises: AMT-9 (McKee, 2001); JCR 2001 (Baker, A., unpublished, Pers. Comm.);
Meteor 2002 (Baker, A., unpublished, Pers. Comm.); Polarbjorn 1992/93 (Leck et al., 2002a); and
Aerosols99 (Norman and Leck, 2005). Bold lines represent the median value; box length represents the
interquartile range (IQR); error bars represent the data range excluding outliers. Circles represent outlying

data, defined as 1.5 times the IQR or greater. (n) represents the number of samples per source region.

It is possible that a difference in methodology is the reason why the ‘new’ data reduced the
ratio for many of the source regions. Throughout AMT-12-14, the aerosol data collected
was filter-fractionated into fine (<1 pm) and coarse (>1 pm) mode. In contrast, during
AMT-9 (McKee, 2001), the Polarbjorn 1992/93 cruise and the Aerosols99 campaign, the
data was collected using a cascade impactor with a cyclone filter at the inlet to eliminate
the larger mode aerosol. Estimates of the size fraction eliminated using such a method
vary from > 0.6um (Quinn et al., 1990) to > 0.9um (Leck et al., 2002a; Norman and Leck,
2005). Regardless, it is clear that there is the potential to eliminate a greater proportion of
the coarse mode marine aerosol using cascade impactor compared to high volume filter-
fractionation. As we are interested in the ratio of two chemical species, this might be
expected to have little impact upon our results. The conversion of gaseous DMS to SO~
aerosol is thought to result predominantly in a sub-micron particle, but there is also
evidence that the oxidation of SO, by ozone on the surface of coarse mode sea-salt
particles may play a role (Sievering et al., 1992; O'Dowd et al., 1997b). In addition, the
neutralisation of acidic SO42' particles by NHj is indiscriminate of particle size and

therefore may not display exactly the same size distribution. Thus, methodological
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differences resulting in the collection of different size aerosol particles may also impact

upon the NH4*:nssSO,” ratio.

Whilst boxplots such as Figure 6.20 are useful summaries of a large dataset, an
examination of all data points within the dataset can provide an alternative perspective
(Figure 6.21). What is immediately obvious is that the South Atlantic has significantly
lower atmospheric NH;" and nssSO4> concentrations (Figure 6.21a&b), likely due to
reduced terrestrial influence (both anthropogenic and natural). Despite this, as much if not
more scatter is present in the NH4+:nssSO42' ratios in the South Atlantic compared to the
North Atlantic (Figure 6.21c), suggesting that the reduced sulphur and nitrogen cycles in

remote regions are not that closely coupled.
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Figure 6.21 Latitudinal distribution of fine fraction (<1 um) atmospheric concentrations of (a) NH,*;

(b) nssSO42'; and (c) the resulting NH4+:nssSO42' ratio for measurements made as part of the following
research cruises in the Atlantic ocean: AMT-9 (McKee, 2001); AMT-12, -13 and -14 (this work); JCR 2001
(Baker, A., unpublished, Pers. Comm.); Meteor 2002 (Baker, A., unpublished, Pers. Comm.); Polarbjorn
1992/93 (Leck et al., 2002a); and Aerosols99 (Norman and Leck, 2005).

Having looked at the Atlantic data, the subsequent step was to analyse all available data in
order to investigate the global NH,":nssSO4> composition ratio in remote marine aerosol.
Some publications present an inferred NH4+:nssSO42' ratio, but it was decided to focus only

upon those that made direct measurements of NH4+:nssSO42' concentrations. As a result,
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no data was utilised from physical aerosol characterisation methods that have been used to
indirectly infer aerosol composition (e.g. Clarke and Porter, 1993; O'Dowd et al., 1997a).
Table 6.1 provides a summary of the data used with some brief details about the region
sampled and the method of sampling; in total, this data represents more than 1,300 samples

from different regions of the global ocean.

In Table 6.1, the second column from the left refers to the size classification of the data
and it is immediately apparent that some samples were size-fractionated (via cascade
impactor or Moudi sampler), while the majority of data represents bulk samples. As
discussed earlier in this section, size-fractionation method differences and differences with
bulk sampling could potentially influence the NH;*:nssSO4> ratio. However, it should be
noted that, as gas-to-particle conversion results in sub-micron particles, it is likely that the
majority of nssSO,4” will be in the fine mode aerosol. For the purposes of a global
synthesis, it was deemed reasonable to assume that size fractionated and bulk samples

could be compared.
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Table 6.1

aerosol.

Summary table of data used in global synthesis of the NH,*:nssSO,” ratio in marine

Data Source

Size Classification

Region Sampled

Comment

Allen et al. (1997)

Pre-filter (50% removal of

3.5um fraction)

Baring Head, South

Pacific

Andreae et al. (1995)

Fractionated with cascade

impactor (<1 pm)

Tropical South Atlantic

Baker, A. (unpublished,

Pers. Comm.)

Fractionated with cascade

impactor (<1 pm)

Atlantic Ocean

5 Cruises (JCR 2001;
Meteor 2002; AMT-12;
AMT-13; AMT-14)

Berresheim et al. (1991)

Bulk Sample

Western North Atlantic

Cainey, J. (unpublished,

Pers. Comm.)

Bulk Sample

Cape Grim, Australia

Routine samples taken by

Melita Keywood

Cainey, J. (unpublished,

Size Fractionated (Moudi

Cape Grim, Australia

Pers. Comm.) sampler)
Harrison et al. (1996a) Bulk Sample North-East Atlantic Aircraft data (Low Level)
Harrison et al. (1996b) Bulk Sample Santa Maria, Azores,
Atlantic Ocean
Huebert et al. (1996) Bulk Sample Santa Maria, Azores,
Atlantic Ocean
Huebert et al. (1998) Bulk Sample South Pacific / Southern Aircraft data (Boundary
Ocean Layer)
Cape Grim, Australia
Leck et al. (2002a) Cascade impactor and Atlantic Ocean
cyclone filter
Legrand et al. (1998) Bulk Sample Antarctica
McKee (2001) Cascade impactor and Atlantic Ocean (AMT-9)
cyclone filter Halley, Antarctica
Norman and Leck (2005) Cascade impactor and Atlantic and southern Median Values Used
cyclone filter Indian Ocean (from Figure 2 in paper)

Quinn et al. (1990) Cascade impactor and Central Pacific Ocean
cyclone filter
Bulk Sample

Bulk Sample

Savoie et al. (1993)
Silvente and Legrand (1993)

Mawson, Antarctica

Antarctica

One of the dominant issues encountered during the data synthesis was that many of the
publications containing aerosol composition data only present the mean ratio from that
campaign and do not publish the concentration data for each sample. In addition,
depending on the sensitivity of the instrument used to analyse the data, the method of
collection, and the air mass sampled, aerosol samplers are often run for highly variable
periods of time (e.g. between 12 hours and 48 hours). In the true sense, an aerosol sample
ought to be defined as the composition of a single aerosol particle. In practise this is

difficult to achieve with present-day instrumentation and detection limits. As a result,
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defining a single ‘aerosol sample’ is difficult and a single sample from one study could
therefore represent the equivalent of an average of numerous individual samples from

another study.

For the above reasons, the global analysis of aerosol NH4+:nssSO42' ratio was restricted to
classifying the mean ratio from each study into different ratio groups or ‘bins’ (Figure
6.22). The ratio bin size was chosen to be 0.3 units as this was small enough to identify the
variation in average ratio between studies but big enough to encompass multiple studies in
many of the bins. From Figure 6.22, it can be seen that the peak number of studies centred
on the 0.91 - 1.20 ratio bin, although there is substantial range in the mean study ratios
from 0.3 (Huebert et al., 1998) to 2.99 (Harrison et al., 1996a). From the graph, it appears
that a second mode might exist for the 2.71 - 2.40 ratio bin but, relative to the peak ratio

bin, the number of samples is too few to be conclusive.
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Figure 6.22 The total number of studies in each NH4+:nssSO42' ratio bin. To aid interpretation, the total

number of samples involved in each ratio bin is stated above each category bar. % indicates that one study in
this category (Norman and Leck, 2005) did not state how many samples were collected. The same is true for

the single study in the /.81 - 2.10 ratio bin (Legrand et al., 1998).
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The data presented in Figure 6.22 are representative of atmospheric measurements from
various marine regions, and at this juncture no attempt was made to distinguish between air
masses that might have been continentally influenced. The main reason for this was that
different studies used different procedures to identify continentally-influenced samples,
some more rigorous than others. In addition, when studies or samples known to be
influenced by continental sources (e.g. AMT samples influenced by Saharan dust) were
removed from the global analysis, a similar pattern could still be seen in the equivalent plot

to Figure 6.22 (data not shown).

In an attempt to identify whether any of the substantial variations in NH,*:nssSO,” ratio
relate to sampling region, the majority of the data was classified into broad categories.
Table 6.2 presents the study average NH,* :nssSO4” ratio for aerosol and the range for each
category. As much of the data from the AMT programme and other cruises sampled
Atlantic air masses, a separate category represents this data. Only the average value from
each study was used so the Atlantic data could not be subdivided between hemispheres.
Hence in Table 6.2 this data was not used for a second time in the Northern Hemisphere
category. For comparison, a new category was added with typical NH,":nssSO,> data

from an Urban/Continental environment (Warneck, 1988).

Table 6.2 Aerosol NH,":nssSO,” ratio data (mean, median and range) for sample region categories.
The data from Quinn et al. (1990) could not be placed in any of the sample region categories and is the only
study from Table 6.1 not included in this analysis. The study by Legrand et al. (1998) was part of the High
Latitude category and thus the true number of samples is greater than presented; this is marked by §. The
same principle applies for the Atlantic Ocean category, which contains the study by Norman and Leck (2005)
and is marked by ¥, Certain studies did not define the number of samples collected so it was not possible to
weight the mean NH,":nssSO,” ratio using the number of samples per study. Data representing the

Urban/Continental category was taken from (Warneck, 1988).

Aerosol NH, :nssSO/ Ratio

Region Number of Samples
Mean Median Max Min
High Latitude
1.08 1.00 2.05 0.30 758 ¢
(Antarctica/Cape Grim/Greenland)
Atlantic Ocean 1.59 1.50 2.64 0.66 251 ¥
Northern Hemisphere 1.43 1.13 2.99 0.70 298
Urban/Continental 2.10 2.19 2.24 1.87 Unknown
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From the data presented in Figure 6.22 and Table 6.2 it is clear that the majority of marine
aerosol samples have a NH4+:nssSO42' ratio > 1 and thus the acidity from nssSO42' is at
least partially neutralised. However, as Table 6.2 demonstrates, the ratio in high latitude
regions (Antarctica, Cape Grim and Greenland) is lower than that observed in other regions
of the world. In particular, the NH4+:nssSO42' ratio for Cape Grim is often substantially
less than one; average study ratios of 0.32 (Huebert et al., 1998), 0.45 (Cainey, J., Pers.
Comm.; routine sampling) and 0.96 (Cainey, J., Pers. Comm.; Moudi sampling) have been
observed. As the nssSO,> concentrations are very low in these samples, it is unlikely that
the low ratio is driven by an excess in nssSO42' and, by definition, this means that the
source of NHy" (NHj3()) must therefore be very low. In remote regions, atmospheric and
oceanic concentrations often combine to facilitate the transfer of NH3(g) from the ocean to
the atmosphere, although temperature has also been shown to significantly influence this
flux (Johnson, 2004). As the remote, high latitude waters around Antarctica and Cape
Grim are cold, it is possible that the sea-to-air flux is reduced and the consequence of this
is very little atmospheric NHj3 to react with the small amounts of SO42' acidity in aerosol.
However, it should be noted that this theory is clearly in opposition to the higher latitude

samples from AMT-12-14, which had NH4+:nssSO42' ratios consistently > 2.
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6.5.2 Theoretical discussion of links between nitrogen and sulphur cycles

Having considered the data from AMT-12-14 as well as the global synthesis of many other
studies, a number of discussions with Dr. Martin Johnson stimulated the following
theoretical concept. As has been previously discussed, the flux of NH; is dependent upon
atmospheric and oceanic concentrations and is encouraged out of the ocean when ocean
temperatures are high (Johnson, 2004). A flux out of the ocean tends to be observed in
remote regions away from anthropogenic influences (Quinn et al., 1988). Meanwhile, the
AMT-14 data demonstrates that the NHj flux is often finely balanced in remote sub-

tropical and tropical regions (Section 6.4).

The dominant source of aerosol acidity in remote regions is nssSO4> (Quinn et al., 1990)
and this rapidly scavenges gas phase NH3 to form ammonium sulphate. The preferred
form of ammonium sulphate is (NH4),SO4 (solid or aqueous) and this has a very low
vapour pressure (Seinfeld and Pandis, 1998). The reaction can therefore be treated as
essentially irreversible for natural systems and as such is effectively a removal process
from the atmosphere for gaseous NH3. As the NHj; flux is dependent upon atmospheric
and oceanic concentrations, an increase in acidic particles is likely to reduce atmospheric
NH; concentrations and could therefore encourage a flux out of the ocean. The DMS flux
from the ocean is unidirectional due to the large and consistent concentration gradient
caused by the oxidation of atmospheric DMS to nssSO4>. This process provides a constant
flux of acidity to the remote marine aerosol and changes in its magnitude may therefore
influence the flux of NH;. In addition, the advection of nssSO42' plumes (either
anthropogenic or DMS-derived) may also affect the spatial and temporal variability of the
oceanic NHj flux. In warm waters, an increase in the flux of DMS may therefore facilitate
a flux of NH3 from the ocean, while in cold waters an equivalent change in flux may

reduce the magnitude of the NHj flux into the ocean.

The theoretical concept outlined above is difficult to prove conclusively without a
modelling study as the timescales involved will have a significant impact upon how tightly
coupled the sulphur-nitrogen cycle could be. In addition, the behaviour of other chemical
species (both acidic and basic) will also have some impact. In the context of the AMT
results, while remote samples appear to tend towards complete neutralisation, it is clear
that the NH4+:nssSO42' ratio can still be quite variable. Globally, the ratio is typically

between one and two and the range in values is even greater. As discussed in Section
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6.5.1, the higher latitude studies have consistently observed lower ratios and this may well
be linked to the effect of cooler waters reducing the air-sea flux of NH3 and thus limiting
the acid-neutralising capacity of the atmosphere, with clear implications for the acidity of
marine aerosol. Finally, it is worth noting that despite consistently low NH, :nssSO,*
aerosol ratios, the NH4", nssSO42' and MSA atmospheric seasonal cycles in Mawson,
Antarctica, are remarkably coherent, with distinct peaks in the austral summer (Savoie et

al., 1993).

An alternative explanation has been made to at least partially explain the NH,":nssSO,>
ratio observed in remote marine aerosol and it is linked to the recent discovery that a
proportion of aerosol might originate from the process of bubble bursting introducing
organic particles into the atmosphere (O'Dowd et al., 2004; Leck and Bigg, 2005). Based
on this, the breakdown of organic material in the aerosol itself has been suggested as a
source of NH4" (Leck et al., 2002b). If this process does indeed take place, it may well
introduce another level of complexity in trying to understand what controls the

NH,4*:nssSO,* ratio.
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6.6 Summary

As discussed in Section 6.3, the trend in atmospheric MSA concentrations along the AMT-
14 cruise transect follows that of surface ocean DMS, and the latitudinal trend in the
MSA:nssSO,” ratio is primarily driven by temperature. This broad trend corroborates the
results of earlier studies (Bates et al., 1992b; Leck et al., 2002a), although there appear to
be differences between the trend for each study, which suggests that other factors are also

likely to be playing a role.

The atmospheric NH; flux throughout the sub-tropics and tropics of AMT-14 was finely
balanced between a flux into the ocean and a flux out (Section 6.4). This is in part driven
by atmospheric and oceanic concentrations, but it is clear from these results that the effect
of temperature on the NH; flux should not be underestimated. From this perspective, the
concept of climate change and a warming ocean may have implications for nitrogen
cycling in such environments. A final point to make is that, in remote marine regions, the
sampling of oceanic NH;" and atmospheric NHj3 is quite difficult because of rapidly
changing oceanic concentrations and low atmospheric concentrations. This introduces
substantial error into the NHj flux calculation, making it difficult to quantify the direction

and magnitude of many low-latitude air-sea fluxes.

When investigating the AMT data for any possible linkages between the nitrogen and
sulphur cycles (Section 6.5), no significant correlations were observed between NH;" and
either DMS, DMSPd or DMSPp. In addition, no obvious and consistent links existed
between the NH; and DMS flux strengths. The NH4+:nssSO42' ratio for fine mode (<1 um)
aerosol samples collected throughout AMT-12-14 was reasonably consistent. However,
many of the sample ratios were greater than the results presented by Quinn et al. (1990)
and had a mean (% 1 standard error) of 2.4 £ 0.6. Presenting these results using boxplots
was more informative than a scatter diagram and revealed that many samples with low
NH," and nssSO4> concentrations had ratios substantially greater than 2. It is likely that
any excess NH;" exists in these aerosol particles as NH;NO; (Seinfeld and Pandis, 1998)
and this has implications for the ability of such particles to form effective CCN. If the
aerosol is internally mixed, it also means that there is the potential to form more effective
CCN as the addition of fresh nssSO42' will preferentially combine with NH4" to form
(NH4)2SO4 (Seinfeld and Pandis, 1998).
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A theoretical calculation of the fine mode aerosol net acidity for the AMT-12-14 dataset
suggests that remote aerosol particles are well balanced while particles influenced by
terrestrial sources (e.g. pollution, biomass burning) are either much more acidic or have

additional basic species not accounted for by Equation 6.2.

Having incorporated other Atlantic datasets into the dataset from AMT (Section 6.5.1), the
average ratio for different source regions was found to be lower and a possible explanation
for this is the differences between collection methods. Comparing scatter plots of all
Atlantic data versus latitude suggests that the nitrogen and sulphur cycles are not well
coupled because large variations in ratio can be seen at all latitudes and concentration
levels. Scaling up to the entire globe, an analysis of numerous studies confirmed that the
majority of marine aerosols are somewhere between partially and fully neutralised with
respect to sulphate acidity (i.e. between a 1:1 and 2:1 ratio). When broadly divided by
source region, it is noticeable that the high latitude studies from Cape Grim and Antarctica
often have lower NH;*:nssSO,4” ratios. This is possibly related to reduced NH3 source

strength and a NHj3 flux hindered by lower temperatures.

Section 6.5.2 outlined a theoretical concept proposed as a result of extensive discussion
with Dr. Martin Johnson. In brief, it is suggested that changes in a DMS-derived flux of
SO4* might actually help to control the direction and magnitude of the NH; flux by
varying the amount of available NH; in the atmosphere. To take this work further forward,
it would be necessary to devise a proof-of-concept model to identify whether the rates of
reaction involved could facilitate such a process. Finally, it has been suggested that an
alternative source of NH," in aerosol could come from the breakdown of organic matter

injected into the atmosphere by bubble bursting at the sea surface (Leck et al., 2002b).
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7

Conclusions

This concluding chapter draws together the findings of the preceding chapters before

identifying areas that the scientific community should address and discussing how future

work should progress.

7.1 Summary

In this PhD thesis the four results chapters contain relatively discrete conclusions, which

are below:

>

Synthesis of the entire AMT dataset produced a number of strong positive correlations
between carbon fixation rate (primary production) and DMS and DMSPp (see Chapter
3), suggesting that in oligotrophic regions primary production might be a better
predictor of DMS(P) than biomass (chlorophyll a).

Correlations were also observed between DMSP (dissolved and particulate) and
violaxanthin, an accessory pigment known to be part of a photoprotective xanthophyll
cycle. The AMT cruises progressed through waters exposed to relatively high light
levels that are predominantly nutrient-limited. In this context, the AMT dataset is of
interest because of the proposed anti-oxidative function for DMS(P).

Principal components analysis (PCA) indicated that pigment concentrations were not
that useful for explaining DMS(P) concentration trends in oligotrophic waters. This
was primarily due to the substantial covariance between different pigments. Once such
covariance was accounted for, the correlations with DMS(P) were not as strong as
when individual pigments were considered.

Whilst the North and South Atlantic gyres are identifiable regions of low biological
productivity, they are not homogeneous biological communities with distinct
boundaries such as those proposed by Longhurst (1995). They appear to demonstrate
seasonal variation in community composition and production (ANOVA tests in Section
3.3.3), and their boundaries are indistinct (as shown by the differences between the
AMT-5 and AMT-12-14 cruise tracks; Section 3.3.1). Caution is therefore needed
when extrapolating from studies in one region of the northern or southern gyre to the
entire oligotrophic Atlantic.

The results of Chapter 4 (see also Bell et al., 2006b) indicate that current predictive
models for DMS generally overestimate surface concentrations in the oligotrophic

Atlantic. The most recent algorithm based upon the mixed layer depth (MLD) is that
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produced by Aranami and Tsunogai (2004) and this is the best predictive algorithm for
the AMT dataset. In its AMT-optimised form, this follows as DMSxMLD = 40 umol
m™”. However, it is not advisable that this algorithm be adopted on a global scale as
there are many processes, potentially unaccounted for by AT04, that influence DMS
concentrations and may have caused the scatter observed in the AMT dataset (Figure
4.5¢).

» The DMSP-lyase activity (DLA) results from Chapter 5 (see also Bell et al., 2006a)
include the first measurements made in the South Atlantic and present an intriguing
picture. Despite some ancillary measurements suggesting a link between DLA and
oxidative stress, these results are not strong enough to be fully conclusive that DLA
operates as part of a complex anti-oxidant cascade mechanism. Part of the problem is
the nature of oxidative stress, which can be due to numerous factors (e.g. nutrient
limitation, high light intensity, iron limitation, etc.), and is thus problematic when
deciding upon an appropriate measurement technique to identify the level of oxidative
stress experienced by the phytoplankton community.

> The MSA:nssSO,” results presented in Chapter 6 (Section 6.3) demonstrate that the
trend in the ratio (increasing with increasing latitude) is consistent with other results
(Bates et al., 1992a; Leck et al., 2002a). Despite the multitude of influences upon
atmospheric MSA concentrations, the AMT data appears to co-vary with its ultimate
source — surface ocean DMS concentrations.

» The direction of the NH3 flux throughout AMT-14 is uncertain due to the degree of
error involved in the calculation, but it appears to be finely balanced between INTO
and OUT of the ocean in low latitude regions (see Section 6.4). The potential for a flux
out of the ocean is somewhat surprising given the low oceanic NH4" concentrations in
such regions.

» For the AMT dataset, the submicron NH4+:nssSO42' ratio in aerosol was consistently
greater than 1:1 (see Section 6.5) and the nssSO42' was therefore more neutralised than
the remote marine air masses sampled by Quinn et al. (1990) in the Pacific. Extreme
ratio values (i.e. > 3:1) for high latitude air masses in the southern hemisphere may be
due to the presence of a NH;" — NO3™ component after complete neutralisation of
nssSO42'.

» Although aerosol NH4+:nssSO42' ratios were relatively consistent in remote marine air
masses, there was little apparent linkage between the sea-to-air fluxes of DMS and NHj3

(see Section 6.5).
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> Despite the AMT dataset suggesting a higher NH;*:nssSO,” aerosol ratio than
observed by Quinn et al. (1990), a global synthesis indicates that the submicron ratio is
generally between 1:1 and 2:1 (Section 6.5.1). The degree of variation in the global
NH,":nssSO,” ratio suggests that it may be driven purely by variations in source
strengths of NH3 and nssSO42'.

» Whilst the cycles of reduced nitrogen and sulphur may operate independently, it is
suggested in Section 6.5.2 that these cycles may still have an influence upon each other
and that this might help explain the relatively consistent NH, :nssSO4” ratios observed
in marine air masses. Potentially, variations in the flux of DMS could indirectly

influence the flux of NHj3 in low latitude regions.

7.2 Future Work

Over the past few decades, current understanding of the many aspects of the CLAW
hypothesis and climate regulation has progressed substantially due to great endeavour in
the fields of biogeochemical oceanography and atmospheric chemistry. However, there is
always room for further advances, whether technological or theoretical. The following
section proposes what areas of our understanding need improving, based initially upon the
results and conclusions of this thesis. Subsequently, a more general comment is made on

the current state of DMS(P) research and how it should develop.

The correlations identified between DMS(P) concentrations and the rate of primary
production demand further work. A recent publication suggests that the rate of carbon
fixation in the surface ocean can now be determined via satellite using parameters such as
light, nutrients and mixed layer depth (Behrenfeld et al., 2005). A further development of
the results in Chapter 3 (Section 3.3.1) would be to test how well DMS(P) concentrations

can be predicted in oligotrophic regions using such information.

The DMSP-lyase activity (DLA) measurements from the South Atlantic presented in
Chapter 5 interesting and more measurements are required from this region, with greater
spatial (both vertical and horizontal) resolution. In an ideal world with no time or
personnel constraints, the DLA measurement should also be refined by size-fractionating
each sample and testing the in vivo activity of the community. Size fractionation would
help to identify which organisms were responsible for the majority of DLA (although this

would not identify if particle-attached bacteria were responsible for the DLA). An in vivo
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activity measurement represents the activity of the enzyme(s) without removal from a
living organism and is clearly more representative of true enzyme activity (i.e. under true

pH and temperature conditions) than in vitro activity.

An improved method for atmospheric NHj3 (in terms of frequency and sensitivity) is
required to further investigate low latitude sea-air NH3 fluxes. The current filter-pack
method, whilst adequate for some air masses over certain regions of the ocean, is not
sensitive enough after blank correction to determine remote marine atmospheric NH3
concentrations. Norman and Leck (2005) recently demonstrated a method that facilitated
an atmospheric NH; measurement every 10 minutes, even for air masses over the remote
Atlantic (detection limit = ~0.2 nmol m'3). Meanwhile, the aerosol data collected during
AMT indicates that future work should focus on the isotopic signature of the NH;* and
nssSO4> contained in the remote submicron aerosol as an indication of their respective
sources. In terms of the NH4+:nssSO42' ratio in aerosol, it has previously been assumed
that all fine mode NH," in remote marine aerosol is associated with nssSO42', but the
results in Chapter 6 suggest otherwise. Finally, the concept that the DMS flux might
control the NH3 flux in certain regions warrants further investigation; the best approach

would be via a simple box model.

There was a plethora of ancillary data collected during AMT and this enabled substantial
statistical analysis, which has shed some light on the regulation of DMS(P) concentrations
in oligotrophic regions. However, in retrospect, coordination between different research
groups could be improved. Despite the presence of both research groups on the same ship,
data was often not collected from the same depth, limiting the number of data ‘pairs’ that
could be analysed statistically. For example, throughout AMT-12-14 a total of 538
individual DMS(P) measurements and 1637 individual bacterial density measurements
were made. Despite this, the total number of paired DMS(P)/bacterial density
measurements was only 358. In an ideal world with no time constraints, improved
planning and communication could have increased this number considerably. As the
research on DMS and related compounds relies upon various biological community and
process measurements, the responsibility for making them arguably lies with those

involved in DMS(P) research.
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Despite the comments above, the dataset collected during AMT represents a significant
achievement by many different research groups and should not be underestimated. The
results from this work are novel and useful to the DMS(P) community. It is, however,
debateable how useful a repeat of such an experiment would be. DMS and DMSP
concentrations in the surface ocean can effectively be described as the net product of a
complex biological system that rapidly consumes and produces the compound of interest.
Arguably, measuring ambient concentrations is of limited use and the equivalent of
measuring ambient macro-nutrient concentrations. To understand the natural environment

better, emphasis must also be placed upon rate measurements as these can be incorporated

into current global models. If these models can be parameterised to accurately model the
current system, they can then be used to give an improved indication of how net production
of DMS in the surface ocean might alter with future climate change. In addition, the
molecular cell processes involved in DMSP production should be thoroughly investigated
and understood in the laboratory as these will provide clues as to how organisms may act

in the natural environment.
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Appendix

a

Figure I Depth contour plots of (a) DMS (red); (b) DMSPd (blue); (c) DMSPp (grey); and (d) TChl
a (green) along AMT-5 (the green cruise track on Figure 3.1). Sample points are indicated (black dots).
Contour lines are set at intervals of 0.5 nM; 2.5 nM; 2.5 nM; and 0.1 pg L for DMS, DMSPd, DMSPp and
TChl a respectively.
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a

Figure I1
Figure I.

Data from AMT-12 (the blue cruise track on Figure 3.1). Otherwise, legend is as for
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Figure III Data from AMT-13 (the white cruise track on Figure 3.1). North of 14°S, no DMS and
DMSPd data was collected due to equipment malfunction. DMSPp data between the upwelling region
(approximately 20°N) and 14°S were collected and stored until the equipment was fixed. Otherwise, legend

is as for Figure .
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Figure IV Data from AMT-14 (the red cruise track on Figure 3.1). Otherwise legend is as for Figure
L.
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Figure V Depth contour plots of (a) DMS (red); (b) Prochlorococcus density in number ml”! (green);
and (c) heterotrophic bacterial density in number ml™ (grey) during the northern section of AMT-14 (the red
cruise track on Figure 3.1, equator to 40°N). Sample points are indicated (black dots) and the location of the
DMS ‘hotspot’ circled on each section. Contour lines are set at intervals of 0.5 nM and 250,000 cells ml™ for
DMS and heterotrophic bacterial density respectively. For Prochlorococcus density, contour lines were set at

100,000 cells ml™ with extra contours for 50,000 and 25,000 cell ml™.
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