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Abstract 

Sea-surface microlayer (SML) is a boundary layer between atmosphere and ocean. The 

operational depth layer between 1 – 1,000 µm differentiates by its unique physiochemical 

characteristic from the underneath subsurface water (SSW). It is a micro-environment serving as a 

modulating media for materials synthesis, transformation and cycling in biogeochemical process 

including phosphorus, one of essential nutrients for marine productivity. The relatively uniform 

distribution of phosphorus in marine aerosols over the remote North Pacific Ocean (0.07-0.09 nmol 

m-3, Furutani et al., 2010) without a major supply from riverine input. This may suggest the alternate 

contribution from seawater, as a source of phosphorus. The interface layer; SML is expected to 

involve in this contribution.  

The composition of phosphorus in SML exhibited differently from SSW as a result of the 

interfacial physical and biogeochemical process. Phase distribution of phosphorus in SML is 

influenced by its chemical transformation in subsurface water and is governed by 

adsorption/desorption on particle surfaces, biological uptake and remineralization. In this study, 

seawater including SML were collected on 3 cruises; SWNP-2010 in the Subtropical Western North 

Pacific, CRI-2010 in the Coastal Sea around the Ryukyu Islands and EEP-2012 in the Equatorial 

Eastern Pacific region.  

Total dissolved phosphorus (TDP) was a major phosphorus pool in the SML and accounted 

for 90-98% of total. Level of total dissolved phosphorus (TDP) was higher in High Nitrate, Low 

Chlorophyll-a (HNLC) seawater (TDP= 0.9 - 2 µM; EEP-2012) than the oligotrophic seawater (0.1-0.4 

µM; SWNP-2010 and CRI-2010). Concentration of particulate phosphorus in SWNP-2010 and CRI-

2010 were reported at 21-38 nM and 1-26 nM, for SML and SSW. In EEP-2012, particulate 



-ii- 
 

phosphorus concentration in SML was similar to the aforementioned but lower in the SSW (4 – 18 

nM).  

Enrichment factor (EF) determined as the concentration ratio of substances between SML 

and SSW. For TDP, soluble reactive phosphorus (SRP) and dissolved organic phosphorus (DOP), 

enrichment factor were ranged from 0.7-2.5, 0.1-4.1 and 0.3-2.7, respectively. For particulate 

phosphorus, except the SWNP-2010, particulate organic phosphorus was more dominant in the 

SML. The low background concentration of particulate phosphorus (<20 nM in the SSW) 

contributed to higher enrichment factor and varied from 0.5 to 72.  

High enrichment of particulate phosphorus (TPP) at a factor of 72 was observed in the SML 

sample from station 1 (0°N, 95.5°W) in EEP-2012. In this sample, concentration of particulate 

phosphorus rose to the same concentration level with dissolved phosphorus (SMLTPP=0.59 – 1.3 µM, 

SMLSRP = 0.84µM). This change was concurrently observed with high concentration of particulate 

iron (81 nM, EF=11). Single particle analysis by a scanning electron microscopy with energy 

dispersive X-ray spectroscopy (SEM/EDX) showed a greater in number of biogenic particles 

especially diatom and microorganism particles in the SML. Percentages of phosphorus content in 

single particles measured by SEM/EDX was generally higher in the SML particles than those in SSW. 

There were more particles ware contained with phosphorus in the SML (77%) than the SSW (11%) 

and the enrichment factor estimated by the SEM/EDX analysis was 75.  

Thus, there was an increase of particle surface active area for the adsorption of phosphorus 

as a result of the increase in number of larger particles including bio-particles (diatom and other 

microorganism) in the SML. The vertical profiles of TPP and pFe showed also the peaks in the SML 

along with other particulate element namely pSi, pAl and pCa, indicating that the enhancement was 

occurred in the SML interior. The most probable explanation of this occurrence was that it was the 

resultant of the external atmospheric deposition of scarce micronutrients to the SML. Although SML 
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is quite a small material reservoir, its biogeochemical dynamics and properties are unique. The 

observed biogeochemical enrichment emphasizes its rapid response to external perturbation and 

its significant role in microbe-mediated materials synthesis and transformation of chemical 

compositions and their cycling. 

Not only receiving substances from the atmosphere, SML is also served is the intereaction 

media for the bubble bursting process, supplying seawater materails and providing space for the 

formation of marine aerosols. Bubble bursting experiments offered the study of ocean-derived 

substances without such background concentration. An experiment of bubble bursting using SML, 

SSW and SUR (Bucket water sampling) as the bubble bursting media demonstrated that phosphurus 

is vastly enriched in aerosols both inorganic and organic content. Sea to air fractionation factor (FNa) 

detemined as the factor of the concentration ratio of phosphorus to soduim between the ejected 

aerosols from the bubble bursting and sea water. In this study, the fractionation of phosphorus by 

all forms was displayed at a factor of 102 - 103. FNa greater than 1 indicating the enrichment of 

ejected aerosols with the phosphorus derived from the seawater. The production of aerosols from 

the SML and SSW experiment contained less sodium content than those in the SUR experiment. 

However, the average total phosphorus concentration in the generated aerosols was expressed at 

the same level (~7 nmol m-3). Therefore, comparing with sodium content, aerosols produced from 

SML experiment contained promisingly higher organic phosphorus. In addition, single chemical 

mass spectra of bubble generated particles also demonstrated that SML generated particles were 

enriched with organic carbon particles and it was produced in greater number in comparative to 

the SSW experiment and especially for submicron organic particles (Da < 1 µm). The similar 

fractionation factor of organic phosphorus in the SML and SUR (a mixture of SML and SSW 

seawater) experiments indicated that the fractionation of organic phosphorus was specifically 

influenced by organic rich content in the SML.  
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When comparing the ratio concentration of total phosphorus to sodium between marine 

aerosols in the field measurement and the bubble bursting generated particles, the similar in the 

ratio number indicated that aerosols production from bubble bursting process had considerably 

contributed to certain amount of atmospheric phosphorus.   

SML was able to concentrate all forms of phosphorus and demonstrated the significant 

enrichment towards particulate phosphorus. Beside the enrichment of substances from bulk 

seawater, micro-biogeochemical response to the natural and external perturbation increasing 

internal biological activity. Hence, more substances were aggregated within layer. As the media for 

bubble bursting process, SML influenced on the production of marine organic phosphorus aerosols, 

by suppressing the bigger particles formation and producing more organic aerosols into 

atmosphere. The presence of SML is not only the concentrated layer of various chemical 

substances, but it was also significant boundary for the biogeochemical process of phosphorus. The 

generated aerosols entrained with phosphorus from SML and bulk seawater can be dispersed in 

length and traveled for long distances, subsequently deposited into the surface ocean again, hence 

maintains the marine productivity by recycling between ocean and atmosphere.  
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1. Introduction 

1.1.  Sea-surface microlayer (SML)   

Sea-surface microlayer (SML) is a boundary layer between two environmental 

compartments; atmosphere (fast response) and ocean (high heat capacity) where heat, energy and 

variety of materials can be exchanging [Donaldson and George, 2012]. This physical boundary layer 

covers about 70% of the earth surface, and has its significant roles in air–sea exchange of heat, 

gases and particles [Cunliffe et al., 2013; Wurl et al., 2006 and Liss and Duce, 1997] as well as in 

biogeochemical processes for material synthesis, transformation and cycling [Reinthaler et al., 

2008; Wurl and Obbard, 2004; Liss and Duce, 1997; Wheeler, 1975].  

The SML layer is distinguished by its differences in biological and physiochemical properties 

[Herdy, 1982] at which 50 µm depth has reported as a layer of sudden change where physical and 

chemical properties of seawater has found to change abruptly [Zhang et al., 2006]. Technically, SML 

thickness is measured extent from 1 to 1,000 µm depending on sampling devices, and prevailing 

metrological conditions [Wurl and Obbard, 2004, Stolle et al., 2011].  

Various SML sampling devices were developed for SML collection in corresponding with 

research focuses and implications. Glass plates and drum rollers [Garret, 1965; Carlson et al., 1988] 

obtain typically 20 - 250 µm in depth are among the most common sampling devices [Zhang et al., 

2003; Cunliffe et al., 2013]. In principle, when surface’s device contacts with surface water, water 

adherence on sampling devices (glass, metal mesh and Teflon) was collected and determined as 

SML samples. The thickness was calculated based on sample volume and contact-surface area of 

the device and is varied by sampling devices and operations [Carlson, 1982, Liss and Duce, 1997].  
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1.1.1. SML structure  

Recent study showed that SML components are relatively more complex and biologically 

involvement. Conventional view (Fig. 1.1.1) described SML as sub-strata of lipid layer over water 

associated organic substances layer and comprised mostly with polysaccharides, carbohydrates and 

proteins [Hardy, 1982]. However, the latest findings reviewed SML as hydrate gelatinous matrix 

(non - stratified) structure comprised with polymeric carbohydrates, proteins, and lipids [Cunliffe 

and Murrell, 2009; Wurl and Holmes, 2008]. Its condensed and derivative products are primarily 

derived from microbiological activities in bulk seawater.  

Fig. 1.1.1. Depth view structure of the sea-surface microlayer in the classical sub-layer concept (left 

side) and the current conceptual view (right side) [Cunliffe et al, 2011 and Hardy 1982]. 

1.1.2. SML source and its interfacial physical renewal and removal process  

Substances in SML come from 2 sources. First, the upward flux that brought up substances 

from underlying water. Most materials derived as byproducts of biological activities such as 

respiratory or assimilation and are extensively associated with organic materials (see upward flux 
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of the buoyant particles; Fig. 1.1.2). The second source of materials is a downward flux in which 

particulate substances are deposited from the atmosphere [Frka et al., 2012; Duce et al., 1991]. 

Airborne particles are those originated from natural sources such as dust, pollen and plant materials 

or from anthropogenic sources such as fertilizers, waste and combustion products. Since, the 

former source are mostly surface affinity species; consequently, it can lowering surface tension and 

enduring the accumulation of atmospheric deposited materials in the SML. Particles dry deposition 

flux has reported to increase by 2-3 folds during low surface tension observed [Del Vento and Dachs, 

2007].  

Fig. 1.1.2. Formation of buoyant particles; transparent exopolymer particles  

in bulk seawater [Cunliffe and Murrell, 2009] 

SML layer can be dynamically modified by the near-surface turbulence such as wave 

breaking, share, convection, or raindrops. Micro-scale wave breaking (0.1–1 m in length, 2-3 cm in 

amplitude) produces convergence flow that leads to the intense renewal of subsurface water and 

is often occurred more widespread than white capping [Soloviev and Lukas, 2006]. Beside, 

substances from bulk seawater is brought up by diffusion, turbulent mixing and absorption on to 

bubble floatation and buoyant particles (Fig. 1.1.3) [Frka et al., 2012; Liss and Duce, 1997 Xhoffer 

et al., 1992]. 
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On the contrary, wave dissipation, evaporation, microbial degradation, photo-oxidation, 

micellization and adsorption on sinking particles and bubble bursting are the removal processes 

that draw down substances from the SML [Gladyshev, 2002, Liss and Duce, 1997, Xhoffer et al., 

1992, Hardy, 1982]. 

Fig. 1.1.3. The schematic diagram of physical interfacial processes influencing materials transportation 

at the interface; SML. Red arrows showed the renewal process in which supply substances and 

materials to the SML and the purple arrows showed the removal process [modified from Cunliffe and 

Murrell, 2009 and Hardy, 1982]. 

1.1.3. SML enrichment 

Higher concentration of substances in the SML than those subsurface water is so called the 

enrichment. It is one of well acknowledged characteristics of the SML. The enrichment factor (EF) 

expresses in term of the concentration ratio of chemical in the SML over the sub-surface water or 

atmosphere [Liss and Duce, 1997]. 

SML is able to accumulate both dissolved and particulate substances to certain degree 

depending on chemical partitioning and surface stabilization. Generally, enrichment is determined 
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by its chemical phases and properties, e.g. speciation, solubility, surface active site for complex-

ligand binding and organic composition [Hardy, 1982, Xhoffer et al., 1992; Hunter, 1980]. The 

surface active components can enhance the accumulation of atmospherically deposited materials 

including metals [Hardy et al., 1985] as well as to decrease the diffusive air–water exchange of gases 

together with other key factors such as wind stress, gas transfer velocity, surface wave slope [Liss 

and Duce, 1997; Frew et al., 2004]. 

Reported EF of materials were varied depending on its species, approximately from 1 to 3 

in dissolved organic carbon, organic nitrogen and inorganic nutrient, and 3 - 38 and 2 – 100 for 

particulate organic carbons and particulate trace metals, respectively [Gladyshev, 2002; Liss and 

Duce, 1997; Hunter, 1980; Carlson, 1983 and Hardy, 1982]. These values suggested the selective 

accumulation for organic species and particle adsorption associated with surface active 

components [Liss and Duce, 1997; Cauwet, 1978]. High concentration of trace metals in the SML is 

the results from metal complexation with organic ligands and particulates [Wurl and Obbard, 2004].  

Not only chemical enrichment, distinct assemblage of virus, bacteria (Bacterioneuston) and 

phytoplankton (Phytoneuston) in SML were reported and showed its adaptive strategy to survive 

in organic rich and intense light environment. An abundance of microbial community (in 2-4 order 

of magnitude) was reported to accumulate in the SML as a result of prevailing metrological 

conditions such as wind speed but not in association with particulate organic carbon contents 

[Stolle, et al., 2011; Franklin et al., 2005]. Another suggestions for microbial enrichment is that high 

production can be maintained under the increase of growth in the SML luxury resources with less 

predators [Aller, et al., 2005]. However, the observation of lower chlorophyll-a measurement 

during daytime is suggested to cause by passive accumulation of phytoplankton from advection 

[Joux et al., 2006]. This is except for the heterotrophic and autotrophic nanoflagellate that made its 
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rapid colonization on the surface as it is preferable to the intense light environment [Baastrup-

Spohr and Staehr, 2009; Joux et al., 2006].  

1.1.4.  Bubble production and its related mechanisms to the SML formation 

Bubbles are extensively contributed to the dynamic of air sea exchange of heat, energy and 

substances and are mediating the interfacial physiochemical interaction and geochemical cycling of 

substances in SML and surface water [Grammatika and Zimmerman, 2001]. It is generated either 

by wave braking at the depth of 0.5-3 m, precipitation or gaseous diffusion from biological process 

such as O2 bubble from photosynthesis [Blanchard, 1989]. However, most bubbles in the ocean are 

produced by wave braking or white caps [Hultin et al., 2011].  

At sea surface, air entrapment in seawater produced by wave braking creates bubble cloud 

that vertically reach surface [Blanchard, 1989]. Bubbles can disperse to depth by surface wave and 

turbulent mixing (Fig. 1.1.4). During it submerges, gas is slowly exchanged via bubble surface or 

forced by deeper pressure to compress and enclosed gas to solution [Grammatika and Zimmerman, 

2001].  

Bubble floatation as a scavenging process is very important for passive transportation of 

substances to sea surface. When bubbles rapture and burst, sea spray droplets are generated as jet 

droplets (larger-supermicron) and film droplets (smaller-submicron) [Blanchard, 1989]. These sea 

salt droplets as the primary marine aerosols are then suspended in the atmosphere [Lewis and 

Schwartz, 2004]. The observation of organic content in aerosols from bubble bursting experiment 

has suggested that SML has an influence on the surface-controlled process of bursting [Hultin et al., 

2010]. Such marine aerosols consisting of sea salts and organic compounds are contributed to the 

global load and have the consequent impact to global climate [O’Dowd, et al., 2004]. Since, it has 

served also as cloud condensation nuclei (CCN), affecting the scatter of solar radiation and affecting 
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indirectly to global warning [IPCC, 2007]. In addition, the plume of bubble bursting can also cause 

disruption and removal of the SML [Hultin, 2010]. 

Fig.1.1.4. Air-sea exchanges; cycle of bubble formation and related process. Rate of bubble mediated 

mass transfer depends on the rate of bubble generation, advection and dispersion. [Grammatika and 

Zimmerman, 2001] 

1.1.5.  The SML distribution and its biogeochemical importance 

Among the interfacial physical parameters, wind speed has been studied more extensively 

for its impact towards the persistence of SML. In nature, SML generally withstands to even at wind 

speed above the global average of 6.6 m s-1 [Wurl et al., 2011]. An increase of wind speed was 

related to the excess concentration of particulates in the SML [Lui and Dickhut, 2008]. Enrichments 

of dissolved organic carbons and amino acids has also reported in the SML even at wind speed 

exceeding 7.5 ms−1. Moreover, even at higher wind speed regime (9.5 m s-1), enrichment of surface 

active components in SML were detected [Wurl et al., 2011].  
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Data from the global average of wind speed in summer and winter (Fig. 1.1.5.) and the 

global ocean coverage of the SML (Fig. 1.1.6). It has been demonstrated that the Southern and 

North Atlantic Ocean during fall and winter are the only free surfactant (proxy of SML) coverage 

regions [Wurl et al., 2011]. 

Fig. 1.1.5. The global average wind speed (m s-1) in (a) summer and (b) winter 

http://visibleearth.nasa.gov/v 

In addition to wind speed, organic content in SML has influenced on its physiochemical 

properties by reducing short wave amplitude and developing critical wind speed [3-4 m s-1; Liss and 

Duce, 1997]. A slope spectrum of small-scale waves and gas transfer velocity also attenuated [Frew, 

et al., 2004]. These developed condition has been reported in companion with a large scale 

biological productivity and an increase of dissolved organic carbon concentration [Frew, et al., 

2004]. The study on air-sea CO2 fluxes also suggested that natural surfactants (e.g. biological 

activities derived products) in SML could reduce the ocean CO2 uptake and at least by 20% of the 

global net CO2 flux under the moderate wind speed [Tsai and Lui, 2003].  

a) July b) January 

http://visibleearth.nasa.gov/v
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Fig. 1.1.6. Global distribution of SML surface coverage using enrichment factor of surfactant as the 

SML proxy and extrapolated with global maps of primary production. 

 Enrichment factor (EF) displayed in color as; Red for EF>2, Yellow for EF=1.5-2,  

Dark blue for EF=1-1.5, and Light blue for non en enrichment (EF<1) [Wurl et al., 2011]. 

1.2. Phosphorus 

1.2.1. Sources and s inks of phosphorus in ocean  

Phosphorus is an essential element for living organisms and is required for the components 

of cellular and genetic materials. In ocean, main contributors of phosphorus are those terrestrial 

materials from the continental weathering processes and are transported to ocean via river (Fig. 

1.2.1) [Ruttenberg, 2003]. Phosphorus in particulate phase exists mainly as apatite and phosphorus 

minerals. It incorporating with iron-manganese oxide/ hydroxides can rapidly remove by the 

sedimentation at the continental shelf [Paytan and McLaughlin, 2007]. Hence, loading of riverine 

phosphorus to ocean is mostly in dissolved forms. Dissolved phosphorus loading to ocean is 

a) April – June (Spring) b) July – September (Summer) 

c) October – December (Fall) d) January – March (Winter) 
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increased through the release of phosphate adsorbed on clay particles when salinity increased 

[Paytan and McLaughlin, 2007] and through anthropogenic inputs as river discharges (e.g. 

fertilizers, sewage, and paper and pulp manufacturing). Such anthropogenic inputs increase in 

double since pre-anthropogenic period and often lead to coastal eutrophication [Ruttenberg, 

2003]. Later, dissolved phosphorus concentration is subsequently modified by sorption/desorption 

on the particle surface by salinity and redox condition changes, in addition to biological uptake and 

remineralization [Benitez-Nelson, 2000].  

Fig. 1.2.1. The marine phosphorus cycle and flux (in italics)  

[Paytan and McLaughlin, 2007] 

Atmospheric deposition (Fig. 1.2.2) is the second most important phosphorus contribution 

to the net gain of ocean productivity of 560 Gg P a-1 with an estimate of 82% and 12% of total 

deposition from mineral aerosols and primary biogenic particles, respectively [Mahowald et al., 

2008]. Phosphorus baring minerals often bound with Fe-oxides or associated with Ca and Al contain 
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similar phosphorus content like the earth’s crust [0.09 wt%; Paytan and McLaughlin, 2007; Taylor, 

1964]. However, concentration is variable depending on the soil types and its origins. Overall, total 

contribution of atmospheric source is less than 10% of riverine input [Graham and Duce, 1982] and 

are often low solubility and less bioavailability. Volcanic activity and hydrothermal process 

irregularly supplies additional reactive phosphorus to the ocean in forms of volcanic gases 

(condensed water soluble polyphosphate) and hot stream [Benitez-Nelson, 2000]. 

Particulate sedimentation on seafloor is the only process of the phosphorus oceanic sink. 

Phosphorus can be removed from water column by 1) organic matters burial, 2) phosphorus 

sorption and precipitation with iron hydroxides, 3) phosphorite burial and 4) hydrothermal process 

[Benitez-Nelson, 2000]. Sediment trap experiment showed that acid- insoluble organic phosphorus 

is the major deposition (40%) with the followings authigenic phosphorus (25%), and oxides 

associated phosphorus (21%) [Paytan, et al., 2003]. 

To date, an anthropogenic phosphorus inputs to the ocean via atmosphere by fertilizers, 

pesticides and biomass burning have increased [Paytan and McLaughlin, 2007; Mahowald, et al., 

2008] and it estimates that the global inputs of atmospheric source is accounted for 15% of total 

phosphate [Mahowald, et al., 2008]. This number has yet fully accounted for phosphorus related to 

combustion emission that can make up to 50% for the global atmospheric source of phosphorus 

[Wang et al., 2014]. 
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Fig. 1.2.2. The estimate global atmospheric deposition of limiting nutrients a) Nitrogen,  

b) Phosphorus and c) Iron [Okin et al., 2010]   
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1.2.2. Phosphorus composition and transformation in water column 

Phosphorus in seawater exists in both organic and inorganic forms and either in dissolved 

or particulate phases and is segregated by the filtration procedure. Solution passed through a 

membrane filter (0.2-0.45 µm pore size) is defined as total dissolved phosphorus (TDS) which can 

further be characterized by its reactivity with phosphomolybdate complex to the soluble reactive 

phosphorus (SRP) and non-soluble reactive phosphorus (SNP). Interchangeably, dissolved organic 

phosphorus (DOP) is often utilized instead of SNP. SRP comprises dissolved inorganic compounds 

in which orthophosphate is the major constituent [Paytan and McLaughlin, 2007] (Table 1.2.1.) 

while, DOP is consisted notably of dissolved organic phosphorus and biological derived compounds 

such as monophosphate esters, nucleotides, nucleic acids, phospholipids, phosphonate and 

polyphosphate (the non-reactive inorganic compounds) [Benitez-Nelson, 2000; Strickland and 

Parson, 1972].  

Particulate phosphorus mostly produces through biological process and recycled within 

water column [Lin, et al., 2012]. Total particulate phosphorus (TPP) can characterize to particulate 

inorganic phosphorus (PIP) and particulate organic phosphorus (POP). PIP comprises with the 

precipitates of 1) phosphorus minerals 2) phosphorus-adsorbed on biotic and abiotic particulates 

and 3) precipitates such as orthophosphate, pyrophosphate and polyphosphate in intracellular 

storage products [Yoshimura et al., 2007, Paytan and McLaughlin, 2007]. The organic particulate 

phosphorus, e.g. phosphorus esters, phosphorus diester, and phosphonate, were incorporated 

broadly with living and non-living organic matters [Paytan and McLaughlin, 2007]. 

Vertical profile (Fig. 1.2.3) of phosphorus shows the nutrient type profile with surface 

depletion and deep water enrichment of SRP. Dissolved phosphorus is taken up extensively by 

marine organisms. For particulate phosphorus, it is associated with biogenic particles or 
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incorporated into or adsorbed on to iron hydroxides. Remineralization of particulate phosphorus 

released dissolved phosphorus at depth and is recycled by upwelling. The turnover time of 

phosphorus in surface waters is considered to be very rapid and reported to less than a day to two 

weeks [Paytan and McLaughlin, 2007].  

Fig. 1.2.3. Depth profile of soluble reactive phosphorus (SRP), dissolved organic phosphorus (DOP) and 

particulate phosphorus (PP) at Station Aloha near Hawaii (the shaded bars indicated sea floor) 

[Suzumura and Ingall, 2004] 

The biological cycling and microbial reminerization are the primary pathways for 

phosphorus transformation. Reactive dissolved inorganic phosphorus is assimilated by 

phytoplankton and latterly altered and stored as the intercellular phosphorus compounds [Paytan 

and McLaughlin, 2007]. Polyphosphate and most dissolved organic phosphorus can be hydrolyzed 

by synthetic enzyme’s marine bacteria and phytoplankton to sustain the phosphorus requirements, 

but in the different rates and efficiencies [Karl and Tien, 1997]. Much of this phosphorus 

transformation occurs in the upper water column and is involving extensively with biological 
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activities. Particulate phosphorus measured in the North Pacific water exhibited a good correlation 

with chlorophyll-a concentration, indicating its association with plankton cells [Yoshimura, et al., 

2007]. In particular, the deviation of the Redfield ratio has attributed to surface adsorption of 

phosphorus rather than to biological processes, suggesting the scavenging phosphorus influences 

more on the interpretation of marine nutrient inventories [Sañudo-Wilhelmy, 2004].  

Table. 1.2.1. Forms and distribution of phosphorus; in dissolved inorganic phosphorus (DIP), 

dissolved organic phosphorus (DOP) and particulate inorganic phosphorus (PIP) and 

particulate inorganic phosphorus (POP) in seawater from different ocean provinces. All 

displayed values were for surface water [Lin et al., 2012]. 

1.3. The SML study prospective 

The SML study has been limited by sampling procedures and devices. For different 

purposes of study, different sampling techniques is utilizing and the results are incomparable. The 

biogeochemical study on the SML aspects is even more scatted depending on the interests and 

often in non-continuity. Since, SML poses the wider effects to the global scale of air-sea exchanges 

of gas and energy and to the biogeochemical cycling of substances in the ocean. To understand the 

SML in its wider Earth system context, atmospheric deposition of terrestrial dust and organic 
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particles is further suggested to be studied in cooperative with SML by the parallel sampling 

initiatives [Cunliffe et al., 2013]. To date this approach has yet fulfilled because of the different time 

constrained of each sampling techniques. Recent study informed that salinity has affected on SML 

composition, molecular structure and optical properties [Lechtenfeld et al., 2013]. This addressed 

the needs of the study on the environmental condition affected molecular structure of SML 

formation.  

1.4. Objective and goals 

In this study, phosphorus is selected for the observation of an interaction of substances 

between atmosphere and ocean. The initiative work comes from the observation of the relatively 

uniform concentration of phosphorus in marine aerosols over the remote North Pacific Ocean 

[Graham and Duce, 1979; Furutani et al., 2010]. With disregarding to the source distances, it is 

suggested to the alternative source of phosphorus that moderating such consistency. The high 

organic component and particulate matters in SML and its interfacial position between these two 

environmental compartments has suggested and called for the interest point of this study.  

In this study, I attempt to compare the concentration and composition of suspended 

particulate phosphorus in aerosols and in seawater. The objectives of this study are  

1) Determine the difference of composition and forms of phosphorus in the atmospheric 

and oceanic suspended particulate matters including the SML  

2)  Characterize chemical composition of particles by size in SML and SSW sample 

observed the enrichment event during the research cruise in the Eastern Equatorial 

Pacific Ocean and the possible causes contributed to such event 

3)  Understand the mechanism of bubble bursting experiment, its sea to air fractionation 

for phosphorus and the influences of SML towards the formation of atmospheric 

phosphorus  
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2. Material and Method 

2.1. Research expeditions 

Three expeditions were conducted in this study with two open ocean cruises on the R/V 

Hakuho Maru and near coastal cruise on the R/V Tansei Maru. The following are the cruise tracks 

and description of each research expedition in different geographic provinces. 

1)  The Subtropical Western North Pacific cruise (SWNP-2010)  

This cruise was carried out in spring time during May 18th-June 4th, 2010 in the Subtropical 

Western North Pacific (SWNP) on the survey transect line 137°E from 30°N (St. 02) to 15°N (St. 05) 

at 5° interval. The transect featured the oligotrophic water of the North Pacific Subtropical Gyre 

where phosphorus, nutrients and surface chlorophyll-a in seawater presented in relatively low 

concentration. In this cruise, 5 SML samples from St.02, St.04 and St.05) and 19 aerosol samples 

and 6 blanks were collected (Fig. 2.1.1). This line transect has reported the influences of the 

atmospheric input of anthropogenic substances from inland industry. The mean concentration of 

atmospheric phosphorus in this region was measured at 0.24 nmol m-3 (Furutani et al., 2010). Wind 

speed recorded during SML sampling was ranged at 3 - 6.1 m s-1 and chlorophyll-a concentrations 

were at 0.01 - 0.05 µg L-1.  

2) The Coastal Sea around the Ryukyu Islands cruise (CRI-2010) 

This cruise was carried out in summer time during September 25th - October 3rd, 2010 off 

the coast around the Ryukyu Islands. The cruise started from Kagoshima port, sailed east and turned 

to the direction for Naha then made left return around Okinawa Island and cruised back to Nagasaki 

port. On this cruise, 3 SML samples at St. 04, St. 07 and St. 09 (Fig. 2.1.2) and 7 aerosol samples 

with 3 blanks were collected. Wind speed recorded during the sampling was relatively low and 
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ranged at 1.5-2.6 m s-1. The surface chlorophyll-a concentration were 0.03 and 0.02 µg L-1 at St.04 

and St.07 and increased to 0.15 µg L-1 at St.09.  

3) The Eastern Equatorial Pacific Cruise cruise (EEP-2012) 

This cruise was carried out in winter time during the survey transect at the Eastern Equator 

Pacific from 95.5°W (St. 01) to 140°W (St. 10) during January 29th - February 19th, 2012. Five SML 

samplings were conducted at 5 stations (Fig. 2.1.3) and 10 surface SPM samples were collected. 

This cruise was part of the Equatorial Pacific Ocean and Stratospheric/Troposphere Atmosphere 

Study (EqPOS) campaign to find the biogeochemical linkages between ocean and atmosphere in 

the Eastern Equatorial Pacific (EEP), the remote area characterized with less anthropogenic impacts 

from the continent, features a High Nitrate, Low Chlorophyll-a (HNLC) condition, and was the 

largest source of oceanic CO2 emission to the atmosphere. Wind speed recorded during the 

sampling was at 1.1-4.4 m s-1. Surface chlorophyll-a concentration were ranged at 0.15 - 0.37  

µg L-1.   
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Fig. 2.1.1. Ship track of Subtropical Western North Pacific (SWNP-2010) on the R/V Hakuho Maru 

demonstrated in a) sea surface temperature (°C) with the SML (black open square) sampling location 

and b) an average wind speed 30 min (m s-1) with the start point of each air sampling (open circle).   
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Fig. 2.1.2. Ship track off the Coastal Sea around the Ryukyu Islands (CRI-2010) on the R/V Tansei Maru 

demonstrated in a) sea surface temperature (°C) with the SML (black open square) sampling location 

and b) an average wind speed 30 min (m s-1) with the start point of each air sampling (open circle).  
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Fig. 2.1.3. Ship track of the Eastern Equatorial Pacific Cruise (EEP-2012) on the R/V Hakuho Maru 

demonstrated in a) sea surface temperature (°C) with the surface SPM (black square) sampling 

location and b) an average wind speed 30 min (m s-1) with the SML (red open circle)  

sampling location 
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2.2.  Environmental Sampling  

In this study seawater including surface microlayer (SML) sample were collected and 

filtered through a 0.4 um membrane filter and a glass filter. Filters and filtrates were kept frozen 

for the phosphorus analysis. Particulate phase particle retained on a membrane filter was analyzed 

for the elemental composition by an energy dispersive X-ray fluorescence spectrometer (ED-XRF, 

Kimoto electric, Model MXF-01). The atmospheric particles were collected by a high volume 

sampler on quartz filters that were kept frozen in the sealed plastic bags until further analysis. 

Details on each environmental sampling described in Table 2.2.1. 

2.2.1. Sea-surface microlayer (SML) sampling 

Sea-surface microlayer (SML) sampling was performed in pair with subsurface water (SSW, 

at 1.5m depth by sinking an empty cleaned narrow mouth bottle with a weight) under calm sea 

surface condition on a small work boat with a distance approximately 500 m upstream and upwind 

from the mother research vessels i.e., R/V Hakuho Maru or R/V Tansai Maru (Fig. 2.2.1).  

SML samples were collected by two sampling methods; a glass plate (SML-GP) and a 

Polymethyl Methacrylate (PMMA) rotating drum (SML-D) which have been suggested for one of 

the best scientific SML sampling practices [Cunliffe et al, 2013]. Based on a principle, about 20 -  

150 µm of surface seawater adhered to the samplers’ surface due to the different of viscous 

retention [Liss and Duce, 1997]. The glass plate sampler (surface area of 0.18 m2) vertically 

immersed into seawater and withdrawal with an approximate speed of 20 cm s-1 [Harvey and 

Burzell, 1972], the adhesive surface seawater retained on the glass plate was wiped with a 

polypropylene wiper and collected into pre-acid washed polypropylene bottles. The collected 

volume divided by the total surface of collection resulted in the thickness layer. 
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The in-house PMMA rotating drum sampler (Fig. 2.2.1) with surface area of 0.79 m2 was 

operated manually with an approximate rotating speed of 6 rpm [Harvey, 1966], adhesive seawater 

retained on the drum surface was wiped out with a polypropylene wiper into collection bottles. The 

collected volume divided by the total surface area of collection resulted in the thickness layer.  

To prevent a contamination from atmospheric side, most part of the rotating drum was 

covered with a polypropylene hood. Prior sampling, rotating drum and glass plate ware kept 

covered with a cleaned polypropylene sheet to prevent a contamination from particles or dust. In 

every sampling, the first sample was utilized to rinse the devices and discarded.  

After sampling, all parts of sampling devices contacted with sampling water were rinsed 

thoroughly with Milli-Q water (>18 MΩ cm–1; Millipore Co.) and dried in oven and kept under in a 

clean polypropylene box to prevent the contamination from particles and dust, while rest of the 

sampling devices and other related equipment were rinsed vigorously with freshwater, air dried 

and covered with a clean sheet until for the next experiment.  

Determination of SML thickness 

SML thickness (ơ) can be calculated by divided the obtained sampling volume over the total 

surface area (obtained by the surface area of sampling devices multiply by the number of drum 

rotating or glass plate dipping). From these two methods; SML-D and SML-GP, the SML thickness 

calculated from 3 cruises were ranged between 20 – 47, 23-56 and 31-56 µm, for SWNP-2010,  

CRI-2010 and EEP-2012, respectively. The summary of sample locations, meteorological parameter 

and SML thickness displayed in Table 2.2.2 and details of each SML samples in term of number of 

dipping or rotating and total volume of SML samples were given in the Table 2.2.3. The mentioned 

numbers of the thickness was in the same range with the ‘physical and chemical properties’ layer 

of sudden change (50+10 μm) [Zhang et al., 2003]. However, the deviation of thickness can be 
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differently resulted from the efficiency of collection devices and meteorological conditions. It is 

reviewed that the thickness of SML especially SML-GP was affected with the wind speed and have 

less significant influence from water temperature and salinity [Carlson, 1982; Cunliffe and Wurl, 

2014; and reference therein]. 

Table 2.2.1.  Summary of the sampling procedures for different environmental media from  

3 research cruises; SWNP-2010, CRI-2010 and EEP-2012. 

  

Environmental Media  Method

Collection method Samples Analysis Cruises

Quartz Filters SWNP-2010 and CRI-2010 for 24 h- cycle

90 mm in diameter

EEP-2012

SWNP-2010 at St.02, St.04 and St.05 

CRI-2010 at St.04, St.07 and St.09

EEP-2012 at St.01, St.02, St.05, St.08 and St.10 

Filtrate and unfiltered MAGIC-SRP 

seawater 

Surface water and at depth

MAGIC-SRP 

Atmospheric suspended 

particles

High volume air 

sampler

Phosphorus and 

XRF

Bubble bursting 

experiment

Membrane and glass 

filters (47 mm 

diameter)

Phosphorus and 

XRF

Sea surface microlayer (SML) 

pairing  with subsurface 

water (SSW) 

Drum and glass plate 

on the small boat 

Particulate on glass and 

membrane filters and 

filtrate seawater            

(0.4 µm pore size)

Phosphorus and 

XRF

On board bucket 

sampling for surface 

Particulate on glass and 

membrane Filters and 

filtrate seawater             

(0.4 µm pore size)

Phosphorus, Ion 

chromatography  

and XRF

Filtrate and unfiltered 

seawater 

EEP-2012  at St.01, St.02, St.05, St.08 and 

St.10 for 0m, 5m, 10m, 50m, 100m, 200 m and 

surface chlorophyll maximum depth (SCM)
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a) SML sampling by rotating drum 

 

 

 

 

 

b) SML sampling by glass plate 

 

 

 

 

c) SSW sampling by bottle at depth 1.5 m   d ) on board bucket water sampling  

 

 

 

 

Fig. 2.2.1. Photos during the sample collection and diagram of sea-surface microlayer by  

a) rotating drum (SML-D), b) glass plate (SML-GP) and subsurface water (SSW) sampling on  

c) small boat (at 1.5 m depth) and d) on board with clean bucket water sampling (at 0.3 m depth)   
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Table 2.2.3.  Sample volume (mL), total surface area of collection (m2) and calculated SML thickness 

(µm) of SML drum (SML-D) and glass plate (SML-GP) samples from the SWNP-2010, CRI-

2010 and EEP-2012   

Date 
Sampling 

No.

No. Dip 

/ Round

Total Volume 

(mL)

Total 

Surface (m2)

Total 

Volume (m3)

Thickness 

(µm)

SWNP-2010

St.02 30°N, 137°E May 21, 2010 SML-GP#1 45 380 8.10 0.00038 46.9

11:00-11:33 SML-GP#2 50 410 9.00 0.00041 45.6

SML-GP#3 50 375 9.00 0.00038 41.7

SML-PMMA 50 250 9.00 0.00025 27.8

St.02 30°N, 136.6°E May 22, 2010 SML-GP#1 60 350 10.80 0.00035 32.4

12:33-13:22 SML-GP#2 60 335 10.80 0.00034 31.0

SML-D#1 60 1500 47.40 0.00150 31.6

SML-D#2 70 1500 55.30 0.00150 27.1

St.04 20°N, 137°E May 25, 2010 SML-GP#1 100 582 18.00 0.00058 32.3

08:39-09:48 SML-D#1 50 950 39.50 0.00095 24.1

SML-D#2 50 800 39.50 0.00080 20.3

SML-D#3 50 1000 39.50 0.00100 25.3

St.04 20°N, 136.6°E May 26, 2010 SML-GP#1 100 250 18.00 0.00025 13.9

14:18-14:42 SML-D#1 50 850 39.50 0.00085 21.5

SML-D#2 50 850 39.50 0.00085 21.5

SML-D#3 50 900 39.50 0.00090 22.8

St.05 15°N, 137°E May 28, 2010 SML-GP#1 100 740 18.00 0.00074 41.1

12:18-13:10 SML-D#1 80 2040 63.20 0.00204 32.3

SML-D#2 40 1040 31.60 0.00104 32.9

CRI-2010

St.04 26.2°N, 126.4°E Sept 29, 2010 SML-GP#1 100 1000 18.00 0.00100 55.6

10:00-10:50 SML-D#1 100 2000 79.00 0.00200 25.3

SML-D#2 100 2200 79.00 0.00220 27.8

SML-D#3 100 1800 79.00 0.00180 22.8

St.07 26.2°N, 126.4°E Oct 1, 2010 SML-GP#1 75 600 13.50 0.00060 44.4

09:30-10:10 SML-GP#2 100 910 18.00 0.00091 50.6

SML-D#1 60 2100 47.40 0.00210 44.3

SML-D#2 60 2000 47.40 0.00200 42.2

SML-D#3 50 1900 39.50 0.00190 48.1

SML-D#4 50 1800 39.50 0.00180 45.6

St.09 32.4°N, 126.8°E Oct 2, 2010 SML-GP#1 120 1100 21.60 0.00110 50.9

10:20-11:43 SML-D#1 60 1800 47.40 0.00180 38.0

SML-D#2 60 2000 47.40 0.00200 42.2

SML-D#3 50 1700 39.50 0.00170 43.0

SML-D#4 50 1700 39.50 0.00170 43.0

EEP-2012

St.01 0°N, 95.5°E Feb 2, 2012 SML-GP#1 100 820 18.00 0.00082 45.6

08:34-09:35 SML-D#1 124 3600 97.96 0.00360 36.7

SML-D#2 62 1930 48.98 0.00193 39.4

St.02 0°N, 100°E Feb 3, 2012 SML-GP#1 100 820 18.00 0.00082 45.6

11.48-12:52 SML-D#1 120 3500 94.80 0.00350 36.9

SML-D#2 60 1740 47.40 0.00174 36.7

SML-D#3 60 1500 47.40 0.00150 31.6

SML-D#4 60 1800 47.40 0.00180 38.0

St.05 0°N, 115°E Feb 7, 2012 SML-GP#1 100 580 18.00 0.00058 32.2

10:36-11:52 SML-D#1 120 3420 94.80 0.00342 36.1

SML-D#2 60 1450 47.40 0.00145 30.6

SML-D#3 120 2950 94.80 0.00295 31.1

SML-D#4 60 1700 47.40 0.00170 35.9

St.08 0°N, 130°E Feb 11, 2012 SML-GP#1 100 870 18.00 0.00087 48.3

10:36-11:52 SML-D#1 120 3716 94.80 0.00372 39.2

SML-D#2 120 3650 94.80 0.00365 38.5

SML-D#3 120 3895 94.80 0.00390 41.1

St.10 0°N, 140°E Feb 13, 2012 SML-GP#1 150 1500 27.00 0.00150 55.6

10:36-11:52 SML-D#1 60 2080 47.40 0.00208 43.9

SML-D#2 120 3695 94.80 0.00370 39.0

Note:     Surface area (m2) of SML-D = 0.79 (Drum sampler)

SML-GP = 0.18 (Glass Plate)

Sampling Location
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2.2.2. Surface seawater sampling 

Surface water (SUR) collection on board by clean bucket was performed together with CTD 

operation. Water at a specific depth was also collected with Niskin bottles (Table. 2.1.1.). All 

seawater samples including SML were filtered either with pre-combusted (550°C; 5 h) glass filters 

(GF/F Whatman, 0.7 µm) for particulate phosphorus (TPP) analysis or membrane filters (Nuclepore® 

Whatman, 0.4 µm) for element analysis with an energy dispersive X-ray fluorescence 

spectrophotometer (ED-XRF, Kimoto Electric, Model MXF-01). Unfiltered and filtered water 

samples were collected in pre acid-cleaned (10% HCl) polypropylene bottles and stored at -20 °C 

until the analysis of total dissolved phosphorus (TDP) and soluble reactive phosphorus (SRP).  

2.2.3. Aerosols sampling 

Aerosols samples were collected on the pre-combusted (at 550 °C for 5 h) quartz fiber filters 

(2500QAT-UP, 90 mm in diameter, PALLFLEX Products Co.) during two cruises on SWNP-2010 and 

CRI-2010 by a high-volume (11 m3 h–1) virtual impactor air sampler (Kimoto Electric, Model AS-900). 

On board, the air sampler was set up in the front of the upper deck (at 17 m above the sea level) 

and a wind-sector controller was connected to control the direction of the receiving air mass and 

to avoid contamination from ship’s exhaust during the aerosols sampling. This air sampler is able 

to collect fine (D < 2.5 μm) and coarse modes (D > 2.5 μm) particles on the same filter. The sampling 

time was set for 24 h-cycle with the total air sampling volume between 120 - 264 m3.  

After the collection, the sampled filter was placed in the polyethylene seal-plastic bag 

immediately and kept frozen (-20 °C) for further chemical analysis. At every 3 cycles of sampling, 

field blank was deployed by leaving the filter in the sampler for 5 min under the idle mode and kept 

the blank filters as the same manner with the samples.  
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Prior using, a filter holder were soaked overnight in the nutrient-free detergent 

(Contaminon B, Wako Pure Chemical Industries) rinsed and then soaked in the 1N hydrochloric acid 

(HCl) solution for another 24 h, then rinsed with Milli-Q water 3 times and dried in oven. After the 

cleaning process, the pre-combusted quartz fiber filters were loaded on to this holder in the clean 

(laminar flow) room. 

2.2.4. Bubble bursting experiment 

The bubble bursting experiment is the additional experiment conducted on board only on 

the EEP-2012 cruise. This experiment was aimed to collect the fresh atmospheric particulates 

ejected from different seawater during the air bubbling process. Surface water (denoted as SUR 

and collected by the bucket sampling on the vessel); collected from St.02, St.05, St.08 and St.10. 

SML and SSW samples collected from St.05, St.08 and St.10.  

The particles from the bubble bursting process were collected on to pre-combusted quartz 

filters (47mm diameter) for phosphorus analysis and for water soluble ionic species. The bubble 

injection rate was set up to 400 mL min-1 at depth of 20 cm from the surface water level. The 

bubbling time has set for 1.5 h per cycle. The air flow injected in the bubbling system was filtered 

with a HEPA unit, and set the flow rate for 15 L min-1 or the final air volume of 0.135 m-3. Sample 

seawater of 3.5 L was utilized for each experiment.  

2.3. Sample treatment and analysis  

2.3.1. Sample handling and storage 

Filtration equipment and containers were cleaned with a nutrient free detergent and acid 

washing (10% HCl) and rinse with ultrapure water and air dry. The sample bottles were rinsed twice 
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with the sample water prior using. The membrane filter were flashed with 100 mL of distilled water 

3 times before filtration [APHA, AWWA-WEF, 1998]. For glass filters (GF/F, 47 mm in diameter, 

Whatman) the pre-combustion at 550 °C for at least 1 h was required to remove organic 

contamination [Solorzano and Sharp, 1980].  

Filtrate and unfiltered seawater samples collected for the phosphorus analysis were kept 

at -20°C without any preservation. The storage time recommended for seawater is no longer than 

140-210 days [Worsfold, et al., 2005].  

2.3.2. Determination of phosphorus in environmental samples 

The quantitative analysis of phosphorus is based on the colorimetric measurement of the 

blue compounds that latterly reduced from the phosphomolybdate heteropoly from the reaction 

of an acidified molybdate reagent with phosphate [Grasshoffe et al., 1999], as the following.  

PO4
3- + 12MoO4

2- + 27H+         H3PO4(MoO3)12 + 12H2O 

 H3PO4(MoO3)12 + Reducing Agent    Phosphomolybdum Blue [Mo(VI) -> Mo(V)]     

The blue phosphomolybdic complex can be stable for an hour with no influence on salinity 

[Grasshoff et al., 1999]. However, sample contains more than 350 µM of silicate or arsenate ions 

can interfere and surplus the color intensity [Grasshoff et al., 1999].  

Schematic diagram (Fig. 2.3.1) showed the operational definition of the phosphorus 

fractions and the overview of phosphorus analyses in aquatic systems. At the laboratory, filtrates 

samples were thawed, mixed and prepared in triplicate. Soluble reactive phosphorus (SRP) was 

determined by the MAGIC-SRP method which included the pre-concentration step by the 

magnesium induced co-precipitation prior the colorimetric measurement of the molybdate-

phosphate complexes [Karl and Tien, 1992; Lomas et al., 2010]. By pH induction (with the addition 
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of 1M NaOH at 1:40 v/v ratio), SRP was co-precipitated and formed brucite pellets (Mg (OH)2). 

Supernatant was discarded after centrifugation and the precipitate was re-dissolved with 0.1 M HCl 

solution, then treated with conventional molybdenum blue colorimetric method [Murphy and 

Riley, 1962; Strickland and Parson, 1972]. 

This precipitation and pre-concentration is enabled phosphorus measurement to the nano-

molar level (at 2 nM; in Lomas et al., 2010 study). In this study with the concentration factor of 5, 

the method detection limit of MAGIC-SRP was determined as three times of the standard deviation 

of the lowest molybdenum blue standard (0.2 µM) at 4.0 ± 1.4 nM. For total dissolved phosphorus 

(TDP), filtered seawater were pre-oxidized with boracic acid-persulfate oxidation solution (5 g of 

K2S2O8 and 3 g of H3BO3 in 100 mL of 0.375 M NaOH) at 1:10 reagent to sample volume ratio and 

placed in autoclave at temperature of 120 °C for 30 min prior MAGIC-SRP analysis [Liu et al., 2010]. 

Dissolved organic phosphorus (DOP), then calculated by the subtraction of TDP with SRP.  

For total particulate phosphorus (TPP) analysis, glass fiber filter and quartz filter were 

sectioned and ashed overnight at 550 °C. Later, the residuals were dissolved in 1 mL of 1 N HCl and 

diluted to 20 mL with Milli-Q water and latterly shaken well for 30 min [Chen et al., 1985; Chen et 

al., 2006]. Then, the solution was concentrated, filtered, analyzed by the molybdenum blue 

colorimetric method [Strickland and Parsons, 1972]. With 10 time concentration factor, the 

detection limit of the TPP analysis determined as three times of the standard deviation of the lowest 

molybdenum blue standard (0.15 µM) and was 2 ± 0.7 nM. Particulate inorganic phosphorus (PIP) 

or the extractable inorganic phosphate was measured after the filter extraction with 1 N HCl 

without ashing process. This procedure was also applied for the atmospheric samples. For the 

sampling time of 24 h duration, the detection limit of the analysis was 0.03 nmol m-3 for the air 

volume of 264 m-3.  
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 Fig. 2.3.1. Schematic diagram of the phosphorus analysis in dissolved and particulate forms. 

Rectangular frame expressed the method of phosphorus aalysis [Strickland and Parsons, 1972; 

Grasshoff et al., 1999 and Chen et al., 2006] 

2.3.3. Determination of elemental composition by XRF spectrometry 

X-ray fluorescence (XRF) spectrometry is an elemental analysis technique measured the x-

ray produced under the excited state when atom releases the excess energy and falls to ground 

state. The X-ray fluorescent radiation is the energy characteristic of each atom and can be used to 

identify for the element [Iwamoto, 2008]. This radiation is analyzed by sorting the energies of 

photons (counting per second) or the intensity in which is proportional related to the amount of 

each element presented in materials. By comparing the intensity with a known elemental 

concentration of certified standards, concentration is obtained quantitatively.  

In this study, sample filters were analyzed by an energy dispersive X-ray fluorescence 

spectrometer (ED-XRF, Kimoto electric, Model MXF-01) with an operating accelerating voltage of 

20 kV and a beam current at 2 mA. The collection time is set for 500 sec per sample [Iwamoto et 
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al., 2009]. The palladium X-ray tube is used for the x-rays generation and the toroidal graphite is 

selected as a secondary target for light elements, such as Al and Si.  

The certified material, a simulated Asian mineral Dust (CJ-2; National Research Center for 

Environmental Analysis and Measurement, China) was applied for the calibration purpose. By 

suspending this standard in ultrapure water with known amount and aliquot of solution is filtered 

to load on the filters (Nuclepore® Whatman) and the calibration curves is calculated based on the 

elemental intensity and the elemental concentration of standards. The detection limit determined 

by 3 times of the signal to noise ratio was displayed in Table 2.3.1.  

The particulate phosphorus measured in the XRF-analysis exhibited less sensitivity when 

compared with the colorimetric method. In certain case, the results from the XRF analysis were 

utilized inevitably thus, the deviation of the XRF measurement was compared with the colorimetric 

method and shown in Fig. 2.3.2. 

Table 2.3.1.  Detection limits of the suspended particulate elements measured in 1L of SML 

seawater. 2-3 L of seawater was applied to increase the sensitivity for the routine SPM 

analysis.  

 

Al 38 ± 12.6 1024 ± 341

Ca 8 ± 1.8 297 ± 74

Cl 8 ± 1.9 274 ± 69

Fe 2 ± 0.5 84 ± 28

Ti 2 ± 0.5 71 ± 23

Si 12 ± 4.0 334 ± 111

S 10 ± 3.1 258 ± 86

P 4 ± 1.2 107 ± 36

 (nM) (ng/L)

Detection limit
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Fig. 2.3.2. Comparison of the particulate phosphorus concentration between the colorimetric method 

and the XRF method. 

2.3.4. Determination of water soluble fraction of the ionic species in the aerosols  

Major cations (Na+, K+, Mg2+, and Ca2+) and anions (F-, Cl-, Br-, NO3
- and SO4

2–) in atmospheric 

particulate from the bubble bursting experiment were measured by an ion chromatography (IC; 

Dionex-320, Thermo Scientific Dionex) using a CS16 cation exchange column with a CG16 guard 

column for cation analysis and an AS17 anion exchange column with an AG17 guard column for 

anion analysis. Methanesulfonic acid (MSA) was used as the eluent for the cation analysis while, 

potassium hydroxide was applied as the eluent in the anion analysis.  

Filter samples were sectioned and re-suspended with the Milli-Q water and extracted with 

the ultra-sonication. The extracted solution then, filtered with a PTFE syringe filter (Millipore Co.) 

and analyzed for cations and anions. For seawater, samples was diluted (about 10 times) prior the 

analysis. The detection limits calculated as three times of the standard deviation of the procedural 

blanks as shown in the following Table 2.3.3.  
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Table 2.3.3. The detection limits of the ionic species  

 

Cation µg/L µM Anion µg/L µM

Na+
4.03 0.18 F-

4.24 0.22

K+
4.54 0.12 Cl -

4.24 0.12

Mg2+ 2.35 0.10 Br- 0.88 0.01

Ca2+
6.10 0.15 NO3

- 3.79 0.06

SO4
2- 2.36 0.02

Method detection limit
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3. Total and particulate phosphorus in ocean, atmosphere and its 

interface; sea-surface microlayer 

3.1. Introduction 

Phosphorus is an essential bioactive element that has its biological function in energy 

storage cells, and component in bio-molecules. In aquatic environment, phosphorus functions as a 

macronutrient and co-limiting factor for water productivity. Main input of phosphorus to the ocean 

is through the riverine path as the soluble phosphorus from the weathering process. Dissolved form 

is the major phosphorus constituent in open ocean and makes up to about 90% of total phosphorus 

[Karl and Tien, 1997]. Both dissolved inorganic and organic phosphorus is extensively utilized by 

various microorganisms depending on its bioavailability and its uptake-mechanism that are 

different among the assemblages [Paytan and McKaughlin, 2007]. In the open ocean, the input from 

the riverine source is diminished, the supply from the atmospheric deposition is become necessity.  

Unlike carbon and nitrogen that have the stable gaseous phase, phosphorus is transported 

principally as particles in the atmosphere [Graham and Duce, 1979] and mineral bearing 

phosphorus aerosols is accounted for 82 % of the total atmospheric deposition [Table 3.1.1, 

Mahowald et al., 2008]. However, under the ongoing anthropogenic perturbation, phosphorus 

related to biomass and fuel combustion emission comprised mostly in the inorganic forms is 

becoming a massive burden to the global atmospheric phosphorus [Wang, et al., 2014].  

Over the remote air of the North Pacific Ocean, the study has shown the relatively low 

atmospheric phosphorus and its consistent concentration (0.07 – 0.09 nmol m-3, Furutani et al., 

2010) without regard to its source distances (Fig. 3.1.1). This suggested that more than 50% of 

phosphorus supply to atmosphere had yet known sources of origin [Furutani et al., 2010]. 

Alternately, sea water has purposed as the source for atmospheric phosphorus [Graham and Duce, 
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1979]. From bubble bursting experiment [Graham et al., 1979], it is found that organic phosphorus 

are enriched in air droplets and its enrichment was depended upon its surface organic contents and 

wind velocity; suggesting that SML can also be a source provided phosphorus to the ejected 

droplets.  

Table 3.1.1. The global sources of atmospheric phosphorus [Mahowald et al., 2008]  

 

As areceiving media, substances in SML is entirely supplied from the underlying subsurface 

water and from the atmospheric deposition. Phase partitioning of dissolved and particulate 

phosphorus are subsequently modified by various interfacial physical process as well as 

microbiological activities including biomass production and degradation [Frka et al., 2012; Liss and 

Duce, 1997; Xhoffer et al., 1992]. However, net photosynthesis in the SML has reported to be less 

significant. Instead, the respiration rate was elevated and is related to the organic-rich condition 

[Reinthaler et al., 2008; Hardy and Apts, 1989].  

Herein, we presented the results of the differences of phosphorus composition in sea-

surface microlayer (SML) samples in comparing with the underlying seawater together with the 

atmospheric and oceanic particulates phosphorus in the same sampling area. This field study is try 



 
Chapter 3: Phosphorus composition in the SML 
 

-38- 
 

to gain the understanding about the influence of SML towards oceanic biogeochemical cycle of 

phosphorus and the contribution of SML to the atmospheric phosphorus and vice versa.  

Fig. 3.1.1. Global distribution of the atmospheric phosphorus in term of total particulate phosphorus 

(Total.P) in ng m-3 [Mahowald et al., 2008] 

3.2. Distribution of phosphorus in sea-surface microlayer, subsurface water and 

atmosphere 

3.2.1. Distribution of phosphorus in SML and subsurface water 

The average phosphorus concentrations by forms are shown in Table 3.2.1 and the 

summary of phosphorus composition in the SML and subsurface water (SSW) from 3 cruises; as 

follows. 

SWNP-2010 cruise 

During SWNP-2010 cruise, seawater of the subtropical Pacific region was characterized with 

its low nutrient concentration. On the average (n = 5), concentrations of total phosphorus in sea-
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surface microlayer collected by glass plate (SML-GP) and drum (SML-D) and subsurface water (SSW) 

were 0.42, 0.36 and 0.36 µM, respectively. Dissolved organic phosphorus (DOP) had contributed to 

the largest phosphorus fraction in surface seawater and was accounted for about 52% - 76% of total 

phosphorus. The second largest pool was soluble reactive phosphorus (SRP) and shared about 17% 

- 42%. The remaining total particulate phosphorus (TPP) comprised only about 5 - 9% (Fig. 3.2.1 and 

Fig.3.2.2). Within particulate phosphorus pool, particulate inorganic phosphorus (PIP) 

concentration was more dominant than that of particulate organic phosphorus (POP). When 

comparing among the SML samples, SML-GP showed to contain higher concentration for both total 

phosphorus and major DOP fraction (Table 3.2.1).  

CRI-2010 cruise 

In CRI-2010 cruise, seawater samples were collected in the coastal sea around the Ryukyu 

Islands; subtropical region in the Western North Pacific. Concentration of total phosphorus were 

relatively low. On the average (n=3), total phosphorus concentration were 0.28, 0.23 and 0.21 µM, 

in SML-GP, SML-D and SSW, respectively (table 3.2.1). The largest phosphorus pool in SML was DOP 

and comprised about 52% - 65% of the total. In SSW, SRP was a major fraction and occupied about 

51% of total. The remaining TPP was accounted for more than 10 - 15 % of the total (Fig. 3.2.1 and 

Fig.3.2.2). In particulate forms, PIP content measured from SML and SSW were quite similar, but 

POP concentration were clearly higher in the SML than the SSW.  

EEP-2012 cruise 

For EEP-2012 cruise, seawater samples were collected from the High Nitrate, Low 

Chlorophyll-a (HNLC) region in upwelling zone of the Eastern Equatorial Pacific (EEP). Concentration 

of total phosphorus were 3-fold higher than the other two cruises. On the average (n=4, excluded 

the sample from St. 01) concentrations of total phosphorus were 1.54, 1.69 and  
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1.50 µM, in the SML-GP, SML-D and SSW, respectively. DOP and SRP comprised more than 98% of 

total phosphorus and its proportions in seawater were almost at equal. DOP was slightly higher in 

the SML and instead, SRP was higher in the SSW. For TPP proportion, it makes up to even less than 

2% of the total phosphorus (Fig. 3.2.1 and Fig.3.2.2).  

High concentration of particulate phosphorus in the SML was addressed in EEP-2012 cruise 

due to very low concentration in SSW samples. Especially at St.01 (0°N, 95.5°W), where the highest 

concentration of particulate phosphorus was detected (Fig.3.2.2). TPP measured at St. 01 rose to 

the same µM level like the dissolved phosphorus concentration and pose the significant shift of 

phosphorus composition(TPP = 0.59 and 1.29 µM in SML-GP and SML-D, respectively).  

Overall, total dissolved phosphorus was made up to approximately 90% of total phosphorus 

in seawater for both the SML and SSW samples in all 3 cruises. SRP and DOP were varied in its 

proportion but make up to almost 90% of total phosphorus in SML and SSW. In SWNP-2010, DOP 

was accounted for the dominant phosphorus fraction in both SML and SSW. For CRI-2010, DOP was 

dominated in the SML while SRP was the major composition in the SSW. For EEP-2012, both DOP 

and SRP fractions were equally make up to the largest pool of phosphorus in seawater. For 

particulate phosphorus, it is made up to about 5-13 % of total phosphorus in SWNP-2010 and  

CRI-2010. The open ocean EEP-2012 cruise contained less TPP concentration and its composition 

was only 2 % of the total phosphorus.  
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Table 3.2.1.  Phosphorus concentration in sea-surface microlayer (SML) and subsurface  

water (SSW), demonstrated for dissolved and particulate phosphorus in terms of 

soluble reactive phosphorus (SRP), total dissolved phosphorus (TDP), particulate 

inorganic phosphorus (PIP) and total particulate phosphorus (TPP) from 3 cruises; 

SWNP-2010, CRI-2010 and EEP-2012.   

SWNP-2010 SML-1;St.02 SML-GP 40.5 0.07 ± 0.06 0.34 ± 0.08 42.3 ± 9.0 50.7 ± 18.9

SML-D not sample

SSW 1.5 0.04 ± 0.07 0.17 ± 0.27 28.2 ± 13.5 33.8 ± 13.4

SML-2;St.02 SML-GP 31.7 0.20 ± 0.06 0.41 ± 0.07 28.2 ± 34.9 33.8 ± 22.0

SML-D 29.4 0.20 ± 0.12 0.30 ± 0.25 15.3 ± 6.5 18.3 ± 7.7

SSW 1.5 0.07 ± 0.06 0.41 ± 0.14 28.2 ± 13.5 33.8 ± 11.4

SML-3;St.04 SML-GP 28.2 0.07 ± 0.01 0.29 ± 0.10 28.2 ± 9.0 33.8 ± 18.9

SML-D 20.3 0.08 ± 0.03 0.31 ± 0.11 26.5 ± 3.6 31.8 ± 7.7

SSW 1.5 0.07 ± 0.07 0.37 ± 0.15 20.1 ± 8.8 24.1 ± 3.8

SML-4;St.04 SML-GP 32.2 0.07 ± 0.01 0.41 ± 0.31 28.2 ± 9.0 33.8 ± 18.9

SML-D 26.6 0.15 ± 0.02 0.32 ± 0.25 11.4 ± 3.6 13.7 ± 5.7

SSW 1.5 0.04 ± 0.02 0.29 ± 0.14 20.1 ± 9.9 24.1 ± 7.2

SML-5;St.05 SML-GP 41.1 0.12 ± 0.05 0.41 ± 0.06 17.6 ± 9.0 21.1 ± 18.9

SML-D 32.6 0.17 ± 0.02 0.41 ± 0.25 7.8 ± 4.6 18.8 ± 5.7

SSW 1.5 0.07 ± 0.07 0.41 ± 0.15 14.1 ± 8.8 16.9 ± 3.8

average + sd SML-GP 34.7 0.11 ± 0.04 0.37 ± 0.12 28.9 ± 14.2 34.6 ± 19.5

SML-D 27.2 0.15 ± 0.05 0.34 ± 0.22 15.3 ± 4.6 20.7 ± 6.7

SSW 1.5 0.06 ± 0.06 0.33 ± 0.17 22.1 ± 10.9 26.6 ± 7.9

CRI-2010 SML-1;St.04 SML-GP 55.6 0.15 ± 0.08 0.24 ± 0.08 7.0 ± 1.9 36.3 ± 8.1

SML-D 26.2 0.06 ± 0.07 0.19 ± 0.07 12.3 ± 10.0 30.3 ± 3.1

SSW 1.5 0.15 ± 0.05 0.24 ± 0.06 5.7 ± 2.5 17.6 ± 1.0

SML-2;St.07 SML-GP 50.6 0.01 ± 0.05 0.24 ± 0.14 25.5 ± 3.0 42.8 ± 13.5

SML-D 46.2 0.15 ± 0.03 0.24 ± 0.03 16.0 ± 3.7 48.4 ± 11.0

SSW 1.5 0.15 ± 0.04 0.24 ± 0.03 5.1 ± 2.3 15.8 ± 0.9

SML-3;St.09 SML-GP 50.9 0.01 ± 0.08 0.24 ± 0.08 6.5 ± 2.7 33.6 ± 14.6

SML-D 41.4 0.01 ± 0.05 0.14 ± 0.03 4.5 ± 0.4 24.6 ± 5.1

SSW 1.5 0.01 ± 0.04 0.10 ± 0.09 10.7 ± 3.1 18.0 ± 7.7

average + sd SML-GP 46.6 0.06 ± 0.07 0.24 ± 0.10 13.0 ± 2.5 37.5 ± 12.0

SML-D 34.7 0.06 ± 0.05 0.14 ± 0.04 8.2 ± 4.7 25.8 ± 6.4

SSW 1.5 0.08 ± 0.04 0.14 ± 0.06 5.4 ± 2.7 12.8 ± 3.2

EEP-2012 SML-St.01 SML-GP 45.7 0.84 ± 0.14 - 243.4 ± 32.5 587.8 ± 129.9

SML-D 38.1 0.85 ± 0.30 - 547.7 ± 43.5 1286.2 ± 43.5

SSW 1.5 0.88 ± 0.09 - 6.4 ± 0.6 18.0 ± 11.9

SML-St.02 SML-GP 45.6 0.45 ± 0.02 1.09 ± 0.00 6.8 ± 4.0 9.6 ± 2.5

SML-D 35.8 0.57 ± 0.16 1.09 ± 0.00 9.4 ± 9.0 12.9 ± 10.1

SSW 1.5 0.35 ± 0.06 0.87 ± 0.32 2.7 ± 2.0 3.7 ± 3.3

SML-St.05 SML-GP 32.2 0.97 ± 0.05 1.78 ± 0.00 8.0 ± 0.0 25.8 ± 14.7

SML-D 33.4 1.14 ± 0.03 2.07 ± 0.08 10.5 ± 5.7 41.6 ± 0.0

SSW 1.5 1.14 ± 0.03 2.12 ± 0.16 6.3 ± 5.7 9.3 ± 1.5

SML-St.08 SML-GP 48.3 0.95 ± 0.04 1.89 ± 0.48 6.6 ± 4.1 15.6 ± 13.5

SML-D 39.6 1.10 ± 0.08 2.35 ± 0.48 4.5 ± 0.5 10.9 ± 6.6

SSW 1.5 1.03 ± 0.15 2.01 ± 0.32 2.7 ± 1.6 9.5 ± 3.2

SML-St.10 SML-GP 55.6 0.57 ± 0.02 1.32 ± 0.00 6.6 ± 4.4 25.7 ± 15.8

SML-D 41.4 0.66 ± 0.03 1.15 ± 0.08 11.5 ± 2.9 30.2 ± 24.3

SSW 1.5 0.52 ± 0.06 0.98 ± 0.16 3.1 ± 2.8 14.8 ± 0.0

average + sd SML-GP 46.6 0.74 ± 0.03 1.52 ± 0.12 7.0 ± 3.1 19.2 ± 11.6

SML-D 34.7 0.87 ± 0.08 1.67 ± 0.16 9.0 ± 4.5 23.9 ± 10.3

SSW 1.5 0.76 ± 0.08 1.50 ± 0.24 3.7 ± 3.0 9.3 ± 2.0

*depth in µm for glass plate (SML-GP) and drum (SML-D) and m for SSW  

Cruise Station Sample types Depth*
Dissolved P Paritculate P

SRP (µM) TDP (µM) PIP  (nM) TPP (nM)
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Fig. 3.2.1. a) The average concentration of phosphorus by forms; soluble reactive  

phosphorus (SRP), dissolved organic phosphorus (DOP), particulate inorganic phosphorus (PIP) and 

particulate organic phosphorus (POP) in SML-GP (Glass plate), SML-D (Drum) and subsurface water 

(SSW) samples and b) percentage of phosphorus composition in 3 cruises; SWNP-2010,  

CRI-2010 and EEP-2012.  
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Fig.3.2.2. Concentration of phosphorus distributed in dissolved organic phosphorus (DOP), soluble 

reactive phosphorus (SRP), particulate inorganic phosphorus (POP), and particulate inorganic 

phosphorus (PIP) in sea-surface microlayer (SML-D and SML-GP) and subsurface seawater (SSW). 

Samples were taken from a) SWNP-2010, b) CRI-2010, and c) EEP-2012.   
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3.2.2 Distribution of phosphorus in marine aerosols 

Total particulate phosphorus (Total.P) in marine aerosols were measured after ashing and 

extraction with HCl solution. Particulate inorganic phosphorus (PIP) was obtained from the analysis 

of the filter-HCl extractable solution. The particulate organic phosphorus (POP) calculated by the 

subtraction of PIP from Total.P and presented in Tables 3.3.1 as the % org phosphorus. 

Concentration of atmospheric phosphorus from 19 and 7 aerosol samples taken during the SWNP-

2010 and CRI-2010 displayed with the 7 day backward trajectories of the air mass at the SML 

sampling points (Fig. 3.2.3 and Fig. 3.2.4).  

Total phosphorus concentration in aerosol samples were relatively lower in SWNP-2010 

than the CRI-2010 (Table 3.2.2). The average concentration of Total.P in SWNP-2010 and CRI-2010 

cruises were 0.15 + 0.06 and 0.19 + 0.07 nmol m-3, respectively. These were similar with Total.P 

number in previous study that reported as an average of Total.P over the Western North Pacific 

region at 0.24 + 0.14 nmol m-3 (n=21) [Furutani et al., 2010]. The organic phosphorus contained in 

aerosols were accounted for 40% and 30% in the SWNP-2010 and CRI-2010. 

There was a decrease in Total.P along with the ship track cursing from 30°N to 15°N on the 

137°E transect in SWNP-2010 cruise (Fig. 3.2.3). Total.P increased again when the ship cruised 

toward the northwest to Japan with the increase of PIP fraction in aerosol samples. Most particulate 

phosphorus was mostly resided in fine mode particles (aerosols with diameter, Da less than 2.5 µm) 

and comprised about 68% of total phosphorus. Concentration of PIP was relatively consistent in 

CRI-2010 cruise and ranged from 0.05 - 0.16 nmol m-3 (Fig. 3.2.4). While POP concentration 

exhibited from less than detection limits (sample A5) to 0.26 nmol m-3. Like in SWNP-2010 cruise, 

particulate phosphorus in CRI-2012 was also resided majorly in fine-mode in which accounted for 

62.85% of total phosphorus. 
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Phosphorus containing aerosols in the Western North Pacific region were mostly presented 

in fine particle mode. The observation of a decrease of Zn and Fe content in marine aerosols with a 

percentages of fine particles in marine air from the Western North Pacific to Central North Pacific 

region had indicated that this fine particles were originated from anthropogenic and crustal sources 

[Furutani et al., 2010]. The size-resolved fractionation study of particulate phosphorus in marine 

aerosols showed a seasonal variation of fine and coarse fractions of PIP and POP and demonstrated 

that phosphorus particles from local anthropogenic sources are associated extensively with the 

fine-mode aerosols [Chen et al., 2008]. Thus, atmospheric phosphorus in the Western North Pacific 

region was more influenced by the continental source.  

Since atmospheric phosphorus in marine air of the Western North Pacific region were 

originated mostly from the continental source and with the different sampling procedure between 

SML and aerosols collection, these results were unable to directly compare of phosphorus 

composition. The following section, enrichment of phosphorus in the SML was discussed solely in 

comparative with subsurface water. Instead, enrichments of phosphorus in aerosol samples were 

further described in the bubble bursting experiment (chapter 5).  
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Table 3.2.2.  Concentration (nmol m-3) of atmospheric phosphorus measured during SWNP-2010 and 

CRI-2010 cruises in total phosphorus (Total.P) and total inorganic phosphorus (TIP). The 

content of organic phosphorus and Total.P in fine particles were presented in the 

percentages as % Org.P and % Fine, respectively.  

  

Air Volume %Fine 

m3
PIP TotalP (Da < 2.5 µm)

SWNP-2010

A1 33.57N 140.13E 5/18/10 10:13 5/19/10 9:21 253.3 0.05 0.09 46.59 71.57

A2 31.05N 143.34E 5/19/10 9:34 5/20/10 8:52 241.0 0.05 0.09 46.59 71.57

A3 29.57N 142.11E 5/20/10 9:00 5/21/10 8:58 268.7 0.04 0.14 68.00 42.88

A4 29.58N 136.57E 5/21/10 9:26 5/22/10 8:50 218.5 0.15 0.23 34.28 61.31

A5 29.56N 136.42E 5/22/10 8:58 5/23/10 8:51 237.8 0.05 0.15 67.96 64.39

A6 25.00N 136.59E 5/23/10 8:58 5/24/10 8:56 184.8 0.06 0.12 46.59 71.57

A7 21.56N 137.00E 5/24/10 9:12 5/25/10 8:50 235.1 0.05 0.09 46.59 71.57

A8 20.02N 136.52E 5/25/10 8:57 5/26/10 8:48 247.9 0.05 0.09 46.59 71.57

A9 20.05N 136.41E 5/26/10 8:53 5/27/10 8:55 242.1 L.D. 0.09 100 71.57

A10 15.29N 137.00E 5/27/10 9:14 5/28/10 8:53 228.6 0.08 0.10 13.31 71.57

A11 16.15N 136.01E 5/28/10 8:57 5/28/10 20:53 127.5 0.09 0.17 46.59 71.57

A12 18.05N 134.34E 5/28/10 8:59 5/29/10 8:54 129.5 0.09 0.17 46.59 71.57

A13 19.53N 133.09E 5/29/10 8:58 5/29/10 20:44 124.6 0.15 0.18 13.31 71.57

A14 21.43N 131.40E 5/29/10 8:47 5/30/10 8:57 132.8 0.14 0.22 35.04 53.63

A15 25.37N 128.12E 5/30/10 9:11 5/30/10 20:59 125.4 0.09 0.17 46.59 71.57

A16 26.20N 127.12E 5/30/10 21:03 5/31/10 8:49 87.5 0.13 0.17 19.95 53.63

A17 26.20N 127.12E 5/31/10 8:54 5/31/10 20:51 84.2 0.23 0.26 13.31 71.57

A18 26.47N 127.43E 5/31/10 20:55 6/1/10 8:51 119.8 0.16 0.18 13.31 71.57

A19 33.24N 136.08E 6/1/10 20:53 6/3/10 8:52 389.5 0.07 0.07 9.86 80.55

Total mean 0.10 0.15 40.06 67.72

Standard deviation 0.06 0.06 16.81 6.28

CRI-2010

A1 30.56N 130.19E 9/25/10 18:26 9/26/10 18:24 237.02 0.16 0.16 0 53.55

A2 28.18N 128.00E 9/26/10 18:30 9/27/10 18:04 247.23 0.10 0.20 51.26 67.34

A3 24.04N 129.36E 9/27/10 18:10 9/28/10 17:50 224.63 0.11 0.11 0 81.31

A4 25.04N 127.50E 9/28/10 17:55 9/29/10 18:07 241.77 0.05 0.20 76.96 67.16

A5 27.05N 125.30E 9/29/10 18:12 9/30/10 17:55 282.30 0.13 0.26 50.76 62.50

A6 28.50N 129.30E 9/30/10 18:00 10/1/10 18:00 258.73 0.09 0.09 0 81.72

A7 29.54N 129.17E 10/1/10 18:06 10/2/10 13:12 269.04 0.09 0.28 67.51 62.45

Total mean 0.10 0.19 30.44 64.85

Standard deviation 0.03 0.07 19.73 10.21

Conc.(nmol m-3)
LongitudeLatitude Start Date Stop DateSample %Total 

OrgP
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Fig. 3.2.3. (a) Concentration of atmospheric phosphorus measured during in the Subtropical Western 

North Pacific cruise (SWNP-2010). Blue bar represented concentration of particulate inorganic 

phosphorus (PIP) and orange bar represented for particulate organic phosphorus (POP).  

(b) atmospheric sampling location comparing with the 7-day air mass trajectory at points of SML 

sampling. Red - open circle in the above panel represented the fraction of Total.P in fine mode 

aerosols (Da< 2.5µm).  
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Fig. 3.2.4. (a) Concentration of atmospheric phosphorus measured during in the Coastal Sea around 

the Ryukyu Islands (CRI-2010). Blue bar represented concentration of particulate inorganic 

phosphorus (PIP) and orange bar represented for particulate organic phosphorus (POP).  

(b) atmospheric sampling location comparing with the 7-day air mass trajectory at points of SML 

sampling. Red - open circle in the above panel represented the fraction of Total.P in fine mode 

aerosols (Da< 2.5µm).   
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3.3. Enrichment of phosphorus in SML 

Enrichment factor (EF) is expressed as the ratio concentration of the interest chemical in 

the SML over the SSW (Eq. 3.1., Liss and Duce, 1997). Typically, a degree of enrichment is depending 

on the methods of collection and is influenced by geographical locations and physical process e.g. 

wind and wave actions (Fig. 2.1.2-3). The enrichment is indicated when EF is greater than 1.  

EF𝑥 =
[𝑋]𝑠𝑚𝑙

[𝑋]𝑠𝑠𝑤 
 

When sampling with two different methods, the surface excess concentration (SEC) is 

considerably used for the comparison purpose. SEC is expressed as the excess concentration of SML 

over the underlying SSW in the same thickness dimension. The equation demonstrated in Eq. 3.2 

[Liss and Duce, 1997].  

SEC𝑥 = ([𝑋]𝑠𝑚𝑙 − [𝑋]𝑠𝑠𝑤)𝑥SML𝑡ℎ𝑖𝑐𝑘𝑛𝑒𝑠𝑠 

In general, phosphorus tends to enrich in the SML layer with the EF of 1-3 for the dissolved 

forms and slightly higher in the particulate phosphorus to 1 - 7 [Hillbricht-ilkowska and Kostrzewska-

szlakowska, 2004]. Enrichment of soluble phosphorus as phosphate was reported in the same level 

with the other nutrient species at EF of 1-3 [Reinthaler et al, 2008; Gladyshev, 2002].  

3.3.1. Enrichment and surface excess concentration of phosphorus in glass plate and 

drum samples 

In this study the enrichment factor (EF) from glass plate (SML-GP) displayed slightly higher 

in number of concentration than those of the drum sampler (SML-D) in dissolved phosphorus forms. 

The SML-GP thickness was also exhibited much thicker layer (Table 3.2.1, Table 3.3.1 and Fig. 3.3.1). 

SML-D, displayed greater EF for the particulate phosphorus. The surface excess concentration (SEC) 

[Eq. 3.1.] 

[Eq. 3.2.] 
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of SML-GP samples also exhibited much higher excess phosphorus concentration. High SEC for 

dissolve phosphorus was exhibited in the EEP-2012, while CRI-2010 exhibited the highest excess 

concentration of particulate phosphorus (Table 3.3.2).  

3.3.2. Enrichment of phosphorus and its concentration in SML and SSW   

In most SML samples, enrichment of total dissolved phosphorus (TDP) was not expressed 

(EFTDP = 1; Fig.3.3.1), but for SRP and DOP fraction, enrichment factor showed a large variation. 

Under low productivity seawater of the Subtropical Western North Pacific region (SWNP-2010 

cruise), SRP enrichment was displayed in relatively high enrichment at a factor of 1.1 - 4.1 and was 

higher than those DOP (EFDOP = 0.6 – 2.0). This was because SRP depleted in water column (SRPSML= 

0.11-0.15 µM and SRPSSW = 0.06 µM). The depleted nutrient in seawater was resulted to low 

productivity thus, low enrichment of particulate phosphorus observed (TPPSML= 21-35 nM, EFTPP = 

0.5 - 1.5, Fig. 3.2.1, Fig. 3.3.1 and Table 3.3.1).  

In CRI-2010 cruise, DOP was more dominant in the SML and accounted for 60-70% of total 

phosphorus (Fig.2.3.1 and Fig. 2.3.2) while SRP was more dominant in SSW. This cruise showed 

higher enrichment of DOP (EFSRP = 0.1 - 1, EFDOP = 1 - 2.7). For particulate phosphorus, it showed 

moderately high enrichment to a factor of 5 due to the biological complex of coastal water and the 

faster biogeochemical response and the quicker material turnover rate. Previous studies have 

addressed that enrichment of phosphorus is closely related with particulate organic matter (POM) 

in providing surface for sorption/adsorption process [Danos, 1983; Liss duce, 1997] and an anion 

binder for phosphate [Cauwet, 1978]. High enrichment of POP and PIP in the CRI-2010 was likely 

resulted from those phosphorus sorption/adsorption onto POM.  

For a High Nitrate, Low Chlorophyll-a (HNLC) seawater in the Eastern Equatorial Pacific 

(EEP-2102 cruise), neither SRP nor DOP found the enrichment factor greater than 1. Concentration 
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of both SRP and DOP in SML and SSW did not show any differences (SRPSML = 0.74 - 0.87 µM, DOPSML 

= 0.78 - 0.87 µM). Under the HNLC condition, surplus nutrients like phosphorus did not drawdown 

from bulk seawater, hence, low to non-enrichment resulted. However, enrichment of particulate 

phosphorus was considerably high due to the very lower background concentration (TPPSML= 19-

1280 nM, EFTPP = 0.95-72) and the production of particulate phosphorus. 

Table 3.3.1.  Summary for average, minimum and maximum number of enrichment factors (EF) for 

total dissolved phosphorus (TDP), total particulate phosphorus (TPP), soluble reactive 

phosphorus (SRP), dissolved organic phosphorus (DOP), particulate inorganic 

phosphorus (PIP) and particulate organic phosphorus (POP) for SML-GP and SML-D 

samples from 3 cruises; SWNP-2010, CRI-2010 and EEP-2012.   

Table 3.3.2.  Summary for average, minimum and maximum number of surface excess concentration 

(SEC) of phosphorus by all forms for SML-GP and SML-D samples from 3cruises; SWNP-

2010, CRI-2010 and EEP-2012.  

Enrichment Factor TDP TPP SRP DOP PIP POP

SWNP-2010 Glass plate 1.2 1.3 1.9 1.1 1.3 1.3

[0.8-2] [1-1.5] [1-2.7] [0.6-2] [1-1.5] [1-1.5]

Drum 0.9 0.9 2.5 0.6 0.8 1.5

[0.7-1.1] [0.5-1.3] [1.1-4.1] [0.3-0.8] [0.5-1.3] [0.5-3.9]

CRI-2010 Glass plate 1.5 2.2 0.7 2.1 2.8 2

[1.0-2.5] [1.9-2.7] [0.1-1] [1-2.7] [0.6-5] [1.6-3.7]

Drum 1.1 2.1 0.8 1.3 1.9 2.4

[0.8-1.5] [1.4-3.1] [0.4-1] [1-1.6] [0.4-3.1] [1.5-3]

EEP-2012 Glass plate 1.1 8.3 1.1 1.1 9.3 8.3

[0.8-1.4] [1.6-32.7] [0.9-1.3] [0.8-1.6] [1.3-38] [1.3-29.7]

Drum 1.1 17.0 1.2 1.1 19.2 16.1

[1-1.3] [1.2-71.5] [1-1.6] [0.9-1.3] [1.6-85.6] [1-63.7]

[minimum - maximum]

Surface Excess Concentration TDP(µM) TPP(nM) SRP (µM) DOP (µM) PIP  (nM) POP (nM)

SWNP-2010 Glass plate 1.7 240.2 1.7 0.0 48.0 288.3

[-2.2-6.8] [0-684] [0-3.9] [-3.9-5.3] [0-570] [0-114]

Drum -0.7 -137.0 1.9 -2.7 33.8 -103.2

[-3.1-0.7] [-455-156] [0.2-3.6] [-6.7-0] [-379-130] [-76-265]

CRI-2010 Glass plate 2.4 1060.0 -2.4 4.9 769.2 136.0

[0-10] [793-1370] [-7.3-4.6] [0-7.3] [-217-1030] [-80-190]

Drum 0.2 704.0 -0.8 1.1 564.4 704.7

[-1.3-2.0] [247-1508] [-2.5-0] [0-2] [-257-505] [158-1004]

EEP-2012 Glass plate 2.4 427.2 -0.7 3.2 154.7 272.5

[-10.9-18.9] [273-26040] [-5.5-4.6] [-5.5-16.1] [54-10832] [87-15209]

Drum 5.3 420.6 3.3 2.1 158.6 262.0

[-1.7-13.5] [57-48317] [0-7.9] [-1.7-10.7] [70-20624] [-13-27693]
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Fig. 3.3.1. Relationship between the concentration of phosphorus in SML and SSW, in the left panel for 

total dissolved phosphorus (TDP), dissolved organic phosphorus (DOP) and soluble reactive 

phosphorus (SRP)  and in the right panel for total particulate phosphorus (TPP), particulate organic 

phosphorus (POP) and particulate inorganic phosphorus (PIP). EF>1 indicated the enrichment of 

phosphorus in SML over SSW in 3 cruises; SWNP-2010, CRI-2010 and EEP-2012.   
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3.3.3. Enrichment factor and its relation to wind speed and chlorophyll-a 

Previous work show the effect of wind speed towards the enrichment of surfactant [Wurl 

et al., 2011].In biological productive seawater, it was shown also an enrichment of surfactant.  

Enrichment of TDP and TPP plotted against wind speed and surface chlorophyll-a concentration (as 

an indicator of productive seawater (Fig. 3.3.2). TDP and TPP enrichment tended to decrease with 

an increasing wind speed. For an increase of chlorophyll-a concentration, only CRI-2010 sample 

showed an inverse trend. Since data sets was too small, it was evitable to conclude the increase of 

productivity in the Coastal Sea decreased the TTP enrichment. 

 

Fig. 3.3.2. Scatter plot of a) winds speed (m s-1) and b) surface chlorophyll-a concentration (µg L-1) with 

the  enrichment factors of total dissolved phosphorus (TDP) and total particulate phosphorus (TPP) in 

3 cruises, SWNP-2010, CRI-2010 and EEP-2012. Dashed line represent the EF=1.   

a) 

b) 
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In term of organic phosphorus as DOP and POP, scatter plots of enrichment factor with the 

wind speed showed a similar decreasing trend with an increase of wind speed, but more announced 

in the POP fraction. However, relation of chlorophyll-a and enrichment was not found in the organic 

phosphorus (Fig. 3.3.3).  

 

Fig. 3.3.3. Scatter plot of a) winds speed (m s-1) and b) surface chlorophyll-a concentration (µg L-1) with 

the enrichment factors of dissolved organic phosphorus (DOP) and particulate organic phosphorus 

(POP) in 3 cruises, SWNP-2010, CRI-2010 and EEP-2012.  

   Dashed line represent the EF=1.   

a) 

b) 

Chl-a (µg L-1) Chl-a (µg L-1) 
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3.4. Vertical distribution of phosphorus and suspended particulate matter in Eastern 

Equatorial Pacific (EEP-2012)  

3.4.1. Vertical distribution of phosphorus in EEP-2012 

Phosphorus as phosphate has been observed for non- homogeneity in concentration at sea 

surface boundary since 1967. Goering and Wallen investigated the first half meter of the surface 

water and demonstrated that the highest concentration of phosphate was at the first 5 cm. Under 

low phosphate condition, the maxima phosphate was delineated at depth of 30 cm [Goering and 

Wallen, 1967]. To date, extended knowledge has revealed to the importance of the SML position in 

the global scale. However, the dynamic changes of its biological and chemical composition within 

its layer brought up the difficulty in studying SML chemical composition. Since materials in SML 

were generating from the bulk seawater and the atmosphere, vertical profile can provide 

informative link and relative cause for the adverse changes of chemical composition in the SML, 

and vice versa. 

In this section the vertical profiles of phosphorus and it distribution by forms in the first  

200 m of water column were displayed in comparison with SML phosphorus composition. Fig. 3.4.1 

demonstrated the vertical distribution of phosphorus in 5 sampling stations in the Eastern 

Equatorial Pacific (EEP-2012). The concentration of phosphorus, its organic content and enrichment 

factor were presented in Table 3.4.1, Table 3.4.2, respectively. Since seawater in the Eastern 

Equatorial Pacific region (3°N – 3°S, 90 -140°W) reported the maximum biological productivity in 

corresponding with the equatorial divergence and upwelling [Pennington et al., 2006]. Near the 

equator, wind-driven surface causes the lift of thermocline towards euphotic zone and increase the 

productivity rate with nourished water. Contour profile of phosphorus in EEP-2012 demonstrated 

also the relaxation trend toward St. 10 where high concentration of particulate phosphorus found 
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at deeper water (Fig. 3.4.2). An increase of particulate phosphorus pool had followed the peak of 

sub-surface chlorophyll-a maxima (Fig.3.4.3) 

SRP showed a typical nutrient profile with the lowest surface concentration and increased 

at depths (Fig. 3.4.1). Still, SRP in the SML was slightly higher than in the underlying SSW. For DOP, 

the highest concentration presented at the near surface or in the SML and slowly decreased with 

depths to 200 m. This was exception for the DOP at St. 08 where the DOP maxima was observed at 

45 m (DOP = 2.16 µM). This DOP peak was found in corresponding with the sub-surface chlorophyll-

a maximum depth (at 50 m, Chl-a = 0.35 µg L-1) and the POP peak. Note that, DOP concentration 

was slightly higher in St.08 than other station while the SRP level remained the same.   

For particulate phosphorus, PIP concentration was decreased with the increased depth. 

POP at St. 01 and St. 05 showed the highest concentration at the SML. The remaining St .02, St. 08 

and St. 10 demonstrated the highest POP at the depth of subsurface maximum chlorophyll-a (at 

~50 m, Fig. 3.4.1 and Fig. 3.4.3). At St.10 (140°W), there were a considerable peak of POP and PIP 

in the top 50 m of water column. The change in the vertical profile of phosphorus from St.08 to 

St.10 were observed also in the SRP and DOP concentration. Since, a direct and/or an indirect link 

between the particulate phosphorus and chlorophyll-a concentration has been reported in the 

Pacific Ocean before [Yoshimura et al, 2007; Suzumura and Ingall, 2004], the particulate peak 

observed in here was likely related to the biological production and transformation of phosphorus 

in water column. In addition, the strongest upwelling signals for the equatorial upwelling region has 

been reported at around St. 10 [Gordon et al., 1997] where the peak of particulate phosphorus was 

demonstrated. From the 7-day back trajectory air mass, at St.10 also showed the different direction 

of air parcel travelled to the sampling station (Fig. 3.4.4).   

Interestingly, the highest concentration of particulate phosphorus (TPP = 0.24-0.74 µM) at 

St. 01 where SRP profiles displayed the normal distribution, was not likely to reflect the above 
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enrichment process. Detailed analysis on the single particles of SML and SSW at St. 01 was 

performed to confirm the biogeochemical response towards the micro- environmental changes in 

SML (in Chapter 4).  

Fig.3.4.1. Vertical profiles of phosphorus in soluble reactive phosphorus (SRP), dissolved organic 

phosphorus (DOP), particulate inorganic phosphorus (PIP) and organic phosphorus (POP) from SML 

 to 200 m, in five stations of EEP-2012. Note that the DOP data at St.01 was not available.  
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Fig.3.4.2. Concentration contour of phosphorus in µM for total dissolved phosphorus (TDP) , dissolved 

organic phosphorus (DOP) and soluble reactive phosphorus (SRP) in left panel and concentration in 

nM for total particulate phosphorus (TPP), particulate organic phosphorus (POP) and particulate 

inorganic phosphorus (PIP) in right panel on the Equatorial line transect 

 from 95.5 °W – 140 °W in EEP-2012  

St.10          St.08                   St.05                  St.02  St.01 St.10          St.08                   St.05                  St.02  St.01 
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Fig.3.4.3. Vertical profile and counter concentration of chlorophyll-a [µg L-1] in EEP-2012 
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Table 3.4.1 Distribution of phosphorus in µM for total dissolved phosphorus (TDP) and soluble 

reactive phosphorus (SRP) and in nM for total particulate phosphorus (TPP) and 

particulate inorganic phosphorus (PIP) from SML to 200 m in 5 sampling stations in EEP-

2012. The organic phosphorus presented as the percentage of total dissolve phosphorus 

and total particulate phosphorus in %DOP and %POP), respectively.    

Depth Chl-a. 

(m) μg/l %DOP %POP

ST.01: 0°N, 95.5°W SML-GP 0.000046 0.84 ± 0.14 243.4 ± 32.5 587.8 ± 129.9 58.6

Date: Feb 2, 2012 SML-D 0.000038 0.85 ± 0.30 547.7 ± 43.5 1286.2 ± 43.5 57.4

SSW 1.5 0.17 0.88 ± 0.09 6.4 ± 0.6 18.0 ± 11.9 64.4

5 0.23 0.94 ± 0.09 4.77 ± 3.5 12.63 ± 7.5 62.2

10 0.23 0.95 ± 0.16 7.43 ± 3.2 13.58 ± 8.2 45.3

41 0.34 1.40 ± 0.10 6.53 ± 2.8 12.00 ± 7.2 45.6

50 0.31 1.45 ± 0.08 4.70 ± 0.3 11.80 ± 5.6 60.2

100 0.07 1.39 ± 0.00 3.20 ± 1.9 4.27 ± 0.4 25.0

200 0.02 1.48 ± 0.12 4.53 ± 1.1 4.85 ± 0.5 6.6

St.02: 0°N, 100°W SML-GP 0.000046 0.45 ± 0.02 1.09 ± 0.00 58.7 6.8 ± 4.0 9.6 ± 2.5 29.4

Date: Feb 3, 2012 SML-D 0.000036 0.57 ± 0.16 1.09 ± 0.00 47.7 9.4 ± 9.0 12.9 ± 10.1 27.5

SSW 1.5 0.15 0.35 ± 0.06 0.87 ± 0.32 59.8 2.7 ± 2.0 3.7 ± 3.3 25.5

5 0.18 0.49 ± 0.03 1.02 ± 0.06 52.0 6.91 ± 6.2 11.85 ± 6.8 41.7

10 0.21 0.70 ± 0.12 1.21 ± 0.20 42.1 7.49 ± 5.5 28.07 ± 7.3 73.3

50 0.33 1.36 ± 0.15 1.97 ± 0.29 31.0 10.01 ± 9.1 16.44 ± 0.0 39.1

61 0.36 1.42 ± 0.03 2.08 ± 0.06 31.7 4.89 ± 1.9 10.01 ± 9.1 51.1

100 0.17 1.50 ± 0.06 2.01 ± 0.23 25.4 4.87 ± 1.9 7.42 ± 7.2 34.3

200 0.02 1.45 ± 0.07 2.08 ± 0.13 30.3 4.94 ± 1.9 6.30 ± 0.1 21.6

St.05: 0°N, 115°W SML-GP 0.000032 0.97 ± 0.05 1.78 ± 0.00 45.5 8.0 ± 0.0 25.8 ± 14.7 69.0

Date: Feb 7, 2012 SML-D 0.000033 1.14 ± 0.03 2.07 ± 0.08 44.9 10.5 ± 5.7 41.6 ± 0.0 74.9

SSW 1.5 0.20 1.14 ± 0.03 2.12 ± 0.16 46.2 6.3 ± 5.7 9.3 ± 1.5 31.9

5 0.21 0.98 ± 0.12 1.70 ± 0.13 42.4 9.46 ± 9.2 19.78 ± 12.7 52.2

10 0.28 0.88 ± 0.09 1.55 ± 0.00 43.2 8.55 ± 4.9 27.97 ± 0.0 69.4

40 0.52 1.28 ± 0.17 2.16 ± 0.35 40.7 7.61 ± 6.9 11.53 ± 5.6 34.0

50 0.59 1.33 ± 0.16 2.16 ± 0.26 38.4 5.10 ± 4.9 8.55 ± 4.9 40.3

100 0.11 1.48 ± 0.09 2.31 ± 0.26 35.9 4.97 ± 4.7 12.08 ± 5.3 58.9

200 0.02 1.56 ± 0.19 2.61 ± 0.35 40.2 7.41 ± 6.7 12.16 ± 6.7 39.1

St.08: 0°N, 130°W SML-GP 0.000048 0.95 ± 0.04 1.89 ± 0.48 49.7 6.6 ± 4.1 15.6 ± 13.5 57.7

Date: Feb 11, 2012 SML-D 0.000040 1.10 ± 0.08 2.35 ± 0.48 53.2 4.5 ± 0.5 10.9 ± 6.6 58.9

SSW 1.5 0.20 1.03 ± 0.15 2.01 ± 0.32 48.8 2.7 ± 1.6 9.5 ± 3.2 71.3

5 0.18 1.00 ± 0.02 2.75 ± 0.12 63.6 3.89 ± 1.1 12.41 ± 8.3 68.7

10 0.19 0.93 ± 0.25 2.55 ± 0.41 63.5 3.83 ± 1.2 20.20 ± 5.5 81.0

45 0.37 1.30 ± 0.20 2.46 ± 0.64 47.2 3.28 ± 2.0 4.72 ± 1.2 30.6

50 0.35 1.33 ± 0.08 3.49 ± 0.39 61.9 3.26 ± 2.0 14.57 ± 8.0 77.7

100 0.05 1.24 ± 0.04 1.98 ± 0.14 37.4 6.39 ± 4.0 12.08 ± 5.7 47.1

200 0.02 1.54 ± 0.21 2.63 ± 0.29 41.4 4.59 ± 2.8 15.98 ± 5.4 71.2

St.10: 0°N, 140°W SML-GP 0.000056 0.57 ± 0.02 1.32 ± 0.00 56.8 6.6 ± 4.4 25.7 ± 15.8 74.4

Date: Feb 13, 2012 SML-D 0.000041 0.66 ± 0.03 1.15 ± 0.08 42.6 11.5 ± 2.9 30.2 ± 24.3 61.8

SSW 1.5 0.37 0.52 ± 0.06 0.98 ± 0.16 46.9 3.1 ± 2.8 14.8 ± 0.0 78.9

5 0.38 0.58 ± 0.08 1.36 ± 0.17 57.4 4.69 ± 3.6 27.97 ± 11.0 83.2

10 0.39 0.82 ± 0.02 1.63 ± 0.17 49.7 4.69 ± 2.8 24.08 ± 5.5 80.5

45 0.53 0.71 ± 0.03 1.55 ± 0.11 54.2 32.08 ± 5.5 88.84 ± 19.4 63.9

50 0.51 0.69 ± 0.00 1.40 ± 0.13 50.7 4.69 ± 3.6 12.41 ± 7.5 62.2

100 0.11 1.10 ± 0.00 1.78 ± 0.23 38.2 3.38 ± 1.7 15.87 ± 5.4 78.7

200 0.02 1.36 ± 0.13 2.12 ± 0.30 35.8 3.78 ± 1.1 4.59 ± 1.2 17.6
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 Table 3.4.2 Enrichment factor of phosphorus by forms; total dissolved phosphorus (TDP), dissolved 

organic phosphorus (DOP), soluble reactive phosphorus (SRP), total particulate 

phosphorus (TPP), particulate organic phosphorus (POP) and particulate inorganic 

phosphorus (PIP) in EEP-2012 (EF=PSML/PSSW) 

 

Fig.3.4.4. Seven day backward trajectory of the air mass  

at the SML sampling stations in EEP-2012. 

TDP DOP SRP TPP POP PIP

SML-GP

St. 01 no data no data 0.96 32.66 29.69 38.03

St. 02 1.25 1.23 1.29 2.64 3.04 2.50

St. 05 0.84 0.83 0.85 2.78 6.01 1.26

St. 08 0.94 0.96 0.92 1.65 1.34 2.43

St. 10 1.35 1.63 1.10 1.74 1.64 2.10

SML-D

St. 01 no data no data 0.97 71.45 63.66 85.58

St. 02 1.25 1.00 1.63 3.53 3.80 3.44

St. 05 0.98 0.98 1.00 4.47 10.50 1.65

St. 08 1.17 1.28 1.07 1.15 0.95 1.65

St. 10 1.17 1.07 1.27 2.04 1.64 3.68
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3.4.2. Vertical distribution of suspended particles in EEP-2012  

Particles in water column can be characterized into fine suspended particles with 

considerably negligible settling velocity acting like standing stocks and sinking particles consisting 

of fecal pellets and aggregates that are responsible for the vertical transportation of material to 

deeper water [McCave, 1984]. Suspended particulate matter (SPM) consisting of various materials 

from plankton, bacteria, detritus, clay and particulate organic matter, has its important role in 

biogeochemical cycling of carbon and other elements in the ocean [McCave, 1984]. It produces in-

situ by the biogenic sources e.g., opal and carbonate [Iwamoto et al., 2009] or externally through 

the riverine and atmospheric deposition. SPM has its long resident time in the column and presents 

with the large surface to volume ratio enabling the modification of the chemical composition in 

seawater by sorption and desorption process [Iwamoto and Uematsu, 2014].  

Physical and chemical properties of SPM provided the information of the biological activity 

in water mass and it behavior can also relate to the biogeochemical process in the ocean, for 

example biogenic Si and Ca and crustal particles e.g. Al, Ti and Fe [Iwamoto and Uematsu, 2014]. 

The production, sinking and decomposition of biogenic particles are important to characterize the 

distribution of trace elements within the oceans [Wakeham and Canuel, 1988]. The release of 

particulate-bound elements can occur either by ion exchange processes with surface-b ound 

element or dissolution of element-bound to labile (e.g. organic) constituents [Fowler and Knauer, 

1986]. As such processes can also occur in the SML despite the fact that SML is a small reservoir 

with the temporal stability. Conversion of dissolved organic materials to particulate matters, 

conversion of low-molecular-weight materials in to higher molecular weight substances, and 

photochemical transformation are the available interfacial processes enabling the modification of 

elemental composition in the SML [Liu and Dickhut, 1998]. For trace elements in SPM, it often 
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expresses the SML enrichment factor in the similar degree with particulate phosphorus and 

particulate organic matter, in range of 1-38 [Liss and Duce, 1997].  

Water mass in the EEP-2012 relies its maximum biological productivity with the equatorial 

upwelling that brought up the nourish water to surface in which iron and silicon are the trace 

nutrients restrained the regional productivity to lower than expected [Pennington et al., 2006, 

Brzezinski et al., 2011]. The vertical distribution of particulate trace elements, Al, Si, Ca, and Fe were 

displayed here in comparison with the concentration in the SML to provide additional details for 

the biogeochemical process in water mass.  

From previous section, Fig.3.4.3 showed the vertical distribution of chlorophyll-a from 

surface to 200 m depth along the equatorial transect from 140°W to 95.5°W. The highest 

concentrations were found below sub-surface at the sub-surface chlorophyll a maximum layer (40-

61 m) and at St. 05 showed the highest subsurface chlorophyll-a maximum concentration.  

For particulate Si (pSi), the vertical profile showed the highest concentration at surface and 

decreased with depths (Fig. 3.5.1.a). In corresponding to the highest chlorophyll-a peak, it was 

found that the surface water (including SML, SSW and SUR) at St. 05 exhibited the highest pSi 

concentration in comparative with other stations. The average EFpSi was 3.7 (n=5) and showed the 

decrease trend from St. 01 to St. 10 following the increase of pSi in the subsurface water (Table 

3.5.1 and 3.5.2). The low but maximum surface lithogenic silica concentration observed by Adjou 

et al. (2011) has confirmed that the particulate Si input from the atmosphere by wind-driven has 

lesser impact in the Eastern Equatorial Pacific region and mostly produces in-situ. 

For particulate Ca (pCa), the maximum concentration observed at 100 - 200 m depth; 

ranging from 0.1 - 0.26 µmol Ca L-1 (Table 3.5.1 and Fig. 3.5.2.b). The maximum of pCa at depth had 

pointed to the incorporation of Ca with the detrital and fecal materials. The formation of pCa at 
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deeper layer has caused by the stratified upwelled water (density interface) that prevented the 

particles from sinking [Kindler et al., 2010; Lal and Lerman, 1970]. For surface water, SML exhibited 

much higher concentration of pCa and EFpCa was ranging from 1.8 - 4 (Table 3.5.2). The highest 

surface pCa concentration was found at St. 02 (SML = 0.54 and SUR = 0. 17 µmol Ca L-1). Under the 

rich organic content in the SML layer, pCa can occur possibly as by the incorporation with 

particulate organic matter.  

Particulate Al (pAl), as the representative of the lithogenic particles; for the riverine input 

or the atmospheric deposition. The highest concentration of pAl was constrained at the surface 

water (>.20 nmol Al L-1, Fig. 3.5.1.c). In SUR sample, an increase of pAl was found from St. 01 

towards St. 10, ranging from 19.3 to 59.4 nmol Al L-1. While in the SML, concentration of pAl was 

doubled but did not show any differences except at St. 08. The average EFAl was 2.6 and the lowest 

EF was observed at St. 10 where the pAl level in water column was relatively high.  

Particulate Ti (pTi) and Fe (pFe) are both tracers of mineral particles and the indicators for 

the atmospheric deposition in open ocean. The concentration profile of pTi and pFe were similar 

with pAl where high concentration exhibited at surface water and decreased in subsurface water 

to the non-detection limit level (Table 3.5.1 and Fig.3.5.1.d). Mean enrichment of pTi and pFe were 

at the factors of 9.5 and 6.1, respectively. The highest concentration of pTi was found in SML at St. 

05. The highest pFe concentration was observed at St. 01 along with the highest particulate 

phosphorus observed.   
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Table 3.4.3.  Concentration of particulate silicon (pSi), calcium (pCa), aluminum (pAl), iron (Fe) and 

titanium (Ti) in surface water (SML, SSW and SUR) of EEP-2012. The enrichment factor 

displayed as the concentration ratio between the SML and SSW.  

Concentration (nM)

pSi pCa pAl pFe pTi

Drum (depth= µm)

SML-St.01 38.08 2.94 0.54 137.5 81.0 45.8

SML-St.02 35.81 1.08 0.14 105.8 25.0 17.7

SML-St.05 33.41 3.19 0.16 107.2 42.2 70.5

SML-St.08 39.60 0.63 0.13 43.8 45.4 20.9

SML-St.10 41.43 2.56 0.24 111.5 38.1 23.6

Average 37.67 2.08 + 0.98 0.24 + 0.12 101.2 + 23.0 46.3 + 13.9 35.7 + 18.0

SSW (depth= m)

SSW-St.01 1.50 0.48 0.14 47.2 7.2 7.8

SSW-St.02 1.50 0.19 0.06 18.6 4.8 2.3

SSW-St.05 1.50 1.37 0.09 106.8 15.2 3.8

SSW-St.08 1.50 0.19 0.05 26.9 9.0 3.6

SSW-St.10 1.50 2.58 0.06 70.4 L.D. L.D.

Average 1.50 0.96 + 0.81 0.08 + 0.03 53.96 + 27.7 9.0 + 3.1 4.4 + 1.7

Surface water (Bucket sampl ing on board)

SUR-St.01 0.20 0.06 19.3 22.3 22.7

SUR-St.02 0.23 0.17 23.1 2.3 1.3

SUR-St.05 0.70 0.05 27.7 0.4 0.6

SUR-St.08 0.29 0.04 14.7 4.8 1.3

SUR-St.10 0.53 0.04 59.4 1.2 2.9

Average 0.39 + 0.18 0.07 + 0.04 28.84 + 12.2 6.2 + 6.4 5.8 + 6.8

Enrichment Factor (EF=SML/SSW)

St.01 6.1 3.9 2.9 11.3 5.9

St.02 5.5 2.4 5.7 5.3 7.7

St.05 2.3 1.8 1.0 2.8 18.3

St.08 3.4 2.7 1.6 5.0 5.9

St.10* 1.0 4.0 1.6 n.a. n.a.

Average 3.7 + 1.7 3.0 + 0.8 2.6 + 1.4 6.1 + 2.6 9.5 + 4.4

Station depth
Concentration (µM)
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Table 3.4.4.  Concentration of particulate silicon (pSi), calcium (pCa), aluminum (pAl), iron (Fe) and 

titanium (Ti) from surface water to 200 meter depth in EEP-2012. 

 

  

pSi pCa pAl pFe pTi

95.5°W SML-D 2.94 0.54 137.5 81.0 45.8

(St.01) SSW 0.48 0.14 47.2 7.2 7.8

SUR 0.20 0.06 19.3 22.3 22.7

50 0.02 0.05 1.9 0.5 n.d.

100 0.04 0.11 2.2 0.5 1.3

200 0.03 0.07 1.5 0.7 n.d.

100°W SML-D 1.08 0.14 105.8 25.0 17.7

(St.02) SSW 0.19 0.06 18.6 4.8 2.3

SUR 0.23 0.17 23.1 2.3 1.3

10 0.04 0.07 2.6 1.1 n.d.

50 0.03 0.05 1.9 0.4 n.d.

61 0.03 0.17 3.7 0.9 n.d.

100 0.06 0.24 2.6 0.9 n.d.

200 0.05 0.09 2.6 1.4 n.d.

115°W SML-D 3.19 0.16 107.2 42.2 70.5

(St.05) SSW 1.37 0.09 106.8 15.2 3.8

SUR 0.70 0.05 27.7 0.4 0.6

50 0.08 0.16 1.9 0.5 n.d.

100 0.06 0.25 2.6 1.3 n.d.

200 0.05 0.11 1.5 0.4 n.d.

130°W SML-D 0.63 0.13 43.8 45.4 20.9

(St.08) SSW 0.19 0.05 26.9 9.0 3.6

SUR 0.29 0.04 14.7 4.8 1.3

10 0.02 0.06 1.5 n.d. n.d.

45 0.10 0.13 1.5 n.d. n.d.

50 0.11 0.11 1.5 0.4 n.d.

100 0.08 0.10 1.9 0.7 n.d.

200 0.06 0.26 1.9 0.5 n.d.

140°W SML-D 2.56 0.24 111.5 38.1 23.6

(St.10) SSW 2.58 0.06 70.4 1.0 2.0

SUR 0.53 0.04 59.4 1.0 2.9

50 0.13 0.16 3.3 0.4 n.d.

100 0.03 0.10 1.1 n.d. n.d.

200 0.06 0.14 2.6 0.9 an

Concentration [nM}
Longitude Depth

Concentration [µM]
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Fig.3.4.4.a. Vertical profile of particulate Si (pSi) in µmol Si L-1 and concentration contour of pSi  

in the Equatorial line transect from 95.5°W-140°W in EEP-2012.  

Fig.3.4.4.b. Vertical profile of particulate Ca (pCa) in µmol Ca L-1 and concentration contour of pCa  

in the Equatorial line transect from 95.5°W-140°W in EEP-2012.   
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Fig.3.4.4.c. Vertical profile of particulate Al (pAl) in nmol Al L-1 and concentration contour of pAl  

in Equatorial line transect from 95.5°W-140°W in EEP-2012. 

Fig.3.4.4.d. Vertical profile of particulate Fe (pFe) in nmol Fe L-1 and concentration contour of pFe  

fin the Equatorial line transect from 95.5°W-140°W in EEP-2012.  
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3.5.  Biogeochemical importance of phosphorus in the SML  

In bulk seawater, the partitioning between dissolved and particulate phosphorus is 

governed by the adsorption/desorption on particle surfaces, biological uptake and remineralization 

[Paytan and McLaughlin, 2007, Lin et al., 2012]. For SML, phosphorus composition may exhibit 

differently varying on the temporal changes in the physical and biogeochemical process at the 

interface and/or within the water column. The physical process as such micro-scale wave braking 

and wind speed induced the removal and renewal of surface substances and modify the chemical 

composition. However, biological by-products in water column brought up to sea surface and 

accumulated in the SML increasing substances concentration and surface active area for the 

reaction.  

Even though, upward transportation controlled the accumulation of substances in the SML, 

biogeochemical process has been massively influenced by microorganism [Cunliffe et al., 2011]. The 

reminerization of dissolved organic matter and the breakdown of particulate organic matter by 

microbial activity were likely to occur within the SML. This has been suggested from the observation 

of the elevated hydrolytic activity in the SML that increase the turnover rate of organic carbon 

[Cunliffe et al., 2013]. Microbial assemblage with the specific enzyme to break down polymeric 

substances and the opportunistic species that can rapidly response to the high nutrient condition 

were found as an active microbial community in the SML [Obernosterer et al., 2008].  

Likewise, phosphorus can be processed and transformed to the bioavailable forms by 

ranges of microbiological activity within the SML. Hydrolytic process can potentially release 

substantial amount of nutrients including phosphate into seawater. This has observed from the 

accumulating of such phosphorus at the cell surface [Björkman and Karl, 1994]. Since phosphorus 

regeneration and cycling ultimately in the eutrophic zone, the upward transportation and the 

accumulation of organics and phosphorus in the SML can be recycled effortlessly. Up to date the 
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upward biological flux of organic matter has yet determined even in carbon cycling [Cunliffe et al., 

2013]. The measurement of the ascending flux in-situ comparing with bottle incubation is 

suggesting for future study, since there is no consensus in the SML results from the bottle study of 

the high respiration rate and an inhibition result of SML biomass production study [Obernosterer 

et al., 2008]. The study of such specific biogeochemical activity that occur within the organic rich 

SML can be important to emphasize the role of SML in sustaining the phosphorus recycling process 

especially for the open ocean and phosphorus-limited productivity region. 

Summary  

Same as bulk seawater, total dissolved phosphorus (TDP) was a major phosphorus pool in 

the SML and accounted for about 90% of total phosphorus in SWNP-2010 and CRI-2010 and 98% in 

the EEP-2012. Level of TDP was higher in a High Nitrate, Low Chlorophyll-a (HNLC) seawater (~ 0.9 

- 2 µM; EEP-2012) than the oligotrophic seawater (0.1-0.4 µM; SWNP-2010 and CRI-2010). 

Concentration of particulate phosphorus were reported at about 21-38 nM in the SML and 12-26 

nM in the SSW, in SWNP-2010 and CRI-2010. In the EEP-2012, particulate phosphorus concentration 

was similar to aforementioned number but lower in the SSW (4 – 18 nM). Enrichment factor (EF) is 

reported as the ratio concentration of substances in the SML over SSW. EF of TDP, SRP and DOP 

reported in this study ranged from 0.7-2.5, 0.1-4.1 and 0.3-2.7, respectively. For particulate 

phosphorus, except for the SWNP-2010, particulate organic phosphorus was more dominant in the 

SML. The low background concentration of particulate phosphorus (<20 nM in the SSW) 

contributed to higher enrichment factor among these particulate pool and varied from 0.5 to 72.  

Enrichment of phosphorus by forms was associated with its relative low concentration in 

SSW. Aside from physical enrichment process induced by wind and wave action, the water 

characteristic driven by the biological activity was also important. Thes enrichment tended to 
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decrease with the increase wind speed. However, the difference of surface chlorophyll-a 

concentration (as the trophic state of seawater indicator) did not show clearly a reverse trend of 

the decrease of enrichment with increase chlorophyll-a concentration, in this study.  

Vertical profile of phosphorus in EEP-2012 demonstrated particulate phosphorus peak at 

depth of the subsurface chlorophyll-a maximum (St.10, 140°W) where previously reports the strong 

upwelling signal around this area [Gordon et al., 1997]. Profile of particulate Al and Fe presented 

its highest concentration in the SML, indicating the external input of nutrients from the 

atmosphere, enhancing the biological productivity, increasing enrichments of particulate Si, Ca and 

phosphorus in the SML. 

Phosphorus in the SML supplied from the upward transportation of substances in bulk 

seawater and from the atmospheric deposition. It is suggested that SML is not only the media of 

substance enrichment, microbial activity within the SML are able to alter, breakdown and transform 

and regenerate bioactive element like phosphorus and reintroduce into the biogeochemical 

process. The further study on the rate of upward transportation is suggested to clarify how 

important of the microbial food web in the SML for the recycling of phosphorus which is important 

to sustain the productivity in certain phosphorus limited ocean region.  
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4.  Enrichment of particulate phosphorus in a sea-surface microlayer 

over the Eastern Equatorial Pacific Ocean 

4.1. Introduction  

Sea-surface microlayer (SML) is a thin interfacial layer lying between atmosphere and ocean 

and is distinguished by its differences in biological and physiochemical properties from the 

subsurface water (SSW). SML varies from 1 to 1,000 µm as a result of different collection 

devices/methods and meteorological conditions [Cunliffe et al., 2013; Zhang et al., 2006], such as 

wave breaking and wind velocity. The presences of SML as the surface organic film has well 

recognized to pose the influences in controlling the transportation of heat, gases, liquid, and solids 

in air–sea exchange process [Cunliffe et al., 2013; Liss and Duce, 1997] such as reduction of gas 

transfer velocity and role of energy barrier at the interface. It also acts as the modulating media for 

materials synthesis, transformation and cycling in biogeochemical process within the SML 

[Wheeler, 1975].  

SML is a mixture of organic materials complied with a hydrated gelatinous matrix of 

carbonate, protein, and lipids [Wurl and Holmes; 2008]. Such materials have been supplied from 

the underlying SSW and atmospheric deposition [Frka et al., 2012; Joux et al., 2006; Duce et al., 

1991]. The layer is latterly modified and altered by the biogeochemical production or degradation 

within [Joux et al., 2006; Frka et al., 2012] and is well known for the accumulation of chemical 

substances. Reported enrichment of chemicals has exhibited well with organic binding substances 

such as, particulate organic carbons and particulate trace metals [Liss and Duce, 1997; Hardy, 1982]. 

In case of phosphorus, the enrichment of soluble phosphorus as phosphate was reported at the 

same level with other nutrient species by the enrichment factor of 2-3 [Reinthaler et al, 2008, 

Gladyshev, 2002].  
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Not only chemical enrichment, distinct assemblage of bacteria (Bacterioneuston) and 

phytoplankton (Phytoneuston) in SML were also reported [Cunliffe et al., 2013; Joux et al., 2006]. 

The abundance of microbial community (in 2-4 order magnitude) was reported in responding to 

prevailing metrological condition but not associated with particulate organic carbon content [Stolle 

et al., 2011].  

SML showed its non-equilibrium and substantial changes that was influenced by several 

physiochemical and biological processes both from water column and atmosphere. As the 

microhabitat, it is expected that the biogeochemical processes taken place in SML and can be 

affected by a slight external nutrient input, such as a deposition of atmospheric substances. Since, 

SML is a thin layer with a markedly small volume, it is worth considering the occurrence of such a 

mutual biogeochemical link and its variation within the SML. This study reported the observation 

of biogeochemical responses altering the chemical properties changes within SML and the possible 

causes of this effects emphasizing the importance of SML as the layer of biogeochemical dynamics. 

4.2.  Enhancement of phosphorus and particulate elements  

The observations were conducted on board the R/V Hakuho Maru during 29 January - 19 

February 2012 in the Eastern Equatorial Pacific (EEP-2012) as part of the Equatorial Pacific Ocean 

and Stratospheric/Troposphere Atmosphere Study campaign that aimed to understand the 

biogeochemical linkages between ocean and atmosphere in the Eastern Equatorial Pacific where is 

the remote area with less anthropogenic impact from the continent, keeping the High Nitrate Low 

Chlorophyll-a (HNLC) condition [Kaupp et al., 2011] and the largest oceanic CO2 emission to 

atmosphere [Calvo et al., 2011].  

SML samples were collected with a glass plate (SML-GP) and a Polymethyl Methacrylate 

(PMMA) rotating drum (SML-D) along with the collection of sub-surface water (SSW; at depth 0f 1.5 
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m). The sampling locations were demonstrated with chlorophyll-a concentration in Fig. 4.2.1 and 

physical parameters were listed in Table 4.2.1. On shipboard, surface water samples (SUR; refer to 

the subsurface water sampling on board by clean bucket with approximate depth of 0.3 m) were 

collected during the CTD casting with Niskin bottles at depths of 5 m, 10 m, 50 m, 100 m and 200 

m. The composition of phosphorus in dissolved and particulate fractions was reported in Table 4.2.2 

with particulate elements and those enrichment factors. 

Table 4.2.1. Sampling stations and environmental conditions during the SML collection in  

EEP-2012 

  

Station Location Date Time Twater (°C) Tair (°C) WS (m/s)

St.01 0˚N 95.5˚W Feb 02,2012 08:34-09:36 41 ± 5 23.1 25.9 2.9

St.02 0˚N 100˚W Feb 03,2012 10:36-11:52 36 ± 5 24.5 26.5 2.4

St.05 0˚N 115˚W Feb 07,2012 12:48-13:53 33 ± 3 24.7 25.9 1.1

St.08 0˚N 130˚W Feb 11,2012 09:23-10:58 40 ± 5 24.1 25.1 2.7

St.10 0˚N 140˚W Feb 13,2012 09:00-10:20 41 ± 9 23.6 24.8 4.4

WS is  the 10 min average wind speed during the sampl ing

σ avg (µm)

σ avg i s  the average thickness  of the SML samples , 
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Fig. 4. 2.1. Cruise track and sampling station in EEP-2012 cruise displayed with the composite 

satellite image of monthly surface -Chl-a (mg m-3) in February 2012; http://oceancolor.gsfc.nasa.gov 

4.2.1. Phosphorus composition and its distribution in surface water 

In EEP-2012, concentrations of dissolved phosphorus were contributed to approximately 

98% of the total phosphorus (Fig. 4.2.2). The concentrations of soluble reactive phosphorus (SRP) 

in SML, SUR and SSW were relatively similar in values and ranged between 0.35 ± 0.06 (SSW, St. 02) 

to 1.14 ± 0.03 µM (SML and SSW, St. 05). Percent of dissolved organic phosphorus (%DOP) obtained 

from the differences of total dissolved phosphorus (TDP) and SRP was in the range of 36% - 59%.  

The enrichment factor (EF) determined by the chemical concentration ratio between SML 

and SSW for SRP and DOP were demonstrated neither clear SML depletion nor repletion (EF = 0.9 

– 1.6). Therefore, there is no significant SML enrichment in the dissolved phosphorus in EEP-2012 

cruise. Previous study reported also the enrichment of nutrients ranging at about 1.5 [Liss and Duce, 
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1997]. Exception was for the measurement in slick samples that found particularly high phosphate 

enrichment factor (EF= 3 - 4) and this was not the case in this study [Södergren, 1993].  

In contrast, the enrichment of total particulate phosphorus (TPP) was markedly higher 

especially, at St. 01, where the enrichment of TPP raised up to the factor of 72 (SMLTPP= 590 – 1,300 

nM; Table 4.2.2). Except for St. 01, the TPP concentration ranged between 9.3 + 1.5 nM (SSW; St.05) 

to 41.6 + 2.0 (SML, St.05) and contributed to only 2% of total phosphorus (Table 4.2.2; Fig. 4.2.2). 

These ranges of TPP concentration were quite similar to the reported values in the open ocean (less 

than 20 nM in the euphotic zone surface water and less than 5 nM for below depths; Lomas et al., 

2010, Yoshimura, et al., 2007).  

At St. 01, the remarkably high TPP concentration had contributed to the changes of 

phosphorus composition in the SML (Fig. 4.2.3). This change was observed in both SML-D and SML-

GP therefore there was not an artifact from the SML samples at St. 01 (0˚N, 95.5˚W).  
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Fig. 4.2.2. Vertical profile of phosphorus composition as SRP (soluble reactive phosphorus),  

DOP (dissolved organic phosphorus), PIP (particulate inorganic phosphorus) and POP (particulate 

organic phosphorus), data presented the average concentration of samples from St.02, St.05, St.08 

and St.10. Data from St.01 was excluded due to its exceptionally high particulate content 
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Fig. 4.2.3. Fraction of phosphorus composition; soluble reactive phosphorus (SRP) and total particulate 

phosphorus (TPP) comparing among the first 200 m of seawater collecting 

at St.01 and St.08 (as the representative station of the EEP-2012)   
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4.2.2. Enhancement of particulate phosphorus and iron 

Beside particulate phosphorus, particulate elements showed also high enrichments. 

Apparently, particulate elements that showed the highest concentrations in the SML sample at 

St.01 were including aluminum (pAl), sulfur (pSi), calcium (pCa) and iron (pFe). (Fig. 4.2.4 and Table 

4.2.2). Noteworthy, high enrichment of pFe is very interesting as it is one of the lacking nutrients 

and a factor limiting the primary productivity in this region [Kaupp et al., 2011]. In general, sufficient 

pFe addition to the surface water could potentially induce the biological production as well as 

increase the suspended particulate matter.  

Fig. 4.2.4. Concentration (left panel) of the particulate elements; pCa, pSi and pS in µM and pFe and 

pAl in nM in SML (open-square) and SSW (open-circle) and corresponding enrichment factor (right 

panel) for samples measured in EEP-2012  
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4.3. Comparison of suspended particulate matter in the SML and SSW at St. 01 

Suspended particulate matter from SML and SSW samples collected at St.01 was examined 

intensively to determine for species and morphology and elemental content by a single particle 

analytical technique using a Field Emission Scanning Electron Microscope with light element energy 

dispersive spectroscopy (SEM/EDX, S-4800II, Hitachi Co., Japan). An operational accelerating 

voltage and a beam current were 15kV and 10µA, respectively.  

4.3.1. Particle number and volume size distribution 

Diameters (D) of particles defined as an area equivalent diameter in the particles a range 

of 0.4 - 100 µm were size-separated and binned by its differences in the area equivalent diameters, 

morphology, with the cut-off sizes at diameter of 2, 5, 10, 20, 30, 40, and 50 µm and counted per 

known area of the SEM images. The average particle number concentration was estimated by 

dividing the number particles by the total volume of filtered seawater and were 3,240 and 3,110 

particles L-1 for SML and SSW, respectively (Fig. 4.3.1.a, Table 4.3.1).  

Although particle numbers were similar, particle size distributions were clearly different 

(Fig. 4.3.1.a). While 79% of SSW particles existed in the smallest size fraction (D = 0.4 - 2 µm), SML 

particles were found in larger size, particularly in size fractions of 20 - 30, 5 - 10, and 2 - 5 µm, and 

accounted for 30%, 24% and 19% of the total number of particles. The overall volume concentration 

was 9,130 ppbv (or x 103 µm3 mL-1) for SML particles or 4-fold larger than that of particle volume of 

SSW particles (1,840 ppbv), due to the abundance of the larger particles in the SML (D > 20 µm, Fig. 

4.3.1.b).  
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By the differences in morphology and sizes, particles were categorized into 38 types and 

then grouped into 5 simplified particle groups namely diatom (16 types), dinoflagellate (2 types), 

silicoflagellate (1 type), other microorganism (10 types) and other particle (9 types, including the 

inorganic particles). Micrographs of particle in different classes were showed in Fig. 4.3.2.  

In SSW sample, the most abundant particles (D < 2 µm) were mixtures of other-particles 

and other-microorganisms particle, where in SML sample were composed with diatom particles and 

other-microorganism particles (Fig. 4.3.1.a, Fig. 4.3.1.c). The diatom particles significantly 

dominated in the 2-10 and 20-40 µm size-fraction of SML. Total number of diatom particles (in all 

size - fraction) in SML were higher than SSW. The number of diatom particles were 1,900 and 290 

particles mL-1 in SML and SSW, respectively. The other-microorganism particles also presented in 

higher number in the SML, especially in the particle fractions of 6-10 and 30-40 µm. Noted that 

diatom and microorganism particle with regular shape and complete form not fragment were 

counted on known area of SEM micrographs. In addition, there was an unidentified microorganism 

particles presented in larger number in the 30-40 size fraction of SML and were observed 

profoundly under the microscopic views during the SEM observation (Fig. 4.3.1.b, Fig. 4.3.2.e). 

Table 4.3.1.  Number concentration of particle in SML and SSW (particle L-1) classified by its species. 

Particle number was presented by particle class for diatom, dinoflagellate, 

silicoflagellate, other organisms and other particles in 8 sized fractions 

  

SML SSW Diatom Dino-Flag Si l ico-Flag Other-Org Other-par Diatom Dino-Flag Si l ico-Flag Other-Org Other-par

0.4-2 µm 4 144 2466 2 0 0 110 32 6 0 0 1324 1136

2-5 µm 5 603 44 558 0 0 45 0 44 0 0 0 0

5-10 µm 4 780 201 571 0 0 97 112 32 0 0 19 150

10-20 µm 8 246 42 85 0 0 0 161 15 0 0 0 27

20-30 µm 5 1015 188 357 1 1 1 655 41 1 1 1 144

30-40 µm 4 283 69 260 0 0 20 3 67 1 0 0 1

40-50 µm 4 63 58 59 0 0 2 2 56 0 0 0 2

>50 µm 4 105 42 49 0 0 1 55 30 0 0 0 12

total 38 3,239 3,110 1,941 1 1 276 1,020 291 2 1 1,344 1,472

Particle No.Type
Avg. No. Particle SML particles (number mL-1) SSW-particles (number mL-1) 
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Fig. 4.3.1.a. Particle number distribution by size and particle classes from SML and SSW at St. 01 in 

EEP-2012. Particle classification was based on the single-particle size and the elemental 

characterization by SEM/EDX. Particle size is defined as an area equivalent diameter and volume 

distributions were estimated using observed particle-number size distributions. 
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Fig. 4.3.1.b. Particle distributions by volume from SML and SSW at St. 01 in  EEP-2012. Particle 

classification was based on the single-particle size and the elemental characterization by SEM/EDX. 

Particle size was defined as an area equivalent diameter and volume distributions were estimated 

using observed particle-number size distributions. 
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Fig. 4.3.1.c. The size-resolved relative particle classes from SML and SSW at St. 01 in EEP-2012. Particle 

classification was based on the single-particle size and the elemental characterization by SEM/EDX. 

Particle size is defined as an area equivalent diameter and volume distributions were estimated using 

observed particle-number size distributions. 
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Fig.4.3.2.  Micrographs showed the particles classified as (a-b) diatom, (c) silicoflagellate,  

(d) dinoflagellate, and (e-f) other microorganisms, (g) other particles, organic-like and  

(h) other particles, inorganic-like (Fe-containing particles).  
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4.3.2. Particulate elemental composition  

The elemental composition for single particle was analyzed by a SEM/EDX with acquisition 

time of 60 sec per particle. From previous work, it has suggested that high organic contents often 

caused weak and poor elemental signals study [Bigg et al., 2004; Xhoffer et al., 1992]. The 

detectable elements with producing elemental signals greater than 3-fold a signal-to-noise ratio 

(S/N) > 3 was concluded in the calculation for the relative elemental composition analysis. The 

intensities of the X-ray, however, is depending on the surface shape, the respective element 

concentration, and the shooting point. Therefore 3-5 shooting was conducted for each single 

particle.  

The sum of the analyzed elements (O, Na, Mg, Al, Si, P, S, Cl, K, Ca, Fe, Cu, Zn and Ti) was 

rescaled to obtain a constant sum of 100% [Schleicher et al., 2012]. In total, there were 66 and 45 

SML and SSW particles in this analysis.  

Seventy seven % of the total number of SML particles was P-detected particles, while only 

11% of the SSW particles were P-contained (Table 4.3.2). The average %P content in the SML 

particles, expressed as a relative weight percentage of the sum of the analyzed elements, was also 

much higher (4.1%) than in the SSW particles (1.8%) for the individual particle species and for the 

overall average of the same particle types. 

Previous study also reported similar findings with a frequent detection of the bio-related 

elements like phosphorus and sulfur in organic suspended particulate matter. When compared with 

those of other trace elements, this was suggested to cause by the adsorption or aggregation of 

organic particles [Iwamoto, 2008].  
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Table 4.3.2. Average relative percentages of elemental composition of the classified particle types 

by SEM/EDX single-particle analysis for particles in the SML and SSW (St. 01, EEP-2012). 

The sum of the raw EDX signal intensities of all elements in the table was treated as 

100% for each analyzed particle (n=3-5) and averaged with the total numbers of 

analyzed particles in the same group. If the elemental signal did not exceed S/N = 3, the 

element was treated as “not detected”. 

4.3.3. Comparative calculation of particulate phosphorus enrichment factor by single 

particle analysis 

This section was aimed to compare the results of the single-particle analysis with bulk 

chemical analysis. Single particle SEM/EDX data were used to estimate an amount of phosphorus 

contained in the particles by the following conversion: 

TPPSEM/EDX = total particle mass concentration x %Pavg / 100 x fractionp-detected 

Where  %Pavg is the average %P in a particle samples (Table 4.3.2, number in brackets) 

fractionP-detected is the fraction of P-detected particle (SML=0.77; SSW = 0.1) 

Total Pdetect Na Mg Al Si P S Cl K Ca Fe Cu Zn Ti

45 5 [1.8]

18 3 20.2 4.9 - 46.8 0.1 3.7 21.9 - 0.4 - - - -

8 2 29.5 11.3 - 6.9 4.2 6.5 42.7 0.2 1.1 - 1.2 - -

19 0

10 0 40.0 3.3 - - - 1.0 45.3 0.4 0.1 - - - -

9 0 25.3 3.2 9.7 43.3 - 0.6 11.3 4.2 1.6 0.7 - - -

Type I-Fe-particle (0.4-2µm) (10) 25.9 1.4 5.7 53.7 - - 3.9 6.0 2.2 1.2 - - -

66 51 [4.1]

15 10 11.2 1.4 - 70.2 2.8 1.4 10.3 - 0.1 - - - -

24 20 24.2 3.9 0.1 16.7 5.8 10.4 36.6 0.2 1.7 - 1.5 - -

27 21

6 5 25.3 4.6 - - 3.9 7.9 41.6 - - - - - -

21 16 12.7 2.8 0.3 9.8 3.6 2.5 20.7 - 0.3 17.5 0.1 - 0.4

Type I-Fe-particle (0.4-2µm) (2) 10.0 3.5 0.7 4.0 5.4 0.5 22.5 - 0.7 18.0 - - 1.3

Type II-Fe-particle(6-10µm) (5) 1.8 0.1 0.1 0.4 0.2 0.4 7.9 - - 34.5 0.4 - -

Footnote:  number in [brackets] represents the %Pavg

Other Particles

Organic-like

Inorganic-like

SML particles 

Diatoms

Other Microorganisms

Other Particles

Organic-like

Inorganic-like

Particle Group No. Particles Relative percentages of elemental composition

SSW particles 

Diatoms

Other Microorganisms
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By applying volume-mass particle density conversion for total suspended particulate 

matter (2.2 mg mL-1; Pak, 1973) to volume concentration mentioned in previous section, the total 

SML and SSW mass concentrations were calculated as 24 and 6 µg L-1, and the TPPSEM/EDX values 

were estimated for 0.75 and 0.01 µg L-1, respectively.  

With the calculation mentioned, the resultant of EFTPP in EDX/XRF analysis for St. 01 was 75. 

This number was well agreed and presented at the same magnitude with the observed EFTPP by 

colorimetric measurement (EFSML-D = 72 and EFSML-GP= 33), confirming that the observed large 

enrichment of particulate phosphorus in the SML was not an artifact but a natural occurrence. It 

should be noted again that such a large enrichment of TPP was not observed in the SML samples 

collected at the other four stations in EEP-2012 cruise. 

The average %P in SML particles was presented with similar percentages even among the 

different particle groups and can be explained by the surface adsorption of phosphorus-particles 

[Iwamoto, 2008; Liss and Duce, 1997]. Typically, particulate phosphorus composed of living and 

dead plankton, precipitates of phosphorus mineral, phosphorus-adsorbed particulates and 

amorphous phosphorus phase [Yoshimura et al., 2007]. The particulate phosphorus can undergo 

continuously transformation and turn into dissolved inorganic and organic phosphorus through 

plankton and microorganism assimilation and excretion [Paytan and McLaughlin, 2007].  

Through this observation, the increase of particulate phosphorus can be identified as the 

results of the increase of phosphorus adsorbed- particles such as the surface adsorptive area of 

diatom and other-microorganisms. Even though, the accumulation of plankton in the SML has been 

suggested to cause via the advection [Joux et al., 2006], however, the findings of high pFe in the 

SML has suggested also the possible occurrence of pFe induced the biogeochemical activities, 

biological production and degradation in the SML.  
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4.4. Potential cause of particle enrichment in the SML at St. 01 

In Eastern Equatorial Pacific region, there are two main iron sources supplied to the surface 

water, i.e., upwelled of subsurface equatorial undercurrent water with colloidal Fe and aeolian 

particulate iron deposition [Mackey et al, 2002]. The upwelled water annually supplied the most 

iron by approximately 2 orders of magnitude higher than that of aeolian sources [Kaupp et al., 

2011].  

From the vertical profile, the highest concentration of particulate phosphorus and 

particulate iron were shown in the SML together with pSi, pCa, and pAl (Fig. 4.4.1 and Fig. 4.4.2). 

This occurrence observed only in the SML interior but not the bulk seawater suggested that this 

enhancement of particulate phosphorus and particulate elements were occurred via the 

atmospheric pathway. The 7-day backwards trajectory of the air mass history prior the sampling 

period (Fig. 4.4.3) showed that at St.01, air parcel was transported from the South Pacific. 

Therefore, there was no special dust event occurring. Concerning the thickness of SML, the long 

range transportation and natural deposition of atmospheric particle was considered as the possible 

source. Atmospheric deposited particles containing lacking nutrients such as iron could trigger the 

biological responses with in the SML interior.  

.  
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Fig. 4.4.1. Vertical profiles of chlorophyll-a (Chl-a), total articulate phosphorus (TPP), particulate 

Fe (pFe), and soluble reactive phosphorus (SRP) observed at St. 01 (0˚N, 95.5˚W) and the St. 08 

(0˚N, 130˚W). The open markers (light blue) represent the measurements in the SML. A large 

enrichment of TPP and pFe were observed at St. 01, and the profiles suggested that there might 

be atmospheric deposition to the surface ocean during the collection 

Fig. 4.4.2. Vertical profiles of particulate element; pSi, pAl and pCa at St. 01 (0˚N, 95.5˚W).  

Particulate element pAl, pSi and pCa exhibited the highest concentration in the SML. The open 

markers represent measurements in bulk seawater and close marker was the SML  
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4.4.3. Seven day-backward trajectory at St. 01 in EEP-2012 cruise on the same sampling day;  

February 2, 2012. [Draxler and Rolph, 2014; HYSPLIT (HYbrid Single-Particle Lagrangian Integrated 

Trajectory) Model access via NOAA ARL READY Website (http://www.arl.noaa.gov/HYSPLIT.php)] 

4.5. Biogeochemical implication for the SML  

The atmosphere is well acknowledged as the significant pathway to transport continent 

materials to ocean, including particulate iron [Duce et al., 1991], however, the residence time of 

particulate iron (pFe) in an oceanic mixed layer was reported to less than 10 days [Croot et al., 2004; 

Jickells, 1999]. Even more, the resident time of pFe in the SML was reported to less than 2 seconds 

[Liss and Duce, 1997]. If this the case, it was not possible to observe any biological activities 
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occurred internally in the SML. However, the recent study about diffusion-limited retention of 

porous particles showed an evident that at the interface (pycnocline) layer, porosity was controlled 

the retention time (3 mins-3.3 day) and enhanced the accumulation of particles at the interface 

[Kindler et al., 2010]. If this applied also to the density interface layer of the SML, it cloud lengthen 

the retention time of particles in the SML, allowing the biological activities such as carbon and 

phosphorus transformation and remineralization to occur in the SML. 

Boyd et al. (2010) suggested that solubility of pFe can be neglected, in the SML. Instead, 

passive dissolution and biogenic transformation are at most active process. The biogeochemical 

responding to atmospheric deposition in the SML was suggested to occur in which the particulate 

iron was undergone size partitioning and transforming to biogenic particulate iron by ranges of Fe-

intake mechanisms such as iron solubilization by bacterial siderophores [Yoshida et al., 2002; 

Brantley et al., 2004], meso-zooplankton grazing and ingestion of colloidal Fe [Stukel et al., 2011] 

and particle aggregation [Frew et al., 2006; Twining et al., 2004]. Consequently, SML was endorsed 

and enhanced with microbial activities and its products hence enrichment of particulate matter.  

Because this observation was conducted in the HNLC region where iron fertilization has 

successfully increased biological responses. The meso-scale iron fertilization has increase of primary 

production by doubling biomass production and drawing down the nitrogen in surface water 

[Martin et al., 1994; Coale et al., 1996]. The recorded species that response to iron fertilization were 

pennate diatom [Martin et al., 1999; Pennington, et al., 2006]. The biological responses to the iron 

fertilization was also confirmed by an on-board EEP-2012 experiment. At St.01 in bottle study, there 

was 12 folds increased in chlorophyll-a concentration after 4 day Fe-incubation [Takeda, 2012; 

personal communication].  

Therefore such aeolian deposition; the passible cause of this circumstance, may supply 

lacking micronutrients in this context (pFe in the SML). The aeolian Fe deposition likely stimulated 
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additional biological productivity within the SML and resulted in the formation of more biomass in 

the SML under HNLC condition. Microscopic observations also clearly demonstrated the differences 

in particle composition in the SML sample at St.01 compared with SSW and the representative 

station of EEP-2012 sample; St.08 (Fig. 4.4.3). However, due to the thinness of SML (a small 

reservoir of materials), such biogeochemical responses seem to be not only anomalous but also 

rapid, indicating its variable nature in time and space.  

Fig. 4.4.3. Micrographs showed the SML (1-2) and SSW (3-4) particles at St. 01 (left panels) and  

St. 08 (right panels), demonstrating the different particle type in the SML. At St. 01, the other 

organism particles was dominated in the SML sample.  

Summary 

The remarkable increase of total particulate phosphorus (TPP) concentration (0.59-1.29 

µM) to the same level of soluble reactive phosphorus (SRP = 0.84 µM) in the SML, and the highest 

enrichment factor of TPP (EFTPP=72) was observed at the Eastern Equatorial Pacific Ocean (St. 01, 

0.0°N, 95.5°W; EEP-2012). This finding was concurred with the higher number of biogenic particles, 

especially diatoms, in which the number of diatom particles was 1,900 particles mL-1 in SML or 7 



 
Chapter 4: Enrichment of particulate phosphorus in the SML 
 

-95- 
 

times greater than that in the SSW. Further investigation of the individual particles by a scanning 

electron microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) demonstrated that most 

analyzed particles in the SML (77% of total number) contained higher phosphorus content 

(%Pavg=4.1). While only diatom and other-microorganisms particle types of the SSW particles 

contained phosphorus (%Pavg=1.8) and were occupied for 11% of total analyzed particles. Therefore, 

there was an increase of particle surface active area for the adsorption of phosphorus as a result of 

the increase in number of larger particles including bio-particles (diatom and other microorganism) 

in the SML. 

The concentration of particulate Fe was also highest in the SML (81 nM; EFpFe = 11). The 

vertical profiles of TPP and pFe showed also the peaks in the SML along with other particulate 

element namely pSi, pAl and pCa, indicating the enhancement was occurred in the SML interior. 

The most probable explanation of this occurrence was that it was the resultant of the external 

atmospheric deposition of scarce micronutrients to the SML.  

Although SML is quite a small material reservoir, its biogeochemical dynamics and 

properties are unique. The observed biogeochemical enrichment emphasizes its rapid response to 

external perturbation and its significant role in microbe-mediated materials synthesis and 

transformation of chemical compositions and their cycling, further indicating that a slight amount 

of additional iron input enabled the dramatic increase in SML biological production. This is possibly 

occasional but a unique finding of the biogeochemical enrichment in the SML addresses its 

significance in biogeochemical and physicochemical processes in which SML is involved. Further 

investigation on the behaviors and mechanisms of materials transformation and its retention time 

in SML will be valuable.   
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 5.  Bubble bursting experiment on the SML seawater 

5.1.  Introduction 

Ocean is one of the significant sources for atmospheric aerosols. The major constituent of 

ocean-derived particles; sea spray aerosols is produced primarily by mechanical interaction of wind 

stress at the sea surface [O’Down and de Leeuw, 2007] and forms inorganic sea salt particles with 

some coagulation of various organic components that are available at the surface water.  

Sea spray producing via the bubble bursting process are film and jet drops [Blanchard, 1989, 

Fig. 5.1.1] and are distributed from sub micrometer to a few micrometer [O’Down and de Luuew, 

2007]. At wind speed greater than the whitecap formation (onset wind speed is 4 m s-1), directs 

tearing of wave crests and results to the formation of bigger particles. 

Fig. 5.1.1. The diagram for the ejection of drop from the sea to the air (a) the bubble rests at the 

surface and (b) the production of jet and film drops from a bursting air bubble [Blanchard, 1989]. 

Primarily, marine aerosols consist of sea salts and organic materials, bacteria and virus. The 

annual production flux of sea spray is estimated at 10 g m−2 yr−1 and corresponding to the total 

global production rate of 3.5 × 1012 kg yr−1 [de Leeuw et al., 2011]. This amount has suggested to 
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account for as much as 90% of cloud condensation nuclei (CCN) in non-perturbation marine regions 

[Russell et al., 2010].  

Aerosols is known to affect the radiative balance in the atmosphere, directly by light 

adsorbing or scattering solar radiation or indirectly by modify the cloud properties as the CCN 

 [IPCC, 2007]. Sea salts are good at light scattering and highly hygroscopic. It is served effectively as 

the cloud seeding. The organic fraction in marine aerosols is found to suppress the hygroscopic 

growth and is reduced CCN activity [Fuentes et al, 2011]. Unlike the stable sea salts, organic 

materials tend to adverse chemical structural changes under the exposure of tultraviolet light and 

atmospheric acidification process [Bigg and Leck, 2008].  

Fig. 5.1.2. Organic carbon to sudium ratio of sea-surface microlayer (SML),  

subsurface water (SSW) and marine boundary layer (MBL). The arrows indicated the estimated MBL-

SML-SSW enrichment factors (EF) based on the measurements for TOC/Na. The right panel illustrated 

the differences of organic phase contribution to the particle formation via bubble bursting in the 

Arctic and North Atlantic regions. [Russell et al., 2010] 
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Since SML positioning at the interface, it poses the vital influences not only on the aerosol 

chemical composition but also the effectiveness of bubble bursting process. The stability of surface 

film is suggested to weaken the bubble structure and hasten the bursting. Hence, the ejected film 

droplets may contain only the surface active materials without seawater [Bigg and Leck, 2008]. The 

ratios of marine organic mass to sodium has also observed in the submicron particle at the factor 

of 102 to 103 [Russell et al., 2010, Fig. 5.1.2].  

This chapter aimed to better understanding the mechanism of bubble bursting process , its 

sea to air fractionation for phosphorus, and the influences of chemical and organic substances in 

SML towards the atmospheric phosphorus formation especially organic phosphorus.  

5.2.  Material and method for on board bubble bursting experiment  

5.2.1.  Bubble bursting system and condition 

There were 3 types of seawater utilizing as bubbling solution in the experiment namely sea-

surface microlayer (SML), subsurface seawater (SSW) and surface seawater (SUR). These seawater 

samples were obtained during EEP-2012 cruise. SML water was collected using drum sampler, SSW 

was collected during SML sampling by sinking the bottle with weight at depth of 1.5 m. SUR was 

collected on board by bucket sampling. Prior the experiment, samples were kept in dark and cool 

room (20°C).  

A simplified bubble experiment system was fabricated in a 10-L polycarbonate carboy 

Nalgene™ with a closure modification to connect with aeration system including 1) sweep air - at 

flow rate of 15 L min-1, 2) bubbling air - at flow rate of 400 mL min-1, and 3) a filter holder set to 

collect fresh aerosols. Bubble was generated by passing clean air to the 12 mm diameter fritted (40-

60 µM pore size) cylinder borosilicate tube. Dispersed air pass through the glass fritted at depth of 
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20 cm created the bubble cloud and later bursted at surface (see the diagram of the bubble bursting 

in Fig. 5.2.1).  

Fig. 5.2.1. Diagram and photo of the bubble bursting experimental unit on the EEP-2012. 

Condition of the experiment was listed in Table 5.2.1. This selected condition had been 

modified from the study of Keene et al. (2007) and was tested in laboratory prior shipboard 

experiment. At any experiments, glass fritted was flush with MQ-water several times and dried prior 

the next experiment and carboy container was pre-cleaned and rinsed twice with the sample water. 

The fresh aerosols was collected on to pre-combusted quartz filters (47mm diameter) and  

kept frozen (-20°C) for phosphorus analysis. For water soluble ionic species, aerosol filters were 

extracted with 20 mL of MQ-water and analyzed by ion chromatography (IC; Dionex-320, Thermo 

Scientific Dionex).  
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Table 5.2.1. Operating conditions of the bubble bursting experiment 

5.2.2.  Definition of enrichment and standardized chemical fractionation notation  

The standardized chemical fractionation nomenclatures for sea to air chemical interaction 

describing as the followings, [Duce and Hoffman, 1976] 

Where (X/Na)aerosol and (X/Na)seawater are the mass ratio of substance X to sodium in the 

bubble generated-aerosols and in the seawater samples (SML, SSW and SUR). The FNa(X) equals to 

1, indicating neither positive nor negative enrichment.   

5.3. Sea to air fractionation of atmospheric particles generated by bubble bursting 

5.3.1. Sea to air fractionation of phosphorus  

Sea to air fractionation (FNa) displayed in term of total phosphorus (Total.P), inorganic 

phosphorus (Inorg.P) and organic phosphorus (Org.P) in Table 5.3.1. By all forms, FNa value was 

greater than 1 indicating the positive enrichment of phosphorus in generated aerosols and were 

valued at the factor of 102-103. Inorganic phosphorus was fractionated more effectively than the 

organic phosphorus by 0.5 – 7 times. This FNa as high as a factor of 103 has been reported in Duce 

Fractionation: FNa(X) =   (X/Na)aerosol    5.1) 
   (X/Na)seawater     

 

Bubble Bursting experiment 

Sample Water Volume 3.5 L

Head space depth 20 cm

Bubbling rate 400 mL min-1

Sweep air rate 15 L min-1

Total air volume 0.135 m-3

Total bubbling time 90 min

Hight of aerosol collection 1 m
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and Hoffman (1976) study and has suggested to occur in associated with the film droplets 

production. The high fractionation of inorganic phosphorus can be explained by its high potential 

as the counter ions (small size with large charge) of the opposite surface active component charge 

of the SML [MacIntyre, 1970].  

Aerosols generated from the bubble bursting experiment using SML, SSW and SUR 

seawater as bubbling solution contained varyingly sodium and organic phosphorus concentration. 

The average concentration of sodium in aerosols from SML, SSW and SUR experiments were 2.90, 

2.79 and 5.09 µmol Na m-3 while the average concentration of total phosphorus in ejected aerosols 

remained quite consistent at 7.05, 7.82 and 6.69 nmol P m-3, respectively. Even though, seawater 

concentration ratio between organic phosphorus to sodium and organic to inorganic phosphorus 

were similar among different kinds, the bubbles generated aerosols from SML experiment 

contained higher organic phosphorus concentration (Table 5.3.2). When comparing the ejected 

aerosols that contained similar sodium mass, it was clear that aerosols from SML experiment 

contained higher organic phosphorus than the SSW and SUR generated aerosols (Fig. 5.3.1). Degree 

fractionation of organic phosphorus was conversely related to its concentration in seawater 

samples, the increase of organic phosphorus to sodium ratio in seawater tended to have lowered 

fractionation factor. This was found particularly in SML experiment (Fig. 5.3.2).  

Ratio of phosphorus to sodium in the depth of view (from atmosphere to the interface; SML 

and in seawater; SSW and SUR) expressed clearly the enrichment of phosphorus in the bubble 

generated aerosols (Fig. 5.3.3). When comparing this ratio with organic carbon to sodium (Fig. 

5.1.2; Russell et al., 2010), there was 2 orders of magnitudes lower (OC/Na = 10-1 - 100,  

OP/Na = 10-3 - 10-2). The fractionation of organic phosphorus reported here was displayed at the 

similar factor with the organic carbon fractionation study (FNa Org.P = 100 – 900 in this study, FNa 

Org.C = 100 -300, Keene et al., 2007; Russell et al., 2010). However, previous study reports low 
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enrichment of organic carbon in the SML (EF~ 1-1.1, van Pinxteren et al., 2012; EF~1-3, Liss and 

Duce, 1997) and determined that the contribution of organic carbon in SML is probably accounted 

to a minor fractions of the injected carbon [Fuentes et al, 2011].  

In this study, the uses of SML and SUR bubble solution had drawn to the different 

conclusion, despite the fact that enrichment factor of organic phosphorus was valued at a similar 

factor with organic carbon (EFOrg.P= 1 – 1.3). FNa Org.P from SML and SSW experiment showed vary 

different fractionation factor for organic phosphorus. The SUR experiment represented the natural 

seawater condition (a mixture of SML and SSW seawater); on the other hand, had demonstrated 

closer fractionation factor of organic phosphorus to the SML experiment. In addition, FNa Org.P in 

the SSW experiment was less than one - third of the fractionation values presented in the SML 

(Table 5.3.1).  

The single particle mass spectra of bubble generated aerosols from SML and SSW seawater 

(St. 08, EEP-2012) also identified that beside sea salts particles containing organic content, the 

organic particles were generated in greater number in the SML experiment in comparative to the 

SSW experiment [Furutani, 2012; personal communication]. Those particles were found to 

distributed greatly in the small size-fraction (<1 µm) whereby in the SSW this fraction has been 

taken place by the formation of carbon particles embedded with K. It was clearly indicated that 

organic contents in SML had influenced towards the fractionation of organic particles especially in 

the submicron particles. 

 



 
Chapter 5: Bubble bursting experiment of the SML water 
 

-103- 
 

  

W
at

e
r 

sa
m

p
le

s
Fi

lt
e

re
d

 A
e

ro
so

l s
am

p
le

s

So
d

iu
m

 
In

o
rg

.P
 

O
rg

.P
So

d
iu

m
O

rg
.P

 

(M
)

(µ
M

)
(µ

M
)

(µ
m

o
l m

-3
)

(n
m

o
l m

-3
)

To
ta

l.
P

In
o

rg
.P

O
rg

.P

B
B

X
-S

M
L

So
d

iu
m

 
In

o
rg

.P
 

O
rg

.P
To

ta
l.

P
In

o
rg

.P
O

rg
.P

St
.0

5
0.

72
1.

15
0.

96
2.

07
+

0.
1

1.
14

+
0.

0
41

.6
+

0.
0

10
.5

+
5.

7
3.

58
6.

01
+

0.
0

2.
25

+
0.

0
3.

76
57

1
39

3
78

4

St
.0

8
0.

45
1.

10
1.

26
2.

35
+

0.
5

1.
10

+
0.

1
10

.9
+

6.
6

4.
5

+
0.

5
2.

90
6.

95
+

3.
1

3.
78

+
1.

0
3.

17
46

2
53

7
39

6

St
.1

0
0.

56
0.

67
0.

51
1.

15
+

0.
1

0.
66

+
0.

0
30

.2
+

24
.3

11
.5

+
2.

9
2.

21
8.

18
+

2.
2

6.
34

+
4.

9
1.

84
17

59
23

97
91

7

av
e

ra
ge

0.
58

0.
98

0.
91

2.
90

7.
05

+
0.

8
4.

12
+

1.
5

2.
92

93
1

11
09

69
9

B
B

X
-S

SW

St
.0

5
0.

74
1.

15
0.

98
2.

12
+

0.
2

1.
14

+
0.

0
9.

3
+

1.
5

6.
3

+
5.

7
2.

93
13

.5
2

+
0.

0
13

.5
2

+
0.

0
-

15
94

29
61

-

St
.0

8
0.

61
1.

03
0.

99
2.

01
+

0.
3

1.
03

+
0.

2
9.

5
+

3.
2

2.
7

+
1.

6
3.

41
4.

90
+

0.
4

4.
21

+
1.

0
0.

70
43

1
72

3
12

5

St
.1

0
0.

57
0.

52
0.

47
0.

98
+

0.
2

0.
52

+
0.

1
14

.8
+

0.
0

3.
1

+
2.

8
2.

03
5.

04
+

0.
4

4.
50

+
0.

4
0.

53
14

20
24

14
31

7

av
e

ra
ge

0.
64

0.
90

0.
81

2.
79

7.
82

+
3.

8
7.

41
+

4.
1

0.
41

11
48

20
33

14
7

B
B

X
-S

U
R

 

St
.0

2
0.

58
0.

55
0.

56
1.

09
+

0.
2

0.
54

+
0.

1
13

.5
+

2.
7

5.
3

+
3.

6
5.

52
5.

04
+

1.
5

3.
41

+
2.

3
1.

63
60

9
83

3
38

9

St
.0

3
0.

53
0.

88
0.

76
1.

63
+

0.
1

0.
88

+
0.

1
17

.3
+

0.
0

4.
3

+
2.

7
5.

85
5.

04
+

0.
7

4.
03

+
0.

7
1.

01
31

6
47

1
13

7

St
.0

4
0.

71
0.

91
0.

81
1.

67
+

0.
3

0.
90

+
0.

2
54

.3
+

2.
7

9.
8

+
2.

7
3.

46
4.

75
+

0.
0

3.
78

+
3.

4
0.

97
45

2
68

1
19

6

St
.0

5
0.

63
0.

94
0.

55
1.

47
+

0.
1

0.
93

+
0.

1
23

.6
+

2.
7

13
.5

+
2.

7
3.

29
6.

01
+

0.
0

6.
01

+
0.

0
-

89
9

14
23

-

St
.0

6
0.

44
0.

65
0.

85
1.

48
+

0.
1

0.
64

+
0.

2
13

.5
+

0.
0

7.
9

+
2.

7
6.

19
5.

04
+

1.
5

2.
90

+
1.

8
2.

13
33

0
43

8
24

7

St
.0

7
0.

63
0.

90
0.

51
1.

41
+

0.
1

0.
90

+
0.

2
5.

8
+

5.
6

3.
4

+
2.

7
4.

06
4.

53
+

0.
7

4.
15

+
0.

7
0.

39
44

8
64

2
10

5

St
.0

8
0.

65
1.

10
1.

40
2.

49
+

0.
5

1.
10

+
0.

1
13

.5
+

0.
0

4.
0

+
2.

5
6.

86
13

.3
6

+
5.

9
9.

20
+

5.
9

4.
16

50
7

79
1

28
2

St
.1

0
0.

52
0.

51
0.

57
1.

06
+

0.
2

0.
50

+
0.

0
17

.3
+

0.
0

6.
0

+
4.

0
5.

52
9.

78
+

5.
1

4.
76

+
2.

3
5.

03
84

9
87

9
82

2

av
e

ra
ge

0.
59

0.
81

0.
75

5.
09

6.
69

+
2.

4
4.

78
+

1.
4

2.
19

55
1

77
0

31
1

TD
P

(µ
m

)
SR

P
(µ

m
)

TP
P

(n
M

)
P

IP
(n

M
)

To
ta

l.
P

In
o

rg
.P

 
P

h
o

sp
h

o
ru

s

Fr
ac

ti
o

n
at

io
n

 (
F N

a
)

(n
m

o
l m

-3
)

(µ
M

)
(µ

M
)

(n
M

)
(n

M
)

(n
m

o
l m

-3
)

Ta
b

le
 5

.3
.1

.  
C

o
n

ce
n

tr
at

io
n

s 
o

f 
p

h
o

sp
h

o
ru

s 
(I

n
o

rg
.P

 a
n

d
 O

rg
.P

) a
n

d
 s

o
d

iu
m

 in
 e

xp
er

im
en

t 
se

aw
at

er
 a

n
d

 a
er

o
so

ls
 c

o
lle

ct
ed

 fr
o

m
  b

u
b

b
le

 b
u

rs
ti

n
g 

ex
p

er
im

en
t 

(B
B

X
).

 P
h

o
sp

h
o

ru
s 

co
n

ce
n

tr
at

io
n

 i
n

 s
ea

w
at

er
 d

em
o

n
st

ra
te

d
 i

n
 t

o
ta

l 
d

is
so

lv
ed

 p
h

o
sp

h
o

ru
s 

(T
D

P
),

 s
o

lu
b

le
 d

is
so

lv
ed

 

p
h

o
sp

h
o

ru
s 

(S
R

P
) t

o
ta

l p
ar

ti
cu

la
te

 p
h

o
sp

h
o

ru
s 

(T
P

P
) a

n
d

 p
ar

ti
cu

la
te

 in
o

rg
an

ic
 p

h
o

sp
h

o
ru

s 
(P

IP
).

 T
h

e 
in

o
rg

an
ic

 p
h

o
sp

h
o

ru
s 

(I
n

o
rg

.P
) 

in
 s

ea
w

at
er

 o
b

ta
in

ed
 f

ro
m

 t
h

e 
su

m
 o

f 
SR

P
 a

n
d

 P
IP

, a
n

d
 o

rg
an

ic
 p

h
o

sp
h

o
ru

s 
(O

rg
.P

) 
o

b
ta

in
ed

 f
ro

m
 t

h
e 

su
m

 o
f 

TD
P

 a
n

d
 T

P
P

 m
in

u
s 

th
e 

In
o

rg
.P

. 
Th

e 
ae

ro
so

ls
 c

o
n

ce
n

tr
at

io
n

 a
n

d
 s

ea
 t

o
 a

ir
 f

ra
ct

io
n

at
io

n
 (

F N
a)

 o
f 

p
h

o
sp

h
o

ru
s 

d
is

p
la

ye
d

 b
y 

fo
rm

s 
in

 t
h

e 
To

ta
l.P

, 
In

o
rg

.P
 

an
d

 O
rg

.P
. S

M
L,

 S
SW

, S
U

R
 r

ef
e

rr
ed

 t
o

 t
h

e 
u

se
s 

o
f 

su
ch

 s
ea

w
at

er
 in

 t
h

e 
ex

p
er

im
en

t.
 



 
Chapter 5: Bubble bursting experiment of the SML water 
 

-104- 
 

 

  

W
at

e
r 

sa
m

p
le

s
C

o
n

ce
n

tr
at

io
n

 R
at

io

So
d

iu
m

 
In

o
rg

.P
 

O
rg

.P
O

rg
.P

/T
o

ta
l.

P
In

o
rg

.P
:T

o
ta

l.
P

O
rg

.P
:I

n
o

rg
.P

O
rg

.P
:N

a
So

d
iu

m
In

o
rg

.P
 

O
rg

.P
 

O
rg

.P
:T

o
ta

l.
P

In
o

rg
.P

:T
o

ta
l.

P
O

rg
.P

:I
n

o
rg

.P
O

rg
.P

:N
a

(M
)

(µ
M

)
(µ

M
)

(µ
m

o
l 

m
-3

)
(n

m
o

l 
m

-3
)

(n
m

o
l 

m
-3

)

B
B

X
-S

M
L

So
d

iu
m

 In
o

rg
.P

 
O

rg
.P

St
.0

5
0.

72
1.

15
0.

96
0.

46
0.

54
0.

84
1.

3E
-0

6
3.

58
2.

25
3.

76
0.

63
0.

38
1.

67
1.

0E
-0

3

St
.0

8
0.

45
1.

10
1.

26
0.

53
0.

47
1.

14
2.

8E
-0

6
2.

90
3.

78
3.

17
0.

46
0.

54
0.

84
1.

1E
-0

3

St
.1

0
0.

56
0.

67
0.

51
0.

43
0.

57
0.

76
9.

1E
-0

7
2.

21
6.

34
1.

84
0.

22
0.

78
0.

29
8.

3E
-0

4

av
e

ra
ge

0.
58

0.
98

0.
91

0.
47

0.
53

0.
91

1.
7E

-0
6

2.
90

4.
12

2.
92

0.
44

0.
56

0.
93

9.
9E

-0
4

B
B

X
-S

SW

St
.0

5
0.

74
1.

15
0.

98
0.

46
0.

54
0.

86
1.

3E
-0

6
2.

93
13

.5
2

-
-

1.
00

-
-

St
.0

8
0.

61
1.

03
0.

99
0.

49
0.

51
0.

96
1.

6E
-0

6
3.

41
4.

21
0.

70
0.

14
0.

86
0.

17
2.

0E
-0

4

St
.1

0
0.

57
0.

52
0.

47
0.

47
0.

53
0.

90
8.

3E
-0

7
2.

03
4.

50
0.

53
0.

11
0.

89
0.

12
2.

6E
-0

4

av
e

ra
ge

0.
64

0.
90

0.
81

0.
47

0.
53

0.
90

1.
3E

-0
6

2.
79

7.
41

0.
41

0.
12

0.
92

0.
14

2.
3E

-0
4

B
B

X
-S

U
R

 

St
.0

2
0.

58
0.

55
0.

56
0.

51
0.

49
1.

02
9.

7E
-0

7
5.

52
3.

41
1.

63
0.

32
0.

68
0.

48
3.

0E
-0

4

St
.0

3
0.

53
0.

88
0.

76
0.

46
0.

54
0.

86
1.

4E
-0

6
5.

85
4.

03
1.

01
0.

20
0.

80
0.

25
1.

7E
-0

4

St
.0

4
0.

71
0.

91
0.

81
0.

47
0.

53
0.

90
1.

1E
-0

6
3.

46
3.

78
0.

97
0.

20
0.

80
0.

26
2.

8E
-0

4

St
.0

5
0.

63
0.

94
0.

55
0.

37
0.

63
0.

58
8.

7E
-0

7
3.

29
6.

01
-

-
1.

00
-

-

St
.0

6
0.

44
0.

65
0.

85
0.

57
0.

43
1.

31
1.

9E
-0

6
6.

19
2.

90
2.

13
0.

42
0.

58
0.

73
3.

4E
-0

4

St
.0

7
0.

63
0.

90
0.

51
0.

36
0.

64
0.

57
8.

1E
-0

7
4.

06
4.

15
0.

39
0.

08
0.

92
0.

09
9.

5E
-0

5

St
.0

8
0.

65
1.

10
1.

40
0.

56
0.

44
1.

27
2.

1E
-0

6
6.

86
9.

20
4.

16
0.

31
0.

69
0.

45
6.

1E
-0

4

St
.1

0
0.

52
0.

51
0.

57
0.

53
0.

47
1.

13
1.

1E
-0

6
5.

52
4.

76
5.

03
0.

51
0.

49
1.

06
9.

1E
-0

4

av
e

ra
ge

0.
59

0.
81

0.
75

0.
48

0.
52

0.
95

1.
3E

-0
6

5.
09

4.
78

2.
19

0.
29

0.
74

0.
47

3.
9E

-0
4

Fi
lt

e
re

d
 A

e
ro

so
l s

am
p

le
s

C
o

n
ce

n
tr

at
io

n
 R

at
io

Ta
b

le
 5

.3
.2

.  
C

o
n

ce
n

tr
at

io
n

s 
o

f 
p

h
o

sp
h

o
ru

s 
as

 i
n

o
rg

an
ic

 p
h

o
sp

h
o

ru
s 

(I
n

o
rg

.)
 a

n
d

 o
rg

an
ic

 p
h

o
sp

h
o

ru
s 

(O
rg

.P
) 

an
d

 s
o

d
iu

m
 i

n
 t

h
e 

ex
p

er
im

en
ta

l 

se
aw

at
er

 a
n

d
 a

er
o

so
ls

 g
en

er
at

ed
 f

ro
m

 t
h

e 
b

u
b

b
le

 b
u

rs
ti

n
g 

ex
p

er
im

en
t 

d
is

p
la

ye
d

 w
it

h
 t

h
e 

ra
ti

o
 c

o
n

ce
n

tr
at

io
n

 b
et

w
ee

n
 O

rg
.P

 t
o

 

To
ta

l.P
, I

n
o

rg
.P

 a
n

d
 s

o
d

iu
m

. S
M

L,
 S

SW
, S

U
R

 r
ef

er
re

d
 t

o
 t

h
e 

u
se

s 
o

f 
su

ch
 s

ea
w

at
er

.in
 b

u
b

b
le

 b
u

rs
ti

n
g 

ex
p

er
im

en
t 

(B
B

X
) 

 



 
Chapter 5: Bubble bursting experiment of the SML water 
 

-105- 
 

Fig. 5.3.1. Concentration of sodium (µmol m-3) in aerosols generated from bubblebursting experiment; 

SML, SSW and SUR as a funtion a) concentration ratio of organic phosphorus (Org.P) and sodium and 

b) concentration ratio of Org.P and total phosphorus (Total.P) in generated aerosols. Aerosols 

generated from the SML experiment contained less sodium concentration but high Org.P content in 

comparative to SSW and SUR experiment. 
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Fig. 5.3.2. Sea to air fractionation (FNa) of organic phosphorus (Org.P) as a function of concentration 

ratio of Org.P to sodium in aerosols generated from the bubble bursting experiment. SML, SSW and 

SUR refer to the bubble solution in the experiment. The increase of organic phosphorus in relative to 

sodium concentration in seawater decreased FNa of Org.P.   
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Fig. 5.3.3. Depth of view schematic diagram of phosphorus to sodium ratio. From top to bottom 

panels displayed the number ratio of total phosphorus (Total.P), inorganic phoshorus (Inorg.P) and 

organic phosphorus (Org.P), respectively. BBX referred to bubble bursting experiment and SML, SSW, 

SUR referred to the uses of such water for bubble bursting. When number ratio in the bursted 

aerosols greater than in seawater, it demonstrated enrichement of that ionic species in aerosols.   
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5.3.2. Sea to air fractionation of ionic species  

Beside the positive sea to air fractionation in phosphorus species, there was the positive 

enrichment (FNa >1) reported in some water soluble ionic species (Fig. 5.3.4). Concentration of 

major ionic species in seawater and particles ejected from the bubble experiment including sodium, 

alkali and alkali earth metals (Ca, Mg and K), halogen (Cl, Br and F), nitrate and sulfate were 

presented in Table 5.3.3. Sea to air fractionation of ionic species were reported in Table 5.3.4. 

For alkali and alkali earth metals, FNa obtained at 1 or lower indicated negative enrichment 

towards aerosols production especially in SML experiment. In SML, none of these chemical species 

presented in the positive enrichment (FNa>1). In SSW, the enrichment was slightly greater than 1 

for K+ and Ca2+. In SUR experiment, FNa Mg2+ and FNa K+ were obtained as a factor of 1 – 3.5. 

Concentration of K+, Mg2+ in ejected aerosol particles were greather in SUR experiment, while in 

SML and SSW experiment, aerosol concentration were presented at similar number (Table 5.3.3, 

Fig. 5.3.4.a).  

For halogen, chlorine was presented as the major mass component in sea salts and often 

displayed the enrichment in sea to air fractionation. In this study, the FNa Cl was slightly enriched at 

a factor of 1 - 2. For bromine, FNa was expressed at a factor of 1-1.5. SUR experiment reported the 

slightly higher FNa Br+ than SML and SSW experment. For fluoride, the enrichment was not exhibited 

in any bubble bursting experiments (Fig. 3.3.4.b).  

FNa of nitrate and sulfate, were obtained at a factor of 0 to 2 in most experiments. The 

observation of high FNa up to 100 was found in aerosols containing relatively low sodium 

concentration (Fig. 3.3.4.c). The formation of nitrate aerosols from ocean was formed associated 

with the formation of sea salts absorbed nitric acid. The conversion of sulfur gas and organic sulfides 
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to particulate sulfate was the suggested mechanism for atmospheric particulate sulfate formaiton 

[Hoffman and Duce, 1976].  

Ionic species fractionated due to its potential as the counter ions (prefer over Na+or Cl- in 

sea salt aerosol formation) of the opposite surface active component charge of the bursting surface 

or binding with unchanged organic or the colloidal components in the bubble solution [MacIntyre, 

1970]. Upon bursting, under rich organic or colloidal components like SML seawater, there was the 

coagulation of sea salts with organic substances in seawater, suppressing the fractionation of such 

ionic species as seen in the SML experiment.  

Table 5.3.3 Concentrations of ionic species in seawater and ejected aerosols from bubble bursting 

experiment (BBX). SML, SSW, SUR referred to the uses of such seawater in the 

experiment. 

 

  

Water samples Filtered Aerosol samples

Na+ Cl- Br- F-
NO3

- SO4
2- Ca2+ Mg2+ K+ Na+ Cl- Br- F-

NO3
- SO4

2- Ca2+ Mg2+ K+

BBX-SML

St.05 0.7 1.6 1.6 206.8 2.9 47.7 13.5 84.3 14.3 3.6 7.9 7.4 340.0 12.6 0.3 48.9 381.5 76.2

St.08 0.5 0.9 1.0 62.7 1.7 43.9 7.4 46.1 8.0 2.9 9.2 4.4 232.4 13.8 0.3 45.7 263.6 58.0

St.10 0.6 1.1 0.9 115.8 8.8 49.4 12.2 66.6 11.7 2.2 5.1 5.0 131.0 19.5 0.2 28.9 238.0 60.3

BBX-SSW

St.05 0.7 1.6 1.5 270.1 1.3 46.3 15.8 89.3 13.9 2.9 6.6 5.0 268.3 0.3 0.2 53.0 339.2 61.8

St.08 0.6 1.2 1.5 56.6 1.3 42.9 12.0 69.5 12.8 3.4 7.7 7.1 110.5 12.5 0.3 55.0 427.5 86.8

St.10 0.6 1.2 1.9 91.6 10.1 41.5 10.8 63.4 11.2 2.0 4.6 3.7 528.8 9.2 0.2 38.9 225.0 36.1

BBX-SUR 

St.02 0.6 1.2 0.8 80.8 0.6 37.0 10.5 67.3 10.4 5.5 15.1 28.5 542.0 9.9 1.1 44.8 1625.9 262.7

St.03 0.5 1.1 0.8 104.6 1.8 34.0 10.0 54.7 9.8 5.8 13.1 12.4 348.6 7.9 0.4 48.9 656.6 125.5

St.04 0.7 1.5 1.6 145.7 0.7 42.7 12.2 81.3 12.5 3.5 7.6 7.0 413.1 4.2 0.3 49.0 374.4 65.8

St.05 0.6 1.4 3.1 193.5 1.8 38.4 10.8 69.2 10.2 3.3 10.7 19.2 653.5 176.5 4.6 50.4 1048.8 186.1

St.06 0.4 0.9 1.0 137.1 1.1 25.0 7.9 43.3 8.0 6.2 13.7 9.9 440.6 7.9 0.5 85.9 589.6 123.2

St.07 0.6 1.3 1.3 174.3 1.7 44.2 11.5 66.0 11.5 4.1 14.6 7.4 584.9 1251.8 27.2 37.1 437.6 82.3

St.08 0.7 1.3 2.0 85.9 1.8 47.2 12.1 71.7 12.9 6.9 14.5 11.8 151.3 16.0 0.5 108.4 589.6 121.0

St.10 0.5 1.1 0.9 110.7 1.1 37.1 9.3 58.0 9.5 5.5 12.0 8.9 253.0 18.0 0.3 66.7 496.9 100.8

mol L-1 mmol L-1 µmol m-3 nmol m-3
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Table 5.3.4 Concentration of sodium in seawater, generated aerosols and sea to air fractionation 

(FNa) of ionic species in bubble bursting experiment. Enrichment of ionic species 

between aerosols and seawater determined when FNa is greater than 1. 

 

 

  

Water Aerosol Fractionation (FNa)

mol Na L-1 µmol Na m-3 Cl- Br- F-
NO3

- SO4
2- Ca2+ Mg2+ K+

BBX-SML

St.05 0.7 3.6 1.0 1.0 0.3 0.9 1.2 0.7 0.9 1.1

St.08 0.5 2.9 1.6 0.7 0.6 1.3 0.9 1.0 0.9 1.1

St.10 0.6 2.2 1.1 1.5 0.3 0.6 0.8 0.6 0.9 1.3

BBX-SSW

St.05 0.7 2.9 1.0 0.9 0.2 0.1 1.3 0.8 1.0 1.1

St.08 0.6 3.4 1.1 0.9 0.3 1.7 1.2 0.8 1.1 1.2

St.10 0.6 2.0 1.1 0.5 1.6 0.3 1.0 1.0 1.0 0.9

BBX-SUR 

St.02 0.6 5.5 1.3 3.7 0.7 1.9 3.1 0.4 2.5 2.6

St.03 0.5 5.8 1.1 1.4 0.3 0.4 1.1 0.4 1.1 1.2

St.04 0.7 3.5 1.1 0.9 0.6 1.2 1.5 0.8 0.9 1.1

St.05 0.6 3.3 1.5 1.2 0.6 18.4 23.0 0.9 2.9 3.5

St.06 0.4 6.2 1.1 0.7 0.2 0.5 1.3 0.8 1.0 1.1

St.07 0.6 4.1 1.8 0.9 0.5 117.8 95.8 0.5 1.0 1.1

St.08 0.7 6.9 1.0 0.6 0.2 0.8 1.1 0.8 0.8 0.9

St.10 0.5 5.5 1.1 0.9 0.2 1.5 0.9 0.7 0.8 1.0
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Fig. 5.3.4. Depth of view schematic diagram of ionic species to sodium ratios for a) alkaline and 

alkaline earth metals b) halogen and c) nitrate and sulfate, in the seawater (SML, SSW and SUR) and 

bubble bursted aerosols. When number ratio in the bursted aerosols greater than in seawater, it 

demonstrated enrichement of that ionic species in aerosols.   
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5.4.  Concentration ratio of atmospheric phosphorus to sodium in ejected aerosols  

 Average concentration of phosphorus and sodium in aerosols generated from the bubble 

experiment were compared with marine aerosol from previous field measurement in North Pacific 

Ocean (Table 5.4.1). Concentration of generated aerosols from the bubble experiment were about 

3 magnitudes greater than the real measurement but the ratio concentration of total phosphorus 

to sodium in marine aerosols and in bubble generated particles was agree well (Table 5.4.2). This 

similarity of phosphorus to sodium ratio indicated that seawater as source had contributed 

considerably amount of oceanic particles into the atmosphere during the bubble bursting process. 

 Table 5.4.1.  Distribution of phosphorus and sodium in aerosols and surface water in Northern Pacific 

Ocean and in the bubble bursting experiment.  

 

Concentration (nmol m-3 )

Na Total.P Inorg.P Org.P

Tropical/Subtropical Northern Pacific 56.55 0.08 [1]

Central North Pacific 64.38 0.08 [1], ASW

Northern North Pacific 112.66 0.09 [1], ASW

Western North Pacific 63.07 0.24 [1], ASW

Buble bursting experiment (90 min.) EEP-2012 This study

SML-water (90min) 2898 7.05 4.12 2.92

SSW-water 2789 7.82 7.41 0.41

SUR-water 5093 6.69 4.78 2.19

Total.P Inorg.P Org.P

Subtropical Northern Pacific Ocean 477.6 0.32 0.01 0.31 [2],[4]

Equatorial Pacific Ocean 485.3 0.67 0.44 0.23 [3],[4]

Average Surface Water (ASW)*  481.5 0.50 average number

Eastern Equatorial Pacific Ocean 475.5 1.51 0.79 0.72 This study

Buble bursting experiment (90 min.) EEP-2012

SML-water 578.5 1.88 0.98 0.91

SSW-water 636.1 1.71 0.90 0.81

SUR-water 586.7 1.56 0.81 0.75
1 [Furutani et al., 2010], 2 [Yoshimura et al., 2007], 3 [Suzumura et al., 2004], and 4 [Lin et al., 2012]

Aerosols

Surface seawater Na (mM)
Concentration  (µM)

Reference
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Table 5.4.2.  Ratio concentration of phosphorus to sodium of atmospheric particles from previous 

field measurement and the bubble generated particles from bubble bursting 

experiment.  

The study of source apportionment analysis has indicated that the contribution of seawater 

towards the atmospheric phosphorus was accounted to less than 1% [Furutani et al., 2010]. 

However, as displayed in previous section, fractionation of phosphorus was considerably high. 

Furthermore, the influence of SML chemical properties in suppressing the bigger particles 

formation and producing more organic aerosols were clearly observed. Therefore, using the ratio 

of phosphorus to sodium in seawater as the apportionment fraction was suggested to 

underestimate the formation of atmospheric phosphorus especially the organic phosphorus. Data 

of the organic phosphorus in marine aerosols, the sophisticated bubble bursting experiment 

representing the sea surface dynamic condition, the setting velocity of such generated particles 

were suggested for further investigation on the real effects and to determine the contribution 

fraction of seawater towards the formation of atmospheric phosphorus.  

Even though, phosphorus generated from bubble bursting process was not considered as 

the new phosphorus supply to ocean; in other words, the recycled phosphorus. The re-suspension 

of the generated phosphorus particles on to the ocean surface (or in land) after long distance 

transportation was able to supply phosphorus back to the ocean cycle and recycle in marine 

biological activities, maintaining marine productivity in certain ocean district. 

Concentration (nmol m-3 ) Ratio Concentration in Aerosol (x10-3)

Na Total.P Inorg.P Org.P Total.P/Na Inorg.P/Na Org.P/Na

Tropical/Subtropical Northern Pacific 56.55 0.08 1.37

Central North Pacific 64.38 0.08 1.25

Northern North Pacific 112.66 0.09 0.80

Western North Pacific 63.07 0.24 3.74

Buble bursting experiment (90 min.) EEP-2012

SML-water (90min) 2898 7.05 4.12 2.92 2.43 1.42 1.01

SSW-water 2789 7.82 7.41 0.41 2.80 2.66 0.15

SUR-water 5093 6.69 4.78 2.19 1.31 0.94 0.43

*[Furutani et al., 2010]

Aerosols*
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Summary 

The atmospheric particles derived from the ocean can be significanlty contributed to the 

atmospheric chemical composition. The bubble bursting experiments offered the study of ocean-

derived substances without such background concentration. In bubble bursting experiment, 

phosphurus is vastly enriched in aerosols both inorganic and organic content. Enrichment of organic 

phosphorus was occurred in general and can be observed in all SML, SSW and SUR bubble bursting 

experiments. However, the highest fractionation of organic phosphorus was observed in the SML 

experiment.  

The fractionation of phosphorus by all forms was displayed at a factor of 102 - 103.  

FNa greater than 1 indicating the enrichment of ejected aerosols with the phosphorus derived from 

the seawater. The production of aerosols from the SML and SSW experiment contained less sodium 

content than those in the SUR experiment. However, the average total phosphorus concentration 

in generated aerosols was expressed at the same level (~7 nmol m-3). Therefore, comparing with 

sodium content, aerosols produced from SML experiment contained promisingly higher organic 

phosphorus than those from generated from SSW and SUR experiments. For the observation of 

ionic species fractionation, the positive enrichment was obeserved in alkali and alkali earth metals 

(K and Mg) , sulfate and nitrate only in SUR experiment. Halogen species were shown the negative 

to non enrichment in most samples. In addition, single chemical mass spectra of bubble generated 

particles demonstrated that SML generated particles were enriched with organic carbon particles. 

It was produced in greater number in comparative to the SSW generated particles especially for 

submicron organic particles (Da < 1 µm).  

The similar fractionation factor of organic phosphorus in the SML and SUR (a mixture of 

SML and SSW seawater) experiments indicated that the fractionation of organic phosphorus was 

specifically influenced by organic rich content in the SML. The similarity of the ratio concentration 
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of total phosphorus to sodium between marine aerosols and the bubble bursting generated 

particles indicated that aerosols production from bubble bursting process had considerably 

contributed to certain amount of atmospheric phosphorus and can re-suspended after sometimes 

into ocean surface maintaining marine productivity in remote ocean. 



 
Conclusions 
 

-116- 
 

6.  Conclusions 

Sea-surface microlayer (SML) is a thin boundary layer between atmosphere and ocean. An 

interface layer of the complex mixture of hydrated gelatinous carbonate, protein, and lipids [Wurl 

and Holmes; 2008] with approximately 50 µm depth layer lying on top of underlying subsurface 

seawater (SSW). It is distinguishable apart from the underneath by its differences in biological and 

physiochemical properties. Covers up to 70% of the earth surface, SML expresses its importance in 

air – sea exchange of heat, gases, liquid, and solids [Cunliffe et al., 2013; Liss and Duce, 1997]. As 

the micro scale environment, SML is serving as modulating media for materials synthesis, 

transformation and cycling in biogeochemical process [Wheeler, 1975].  

This field study reported the results from seawater and atmospheric particulate sampling 

from 3 cruises on the SWNP-2010 in Subtropical Western North Pacific during spring, the CRI-2010 

in the Coastal Sea around Ryukyu Islands and the EEP-2012 during winter time in Eastern Equatorial 

Pacific region. Phosphorus was selected for the study of the interaction of substances between 

atmosphere and ocean. The uniform distribution of phosphorus concentration over the marine air 

in the remote North Pacific Ocean (0.07-0.09 nmol m-3, Furutani et al., 2010) has suggested to the 

additional source contribution of the atmospheric phosphorus and seawater has been considered. 

In particular, the interface layer; SML is expected to involve in this contribution in supplying 

phosphorus as well as a media for the atmospheric particulate phosphorus formation.  

The composition of phosphorus in SML exhibited differently from SSW as a result of the 

interfacial physical and biogeochemical process. In surface water including SML samples, 

concentration of phosphorus in dissolved form was accounted for 0.1-0.4 µM in low productivity 

seawater collecting during the SWNP-2010 cruise and CRI-2010 cruise. In a High Nitrate, Low 

Chlorophyll-a (HNLC) condition in EEP-2012 cruise, dissolved phosphorus concentration was ranged 
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from 0.9 – 2 µM. For the particulate phosphorus, concentration was ranged from 14-50 nM in 

SWNP-2010 and CRI-2010, and 3-40 nM in EEP-2012.  

Total dissolved phosphorus (TDP) was a major phosphorus pool in the SML and accounted 

for 90-98% of total. Within TDP fraction, dissolved organic phosphorus (DOP) was generally more 

dominant in SML than soluble reactive phosphorus (SRP). For particulate phosphorus pool, except 

for the SNWP-2010, particulate organic phosphorus (POP) was a dominant species. The low 

background concentration of particulate phosphorus explained by the higher enrichment factor in 

the SML.  

Under the low productivity seawater in the SWNP-2010, enrichment factor (EF) or the 

concentration ratio between SML and SSW was more pronounced particular for SRP. The biological 

consumption of SRP depleted its concentration in bulk seawater. In coastal water of CRI-2010, the 

more biological complex of coastal water fasten the turnover rate of particulate phosphorus in 

seawater and exhibited much higher DOP and particulate phosphorus enrichment (EFSRP=0.1-1, 

EFDOP = 1-2.7, EFTPP ~ 5). 

In EEP-2012, dissolved phosphorus showed non enrichment signals due to the lack of trace 

nutrient, lowering biological production. Enrichment of particulate phosphorus was considerably 

high due to its low background. The exceptional increased in the enrichment factor of total 

particulate phosphorus to 72, (in St. 01; EEP-2012) while the cruise average EFTPP was 2.5 indicated 

to the different enrichment process. The particulate iron (pFe) was found concurringly increasing 

in SML with EFpFe equaled to 11 (81 nM). The single particle analysis by a scanning electron 

microscopy with energy dispersive X-ray spectroscopy (SEM/EDX) showed the greater number of 

biogenic particles especially diatom and microorganism particles in the SML. Percentage of 

phosphorus content in single particles measured by SEM/EDX analysis was generally higher in the 

SML particles than those in SSW and the enrichment factor estimated by the SEM/EDX analysis was 
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75. The increase of surface active area for phosphorus adsorption added up to the greater in 

number of larger biogenic particles presented in the SML was the explanation for this pronounced 

enrichment. As evidence related to, the possible cause of such high particulate phosphorus was 

linked to the external drive. It was likely that the spike of the lacking nutrient (i.e., pFe) in the surface 

ocean induced the increase of the number particles, hence the particulate phosphorus.  

Not only receiving substances from the atmosphere, ocean including SML also supplies 

marine aerosols via bubble-bursting at surface seawater and ejected film and jet droplets into the 

atmosphere. SML as an interface involving with bubble bursting process by supplying substances 

and providing space for the interaction. Bubble bursting experiment conducted on board EEP-2012 

utilizing SML, SSW and SUR (surface seawater collected by the bucket sampling) as the bubble 

soultion. The use of SML seawater benefited for the study of the influences of the organic substnace 

in SML towards the oceanic aerosol formation.  

Sea to air fractionation (FNa) of phosphorus is a factor of concertration ratio between 

phosphorus to soduim in generated particles and seawater. By all phosphorus forms, FNa presented 

by a factor of 102 - 103. This indicated the positive enrichment in the ejected aerosol ( FNa > 1) in 

relative to seawater. Aerosols from SML and SSW experiment contained less sodium content but 

presented with the same amount of total phosphorus (~7 nmol m-3). When comparing with sodium 

ratio, the ejected aerosols from the SML contained promisingly higher organic phosphorus than 

those from the SSW. Furthermore, similar fractionation factor of organic phosphorus in the SML 

and SUR (a mixture of SML and SSW seawater) experiments was observed and identified that 

organic content in SML was specifically influenced to sea to air fractionation by organic atmospheric 

phosphorus. In addition, the chemical mass spectra of single particle generated from SML seawater 

showed the abundance with sea salts particles coagulating with organic content in the ejected 
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aerosols. Moreover, organic particles were greater in number in submicron particle in comparative 

to the SSM results.  

The ratio concentration of total phosphorus to sodium in marine aerosols from previous 

study were compared with the results from the experiment. Ratio number was displayed with the 

similar number and was implied that aerosols generated from bubble bursting process had 

considerably contributed to certain amount of atmospheric phosphorus.  

The study of phosphorus biogeochemistry at atmosphere and ocean interface: sea-surface 

microlayer demonstrated the significant enrichment of particulate phosphorus in the SML. The 

extended study for veticle profile gave a better picture of the enrichment process. Beside the 

accumuation of substances via upward transportation and bubble scavening, the internal 

microbiological activity and its by-products also increase and aggregated within the layer. The 

enhancement of microbioactivity within the SML by the external pertubation had lead to the 

changes of chemical composition (phosphorus) in SML, ditiguishable from the underlying seawater. 

This shown that the thin SML layer was capable for retaining particles to certain time through its 

excess settling velocity and its organic content that lowered surface tension. The study of bubble 

bursting experiment had addressed also the significance the ejected aerosols contained organic 

phosphorus to the atmosphere. The significant of SML properties in suppressing the lager particles 

formation and producing more organic aerosols in the atmosphere has its important implication in 

marine biogeochemical cycle of phosphorus. The resuspened of generated phosphorus particles on 

to surface ocean after the long length tranaportation can supply phosphorus back to the ocean 

cycle, furthur maintaining the marine productivity.  
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