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The sea surface microlayer (SML) is the boundary interface between the atmosphere and ocean, covering 
about 70% of the Earth’s surface. With an operationally defined thickness between 1 and 1000 µm, the 
SML has physicochemical and biological properties that are measurably distinct from underlying waters. 
Recent studies now indicate that the SML covers the ocean to a significant extent, and evidence shows 
that it is an aggregate-enriched biofilm environment with distinct microbial communities. Because of 
its unique position at the air-sea interface, the SML is central to a range of global biogeochemical and 
climate-related processes. The redeveloped SML paradigm pushes the SML into a new and wider context 
that is relevant to many ocean and climate sciences. 
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Introduction and definition
The sea surface microlayer (SML) is the boundary interface 
between the atmosphere and ocean, covering about 70% 
of the Earth’s surface. The SML has physicochemical and 
biological properties that are measurably distinct from 
underlying waters. Because of its unique position at the 
air-sea interface, the SML is central to a range of global 
biogeochemical and climate-related processes. Although 
known for the last six decades, the SML often has remained 
in a distinct research niche, primarily as it was not thought 
to exist under typical oceanic conditions. Recent studies 
now indicate that the SML covers the ocean to a significant 
extent (Wurl et al., 2011), highlighting its global relevance 
as the boundary layer linking two major components of 
the Earth system – the ocean and the atmosphere. 

Three decades ago, Sieburth (1983) hypothesized that 
the SML was a hydrated gel-like layer formed by a complex 
mixture of carbohydrates, proteins, and lipids. In recent 
years, his hypothesis has been confirmed, and scientific 
evidence indicates that the SML is an aggregate-enriched 
biofilm environment with distinct microbial communities 
(Cunliffe et al., 2013). Ellison et al. (1999) estimated 

that 200 Tg C yr–1 accumulates in the SML, similar to 
sedimentation rates of carbon to the ocean’s seabed, 
though the accumulated carbon in the SML probably has 
a very short residence time. Although the total volume 
of the microlayer is very small compared to the ocean’s 
volume, Carlson (1993) suggested in his seminal paper 
that unique interfacial reactions may occur in the SML 
that may not occur in the underlying water or at a much 
slower rate there; he therefore hypothesized that the 
SML plays an important role in the diagenesis of carbon 
in the upper ocean. Biofilm-like properties and highest 
possible exposure to solar radiation leads to an intuitive 
assumption that the SML is a biochemical microreactor 
(Figure 1) as suggested by Bloug (2005). In this paper 
we discuss how such a vast microbial- and carbon-rich 
milieu covering 70% of the Earth’s surface affects air-sea 
interactions, especially in times of a changing ocean. 

Historically, the SML has been summarized as being a 
microhabitat comprised of several layers distinguished 
by their ecological, chemical and physical properties with 
an operational total thickness of between 1 and 1000 
µm. Hunter (2005) defined the SML as “[…] microscopic 
portion of the surface ocean which is in contact with the 
atmosphere and which may have physical, chemical or 
biological properties that are measurably different from 
those of adjacent sub-surface waters”. He avoids a definite 
range of thickness as it depends strongly on the feature 
of interest. A thickness of 60 µm has been measured 
based on sudden changes of the pH (Zhang et al., 
2003), and could be meaningfully used for studying the 
physicochemical properties of the SML. At such thickness, 
the SML represents a laminar layer, free of turbulence, 
and greatly affecting the exchange of gases between the 
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ocean and atmosphere. As a habitat for neuston (surface-
dwelling organisms ranging from bacteria to larger 
siphonophores), the thickness of the SML in some ways 
depends on the organism or ecological feature of interest. 
Zaitsev (2005) describes the SML and associated near-
surface layer (down to 5 cm) as an incubator or nursery 
for eggs and larvae for a wide range of aquatic organisms. 

Hunter’s definition includes all interlinked layers from 
the laminar layer to the nursery without explicit reference 
to defined depths (Hunter, 2005). With the recent 
research, we propose validation of Hunter’s definition 
with a redeveloped SML paradigm that includes its global 
presence, biofilm-like properties and role as nursery. The 
new paradigm pushes the SML into a new and wider 
context that is relevant to many ocean and climate sciences. 
It is therefore timely to discuss its present and future role, 
as continuing anthropogenic forcing, including warming 
and rise of sea levels, ocean acidification and global 
distribution of man-made chemicals, pushes the ocean to 
change. 

We believe that the SML can never be devoid of 
organics due to the abundance of surface-active 
substances (e.g., surfactants) in the upper ocean (Wurl et 
al., 2011) and the phenomenon of surface tension at air-
liquid interfaces (Levich, 1962). The SML is analogous to 
the thermal boundary layer, and remote sensing of the 
sea surface temperature shows ubiquitous anomalies 
between the sea surface skin and bulk temperature 
(Schlüssel et al., 1990). Even so the differences in both 
are driven by different processes. Enrichment, defined 

as concentration ratios of an analyte in the SML to the 
underlying bulk water, has been used for decades as 
evidence for the existence of the SML. Consequently, 
depletions of organics in the SML are debatable; 
however, the question of enrichment or depletion is 
likely to be a function of the thickness of the SML (which 
varies with sea state; Carlson, 1982), including losses 
via sea spray, the concentrations of organics in the bulk 
water (Wurl et al., 2011), and the limitations of sampling 
techniques to collect thin layers (Cunliffe and Wurl, 
2014). Enrichment of surfactants, and changes in the 
sea surface temperature and salinity, serve as universal 
indicators for the presence of the SML. Organisms are 
perhaps less suitable as indicators of the SML because 
they can actively avoid the SML and/or the harsh 
conditions in the SML may reduce their populations. 
However, the thickness of the SML remains “operational” 
in field experiments because the thickness of the 
collected layer is governed by the sampling method. 
Advances in SML sampling technology are needed to 
improve our understanding of how the SML influences 
air-sea interactions. 

Air-Sea momentum transfer and ocean waves
Accurate evaluation and prediction of the momentum 
flux at the surface of the ocean is critical to a large 
range of problems that include evaluating air-sea drag 
as well as heat, moisture, and gas exchange, because 
turbulent diffusivity generally dominates its molecular 
counterpart by orders of magnitude and, thus, is the 

Figure 1: The sea surface microlayer (SML) as a biochemical microreactor. (I) Unique chemical orientation, 
reaction and aggregation (Carlson et al., 1993). (II) Distinct microbial communities processing dissolved and 
particulate organic matter (Sieburth et al., 1983). (III) Highest exposure of solar radiation drives photochemical 
reactions and formation of radicals (Zafiriou, 1986). DOI: https://doi.org/10.1525/elementa.228.f1
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primary mechanism for transport. Unfortunately, 
the range of scales involved renders direct numerical 
simulation inadequate for models of these air-sea 
processes. Furthermore, high resolution data are sparse. 
Therefore, most applications require that the surface 
momentum flux be derived from readily obtained and 
resolved variables such as wind speed and wave variables. 
For flow over a smooth, flat plane, upon which boundary 
layer turbulence theory is derived, this approach is quite 
successful because the stress in the vicinity of the surface 
can be considered to be constant, resulting in the well-
known “law of the wall.” Succinctly, the law of the wall, 
close to the surface, identifies two distinct layers: the 
viscous sublayer, where molecular stresses dominate, 
and the log layer, where the turbulent stresses dominate. 
The constant stress layer assumption leads to self-similar 
functions for the velocity profile in the form of the 
classical log-linear profiles. 

Unlike air-flow over flat surfaces, individual stress 
components for the marine boundary layer are not 
well resolved, and their interactions are even less well 
determined. The complicating factor for the oceanic case 
is the presence of a free surface at the boundary. As the 
wind blows over the ocean, waves form, grow, interact 
with each other, and eventually break. In addition to the 
stress from the viscous boundary effects and turbulence, 
there is also stress due to the form of the waves (e.g., 
Janssen, 1989; Belcher and Hunt, 1993; Makin et al., 
1995; Hare et al., 1997; Edson and Fairall, 1998). Recent 
work (Veron et al., 2008) at low to moderate wind speeds 
has also shown that that there are wave-modulated 
sensible and latent heat fluxes. In the marine atmospheric 
boundary layer, the partition between viscous, turbulent, 
and wave stresses, is poorly understood. The consensus 
seems to be that in low winds, the viscous stress 
dominates, whereas the role of the surface waves and 
breaking wave decreases. Therefore, the classical wall-
layer approach needs to be modified to incorporate a 
sea-state dependence which is usually parameterized 
by the wave age. Furthermore, modeling shows that the 
momentum flux is strongly linked to breaking wave and 
near-surface wind properties rather than just wind speed 
(Sullivan and McWilliams, 2010). Thus, the role of surface 
waves, and breaking waves in particular, needs to be 
better understood. 

In the constant stress boundary layer near the sea 
surface, the total stress can be decomposed into different 
constituents: viscous, turbulent, wave-induced (form 
drag) and separation-induced (from the breaking waves). 
Because each individual stress component depends on 
and alters the sea state, a linear addition of all stress 
components is too simplistic. Modeling of the air-sea 
surface fluxes must incorporate air-flow separation 
from surface breaking and its effects on the other 
stress components, such as a reduction of the surface 
viscous stress in the separated region as suggested by 
recent measurements (Veron et al., 2007). Naturally, 
the inclusion of these effects leads to a nonlinear stress 
formulation and reproduces the observed features of the 
drag coefficient from low to high wind speed. In addition, 

the air-sea flux model of Mueller and Veron (2009; 2010) 
agrees remarkably well with recent measurements (Figure 
18 in Romero et al., 2012) as well as large historical 
data aggregates (Figure 9 in Andreas et al., 2012). 
Understanding how these stresses are partitioned and 
interact is therefore critical to our ability to determine 
and predict air-sea fluxes on a global scale, especially in 
a changing climate where changes in long-term, ocean 
wave climate variability are projected and large-scale 
spatial distributions of wave heights are influenced by 
various teleconnection patterns (Shimura et al., 2013). 
Decreased significant wave height for more than 25% of 
the global oceans has been suggested (Hemer et al., 2013) 
and will lead to a greater importance for viscous stress 
transfer and therefore for the SML. In order to improve 
our understanding of air-sea momentum, heat and gas 
fluxes, it is clear that high resolution understanding of 
the wave field effects on the SML are necessary.

Air-Sea gas and heat exchange
The processes controlling carbon transport and 
transformations in the ocean represent large sources of 
uncertainty in regional and global budgets of carbon 
and climate-relevant gases (e.g., CO2, CH4, N2O). In order 
to accurately quantify these processes, studies require 
accurate estimates of the air-sea gas flux. Currently, 
these efforts are seriously undermined by an inability to 
satisfactorily model the factors governing the air-water gas 
transfer velocity, k, in physically complex ocean systems 
including the SML.

Wind forcing has long been known to exert a major 
control on gas transfer as well as on near-surface 
turbulence, and many wind-forced processes have been 
suggested as mechanisms for the enhancement of both 
(Garbe et al., 2014). Small-scale waves have been suggested 
as a dominant controlling factor for k (Bock et al., 1999), 
because wave slope is strongly linked with gas transfer. 
Microbreaking, or the breakdown of small-scale waves 
that do not entrain air, may explain the link between k 
and surface roughness and has been shown to directly 
enhance gas transfer at low to moderate wind speeds 
(Zappa et al., 2001, 2004). In the presence of an enriched 
SML near-surface turbulence is suppressed and k may 
be significantly reduced at a given wind speed or wind 
stress (Jähne et al., 1987). Surface contamination by thin 
organic films measured in the field has also been shown 
to dampen high frequency waves and lead to reduced 
gas exchange (Frew et al., 2004). Less dependence of 
k on wind speed is observed under conditions when 
buoyancy may dominate the production of turbulence in 
the near-surface layer (McGillis et al., 2004; Rutgersson 
and Smedman, 2010; Rutgersson et al., 2011) or when 
rain directly affects the turbulence at the interface and 
causes variability in k (Ho et al., 2004; Zappa et al., 2009). 
Dilution due to rain also has a significant effect on the 
CO2 uptake by the ocean (Turk et al., 2010) and any future 
shifts in precipitation patterns (Trenberth, 2011) will 
affect uptake rates. 

The turbulence-mediated transfer across the ocean 
surface mass boundary layer (i.e., within the SML) has 
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been related explicitly to the turbulent kinetic energy 
dissipation rate, ε, for a variety of processes (Banerjee et 
al., 1968; Lamont and Scott, 1970; Kitaigorodskii, 1984; 
Melville, 1996). Zappa et al. (2007) demonstrated that 
turbulent kinetic energy dissipation is a good predictor 
for gas transfer at low to moderate winds. Although to 
first order gas transfer can be thought to be dictated by 
wind speed, which is a primary driver of turbulence in 
the upper ocean, a large variety of environmental forces 
and processes (wind, currents, rain, waves, microscale 
wave breaking, surfactants, fetch, stability of both the 
atmospheric and ocean boundary layer) actually influence 
k. Therefore, variations in wind speed alone cannot 
capture the variability of air-water gas exchange rates. 
Understanding the physical processes controlling air-sea 
gas transfer through the SML, including their potential 
change in the future, will allow us to evaluate the 
importance of the SML on air-sea gas exchange under a 
wider range of low to moderate wind speed regimes.

Despite the potential relevance of the SML to 
ocean-atmosphere interactions, still little is known 
about its structural characteristics and sensitivity to 
a changing environment such as higher CO2 levels 
and increased oceanic uptake of anthropogenic CO2. 
Higher CO2 levels might be encouraging growth of 
phytoplankton. For example, a long-term basin-scale 
increase in coccolithophores suggests that increasing 
CO2 and temperature have accelerated the growth of a 
phytoplankton group that is important for carbon cycling 
(Rivero-Calle et al., 2015). As a result, the production of 
surface-active phytoplankton exudates that suppress gas 
transfer is likely to increase (Riebesell, 2004). Enhanced 
primary production in a high CO2 ocean provides a 
positive feedback on the ocean uptake of CO2 (Riebesell 
et al., 2007), but also may lead to a suppression of air-
sea gas transfer by increased surfactants that provides 
a negative feedback on the ocean uptake of CO2. The 
SML has long been known to have elevated levels of 
phytoneuston, total chlorophyll, particulate carbon 
fixation, and dissolved organic matter relative to the 
subsurface waters (Hardy and Apts, 1989). Increasing 
oceanic uptake of atmospheric CO2 is also known to 
stimulate carbon fixation by autotrophic cells (Engel et al., 
2013), and their release of organic polymers may increase 
as a result of their elevated metabolism (Riebesell et al., 
2007). These organic exudates can aggregate to form 
“gel particles” in the eutrophic zone, where rising air 
bubble plumes (Zhou et al., 1998) and positive buoyancy 
(Azetsu-Scott and Passow, 2004) are important transport 
mechanisms towards the SML. Higher production of 
gel particles in the future ocean will potentially lead to 
a thicker and more widely distributed SML, which can 
reduce air-sea CO2 fluxes by up to 15% (Wurl et al., 2016). 
On the other hand, the SML is a highly heterotrophic 
system (Piontek et al., 2010), and enhanced organic 
matter accumulation under future ocean scenarios 
may further drive heterotrophic processes in the SML, 
possibly pushing the SML to become a net source of 
CO2. Indeed, Galgani et al. (2014) showed in mesocosm 
studies that ocean acidification may induce a change in 

the nature of the organic matter in the SML, e.g., higher 
concentrations of hydrolyzable amino acids, indicative 
of higher bacterial biomass, and lower concentrations 
of carbohydrates, probably due to enhanced bacterial 
degradation processes. Rahlff et al. (2017) showed a 
statistically significant and positive interaction between 
pCO2 and wind speed on the enrichment of bacteria in 
the SML. Acidification (i.e., high pCO2) of the bulk water 
and diffusional gas transport across the SML at low 
wind speed could have provided a slightly less acidified 
“sanctuary” for the bacteria in the SML.

Such biological processes and their feedbacks are 
dependent on the sea surface temperature. The sea 
surface skin temperature is a fundamental feature of the 
SML, and satellite maps of the skin temperature are used 
for understanding climate (Kennedy et al., 2012), weather 
(Donlon et al., 2012) and prediction of the ocean’s 
warming (Lee et al., 2013). For example, global-average sea 
surface temperature warming trends are calculated to be 
0.124 ± 0.030°C decade–1 when computed from the gridded 
sea surface temperature data sets between 1979 and 2012 
(Hartmann et al., 2013). As sea surface temperature is 
computed from the skin temperature, it can be assumed 
that the SML is warming at a similar rate. This warming 
is of particular concern in polar regions, as continuing 
low sea ice coverage in the Arctic will increase the area of 
open ocean for gas exchange (Feltham, 2015). However, 
the capacity of the Arctic Ocean for uptake of atmospheric 
CO2 is probably weaker than intuitively assumed, mainly 
due to warming of the shallow mixed layer (Steele et al., 
2008), increased ventilation of the surface mixed layer 
(Else et al., 2013) and broader presence of the SML in polar 
regions forcing gas exchange to be limited by diffusion 
(Wurl et al., 2011). Incomplete understanding of how sea 
ice modulates the SML, and therefore gas fluxes, renders it 
difficult to estimate the carbon budget in possible future 
climate scenarios of an ice-free Arctic. 

Effects of aerosol deposition on biogeochemical 
processes in the SML
Although 100% of the atmospheric fluxes of biologically-
essential trace elements (TEs) must enter the surface ocean 
through the SML by wet or dry deposition, very little is 
known about the enrichment of these essential TEs and 
their interactions with particles, organics, and microbes 
in the SML (recent summarized by Cunliffe et al., 2013). 
Hunter (1980) described the enrichment of particulate TEs 
in the SML from atmospheric deposition, and subsequent 
studies have shown consistent enrichment in the SML for 
particulate trace elements (Hardy et al., 1990; Brügmann 
et al., 1992; Cuong et al., 2008). Unfortunately, we have 
very little understanding of how these aerosol inputs are 
impacted by, or have an impact on, the active microbial 
communities within the SML. We lack multidisciplinary 
data sets that link the microbial community structure and 
function in the SML with biogeochemical processes such 
as solubilization of aerosol trace elements, dissolved/
particulate conversions for trace elements, and the 
production and consumption of dissolved organic 
compounds. 
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TEs in the ocean can act as nutrients or pollutants as 
well as tracers of oceanic cycling processes. For example, 
the lack of dissolved Fe, an essential micronutrient for all 
organisms, is believed to limit, or co-limit, phytoplankton 
productivity in high-nutrient low-chlorophyll regions of 
the ocean (e.g., Martin et al., 1990) and may also affect 
nitrogen fixation in some areas (Falkowski, 1997). For the 
highly insoluble micronutrient Fe, and possibly for other 
micronutrients such as Mn, Co, and Zn, the deposition of 
mineral dust to the SML can be the dominant pathway for 
supplying these essential trace elements to surface waters 
of the open ocean. While current global ocean models for 
Fe biogeochemistry (e.g., Orr et al., 2016) do not include 
any aerosol cycling processes in the SML, if significant 
solubilization of bio-active aerosol trace elements does 
occur in the SML, and if that solubilization varies in space 
and time (very likely), then representing the SML explicitly 
in Fe biogeochemistry models should be considered 
because of the known ubiquitous SML coverage of the 
ocean (Wurl et al., 2011).

In addition to mineral dust from arid regions, aerosols 
are also produced by biomass burning, coal and oil 
combustion, and industrial processes such as cement 
manufacturing and metal smelting. Based on incubation 
experiments, Paytan et al. (2009) concluded that soluble 
aerosol Cu from industrial emissions can affect the 
phytoplankton community structure in surface waters. 
Many of these aerosol sources are likely to persist into 
the future (e.g., Wang et al., 2013), and atmospheric 
transport and deposition will continue to deliver these 
pollutant aerosols to the open ocean (Duce et al., 
1983). Furthermore, aerosols produced by different 
mechanisms have characteristic chemical properties that 
influence their solubility in seawater (e.g., Sholkovitz 
et al., 2012). Predicted future shifts in precipitation 
patterns (Trenberth, 2011) and atmospheric circulation 
(England et al., 2014; Bony et al., 2015) should therefore 
result in changes in the supply of both essential and 
pollutant trace elements to the SML, and subsequent 
changes in the biological response in the SML and the 
upper ocean.

Changing patterns of UV flux to the ocean (Williamson 
et al., 2014) suggest that photochemical processing in the 
SML will also change. This change could have a significant 
impact on TE processing in the SML, especially for redox-
active TEs and TEs in complexes with dissolved organic 
ligands. Understanding how aerosol material is altered 
by biotic and abiotic processes in the SML, and how 
photochemistry is involved, is essential for quantifying the 
impact of these processes on the biogeochemistry of the 
upper ocean. In summary, one can argue that quantifying 
the rates and mechanisms for biogeochemical cycling of 
TEs in the SML is extremely important for understanding 
ocean ecosystems and the global carbon cycle (and thus 
climate change).

Habitat for a distinct planktonic community
The steep gradient of physicochemical properties 
across the atmosphere-water boundary concentrates 
a high amount of organic material in the SML, which 

attracts a variety of organisms of different sizes. Various 
microorganisms use this organic matter directly, 
resulting in planktonic communities in the upper 5 
cm of the water column that are significantly different 
from those in the layers below, both in composition and 
abundance (Hardy, 2005). To survive in this extreme 
environment and access this rich food source, organisms 
had to adapt to high irradiation and temperature 
variability. In halfbeak (Hemirhamphidae) larvae, 
intensive pigmentation is found in the very early stages 
as a defense against light penetration. Some surface-
dwelling copepods show a blue color (pontellid and 
arcatiid species) for the same reason, indicating that they 
are using the SML as a habitat. Higher abundances of 
copepods in the SML compared to the subsurface layer 
underline the preference of organisms for this layer 
(Zaitsev, 1971). The spectral composition and intensity 
of light in the SML are similar to direct sunlight, and 
inputs of nutrients and micronutrients, such as iron 
from aerosols, can quickly enhance primary production. 
Nutrients from the atmosphere that peak during dust 
events can also trigger pulses in productivity in the SML 
(Rubin et al., 2011). This phenomena can be observed in 
oceanic areas of the North and South Atlantic that are 
under the sphere of influence of the Sahara and Namib 
dust plumes. This effect can lead to extreme enrichment 
ratios (SML: bulk water abundances) of 2,444, 380, 12, 
and 40 for bacteria, microalgae, chlorophyll pigments, 
and photosynthesis, respectively (Hardy and Apts, 1984). 

Processes within the planktonic community in the 
SML, interspecies relationships, and responses to 
variability in the physicochemical conditions of the 
SML have been investigated rarely and are thus poorly 
understood. Wang et al. (2014) showed that the changes 
in phytoneuston, both in density and composition, were 
mainly due to changes in nutrient input. Increasing 
temperature (Schmidtko et al., 2017) combined with 
likely increasing nutrient input from both the land 
(river runoff) and the atmosphere (e.g., dust) will alter 
the community composition within the different size 
fractions of the neuston. Many fish larvae that are 
normally found in the neuston close to the SML and that 
feed on either the phytoneuston or microzooplankton 
may be outcompeted by species that are better adapted 
to these new conditions.

Marine pollutants
Due to its unique physicochemical properties and 
position between the ocean and the atmosphere, the 
SML acts as both a sink and a source for many pollutants, 
including flame retardants, pesticides, antifouling agents, 
heavy metals, and petroleum and polycyclic aromatic 
hydrocarbons (PAH). Hydrophobicity is a key property 
of many man-made chemicals, such as pesticides, 
that are used to achieve desired properties; however, 
hydrophobicity forces those pollutants to accumulate in 
the SML by up to 500 times relative to concentrations 
occurring in the underlying bulk water column (Wurl and 
Obbard, 2004). Increasing oil exploration and associated 
risks of oil spills (Liu et al., 2015) threaten the SML as a 
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sensitive habitat through direct impacts and weathering 
of oil and concentrated by-products of semi-volatile PAHs 
(Faksness et al., 2015). 

Other emerging pollutants have a direct impact on the 
SML and its inhabitants, including the deposition of soot 
particles (X Mari, personal communication) from land-
based sources and increasing ship traffic. Coal combustion 
remains a dominate energy source in Asia, with projected 
peak use not expected before 2024 (Wang et al., 2013). 
In addition, increasing ship traffic (Tournadre, 2014) 
indicates that the deposition of soot particles on the 
SML could become an increasing problem in the future. 
Changing precipitation patterns occur with climate 
change (Trenberth, 2011) and rain washes pollutants out 
of the atmosphere and deposits them on the SML (Lim 
et al., 2007), leading to the concern that the SML will 
increasingly become a refuse site. One class of emerging 
pollutants includes pharmaceutical compounds, personal 
care products, and endocrine-disrupting compounds. 
These pollutants historically have had loose disposal 
policies and are now increasingly detected in the marine 
environment (Gaw et al., 2014). However, only rare 
attempts have been made to measure their presence or 
impacts in oceanic surface water (e.g., Peele et al., 1981) 
and none have been made for the SML to our knowledge. 
With an increasing world population, improved medical 
care, and increasing standards of hygiene, the threat to 
the marine environment, including the SML, from these 
pollutants cannot be excluded if proper disposal and 
treatment in waste water are not addressed in the near 
future (Gómez et al., 2007). 

Since the 1970s, the sea surface has contained floating 
plastic material estimated at 250,000 tons (Eriksen et al., 
2014), which has become a critical environmental issue. 
In addition to toxic by-products from photochemical and 
microbial transformations, the direct ingestion of micro- 
to macro-plastics by larvae and surface-feeding animals is 
of concern. Micro-plastics and polymers are enriched in the 
SML by factors of up to 200 compared to the underlying 
bulk water (Song et al., 2015). The 620% increase in the 
production of plastic resin that occurred from 1975 to 
2012 (Jambeck et al., 2015) is likely to continue, sending 
more plastic debris into the ocean, which ends up floating 
in the SML. 

Through the potential of the SML to act as a biochemical 
microreactor, the question remains about the fate of 
pollutants, including the transformation and toxicity 
of by-products within the SML. The fate of emerging 
pollutants is especially unknown, and due to the unique 
position of the SML, photochemical transformations are 
of particular concern.

Concluding remarks
Due to its unique position between the ocean and 
atmosphere, all material and energy being exchanged 
between these realms has to pass through the SML. 
Transport through the SML is dominated by molecular 
diffusion and conduction, and its biofilm-like character 
further transforms material and absorbs energy. Air-sea 
interactions cannot be completely understood without 

taking interfacial processes in the SML into account. 
However, with future changes in climate, the SML will 
be modified by changes in atmospheric circulation 
and meteorological forces, including UV radiation, 
precipitation and warming. Changes in the upper 
ocean, especially increases in primary production, will 
supply more surface-active organic material to the SML, 
potentially affecting transport by molecular diffusion and 
conduction across the interface in the future. The growing 
threat to the SML habitat from man-made pollutants 
may have adverse effects on the food web and fisheries, 
given the role of the SML as nursery to eggs and larvae. 
With new technology and guidance on best practices for 
investigating the SML (Cunliffe and Wurl, 2014), a wide 
range of research topics can and need to be integrated into 
future studies of air-sea interaction. Overall, we suggest 
that, due to its unique position, the SML will respond 
sensitively to climate change, but that understanding 
the influences of the SML on air-sea interactions in a 
future ocean requires holistic approaches in research that 
include studies of the physics, chemistry, and biology of 
the SML.

Acknowledgements
The authors acknowledge the support of Scientific 
Committee of Oceanic Research (SCOR) for Working 
Group 141, this paper, and this Special Feature of 
Elementa. We thank all members of the SCOR group for 
their contributions during meetings and discussions. 
We especially thank Michael Cunliffe (Marine Biological 
Association UK, Plymouth) for co-chairing the group, 
Gui-Peng Yang (Ocean University Qingdao, China) for 
organizing a workshop on the sea surface microlayer, and 
Executive SCOR Director Ed Urban for helpful feedback. 

Funding information
The SCOR working group 141 has been financially 
supported by SCOR.

OW was financially supported by the ERC project 
PASSME (grant number GA336408).

WML was partially supported by the US National Science 
Foundation (grant number OCE-1357140).

CJZ was partially supported by the US National 
Science Foundation (grant numbers OCE-1537890 and 
PLR-1341688).

OW, WML and CJZ were supported by the Schmidt 
Ocean Institute.

Competing interests
The authors have no competing interests to declare.

Author contributions
• Contributed to conception and design: OW, WE, CZ, 

WL
• Contributed to acquisition of data: not applicable
• Contributed to analysis and interpretation of data: 

not applicable
• Drafted and/or revised the article: OW, WE, CZ, WL
• Approved the submitted version for publication: OW, 

WE, CZ, WL



Wurl et al: Sea surface microlayer in a changing ocean – A perspective Art. 31, page 7 of 11

References
Andreas, EL, Mahrt, L and Vickers, D 2012 A new drag 

relation for aerodynamically rough flow over the 
ocean. J Atmos Sci 69: 2520–2537. DOI: https://doi.
org/10.1175/JAS-D-11-0312.1

Azetsu-Scott, K and Passow, U 2004 Ascending marine 
particles: Significance of transparent exopolymer 
particles (TEP) in the upper ocean. Limnol Oceanogr 
49(3): 741–748. DOI: https://doi.org/10.4319/lo. 
2004.49.3.0741

Banerjee, S, Scott, DS and Rhodes, E 1968 Mass transfer 
to falling wavy liquid films in turbulent flow. Ind 
Eng Chem Fund 7(1): 22–27. DOI: https://doi.
org/10.1021/i160025a004

Belcher, SE and Hunt, JCR 1993 Turbulent shear flow 
over slowly moving waves. J Fluid Mech 251: 
109–148. DOI: https://doi.org/10.1017/S0022112 
093003350

Bloug, NV 2005 Photochemistry of the sea-surface 
microlayer, In: Liss, PS and Duce, RA (eds.), Sea 
surface and global change. 383–424. The United 
Kingdom: Cambrigde University Press

Bock, EJ, Hara, T, Frew, NM and McGillis, WR 1999 
Relationship between air-sea gas transfer and short 
wind waves. J Geophys Res 104(C11): 25821–25831. 
DOI: https://doi.org/10.1029/1999JC900200

Bony, S, Stevens, B, Frierson, DMW, Jakob, C,  
Kageyama, M, Pincus, R, et al. 2015 Clouds, 
circulation and climate sensitivity. Nature Geosci 8(4): 
261–268. DOI: https://doi.org/10.1038/ngeo2398

Brügmann, L, Bernard, PC and van Grieken, R 1992 
Geochemistry of suspended matter from the 
Baltic Sea 2. Results of bulk trace metal analysis 
by AAS. Mar Chem 38: 303–323. DOI: https://doi.
org/10.1016/0304-4203(92)90039-D

Carlson, DJ 1982 A field evaluation of plate and 
screen microlayer sampling techniques. Mar 
Chem 11: 189–208. DOI: https://doi.org/ 
10.1016/0304-4203(82)90015-9

Carlson, DJ 1993 The early diagenesis of organic 
matter: Reaction at the air-sea interface. In: Engel, 
MH and Macko, SA (eds.), Organic Geochemistry.  
255–267. Plenum Press, New York. DOI: https://doi.
org/10.1007/978-1-4615-2890-6_12

Cunliffe, M, Engel, A, Frka, S, Gašparovic, B,  
Guitart, C, Murrell, JC, Salter, M, Stolle, C, 
Upstill-Goddard, R and Wurl, O 2013 Sea 
surface microlayers: a unified physicochemical and 
biological perspective of the air–ocean interface. 
Progr Oceanogr 109: 104–116. DOI: https://doi.
org/10.1016/j.pocean.2012.08.004

Cunliffe, M and Wurl, O 2014 Guide to best practices to 
study the ocean’s surface. Occasional Publications 
of the Marine Biological Association of the United 
Kingdom, Plymouth. Available at: http://www.scor-int.
org/Publications/SCOR_GuideSeaSurface_2014.pdf.

Cuong, DT, Karuppiah, S and Obbard, JP 2008 
Distribution of heavy metals in the dissolved and 
suspended phase of the sea-surface microlayer, 
seawater column and in sediments of Singapore’s 

coastal environment. Environ Monit Assess 138: 
255–272.

Donlon, CJ, Martin, M, Stark, J, Roberts-Jones, J, 
Fiedler E, et al. 2012 The Operational Sea Surface 
Temperature and Sea Ice Analysis (OSTIA) system. 
Remote Sens Environ 116: 140–158. DOI: https://
doi.org/10.1016/j.rse.2010.10.017

Duce, RA, Arimoto, R, Ray, BJ, Unni, CK and Harder, PJ  
1983 Atmospheric trace elements at Enewetak Atoll 
1. Concentrations, sources and temporal variability. 
J Geophys Res 88(NC9): 5321–5342. DOI: https://
doi.org/10.1029/JC088iC09p05321

Edson, JB and Fairall, CW 1998 Similarity relationships 
in the marine atmospheric surface layer for 
terms in TKE and scalar variance budgets. 
J Atmos Sci 55: 2311–2328. DOI: https://doi.
org/10.1175/1520-0469(1998)055<2311:SRITMA>
2.0.CO;2

Ellison, GB, Tuck, AF and Vaida, V 1999 Atmospheric 
processing of organic aerosols. J Geophys Res 104: 
11633–11641. DOI: https://doi.org/10.1029/1999 
JD900073

Else, BGT, Galley, RJ, Lansard, B, Barber, DG, Brown, K,  
Miller, LA, et al. 2013 Further observations of a 
decreasing atmospheric CO2 uptake capacity in 
the Canada Basin (Arctic Ocean) due to sea ice loss. 
Geophys Res Lett 40: 1132–1137. DOI: https://doi.
org/10.1002/grl.50268

Engel, A, Borchard, C, Piontek, J, Schulz, KG,  
Riebesell, U, et al. 2013 CO2 increases 14C primary 
production in an Arctic plankton community. 
Biogeosciences 10(3): 1291–1308. DOI: https://doi.
org/10.5194/bg-10-1291-2013

England, MH, McGregor, S, Spence, P, Meehl, GA, 
Timmermann, A, Cai, W, et al. 2014 Recent 
intensification of wind-driven circulation in the 
Pacific and the ongoing warming hiatus. Nat 
Clim Chang 4(3): 222–227. DOI: https://doi.
org/10.1038/nclimate2106

Eriksen, M, Lebreton, LCM, Carson, HS, Thiel, M, 
Moore, CJ, Borerro, JC, et al. 2014 Plastic pollution 
in the world’s oceans: More than 5 trillion plastic 
pieces weighing over 250,000 tons afloat at sea. PLoS 
ONE 9(12): e111913. DOI: https://doi.org/10.1371/
journal.pone.0111913

Faksness, L-G, Altin, D, Nordtrug, T, Daling, PS and 
Hansen, BH 2015 Chemical comparison and 
acute toxicity of water accommodated fraction 
(WAF) of source and field collected Macondo oils 
from the Deepwater Horizon spill. Mar Pollut Bull 
91: 222–229. DOI: https://doi.org/10.1016/j.
marpolbul.2014.12.002

Falkowski, PG 1997 Evolution of the nitrogen cycle and 
its influence on the biological sequestration of CO2 
in the ocean. Nature 387(6630): 272–275. DOI: 
https://doi.org/10.1038/387272a0

Feltham, D 2015 Arctic sea ice reduction: the evidence, 
models and impacts. Phil Trans Roy Soc A 373: 
20140171. DOI: https://doi.org/10.1098/rsta.2014. 
0171

https://doi.org/10.1175/JAS-D-11-0312.1
https://doi.org/10.1175/JAS-D-11-0312.1
https://doi.org/10.4319/lo. 2004.49.3.0741
https://doi.org/10.4319/lo. 2004.49.3.0741
https://doi.org/10.1021/i160025a004
https://doi.org/10.1021/i160025a004
https://doi.org/10.1017/S0022112 093003350
https://doi.org/10.1017/S0022112 093003350
https://doi.org/10.1029/1999JC900200
https://doi.org/10.1038/ngeo2398
https://doi.org/10.1016/0304-4203(92)90039-D
https://doi.org/10.1016/0304-4203(92)90039-D
https://doi.org/ 10.1016/0304-4203(82)90015-9
https://doi.org/ 10.1016/0304-4203(82)90015-9
https://doi.org/10.1007/978-1-4615-2890-6_12
https://doi.org/10.1007/978-1-4615-2890-6_12
https://doi.org/10.1016/j.pocean.2012.08.004
https://doi.org/10.1016/j.pocean.2012.08.004
http://www.scor-int.org/Publications/SCOR_GuideSeaSurface_2014.pdf
http://www.scor-int.org/Publications/SCOR_GuideSeaSurface_2014.pdf
https://doi.org/10.1016/j.rse.2010.10.017
https://doi.org/10.1016/j.rse.2010.10.017
https://doi.org/10.1029/JC088iC09p05321
https://doi.org/10.1029/JC088iC09p05321
https://doi.org/10.1175/1520-0469(1998)055<2311:SRITMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1998)055<2311:SRITMA>2.0.CO;2
https://doi.org/10.1175/1520-0469(1998)055<2311:SRITMA>2.0.CO;2
https://doi.org/10.1029/1999 JD900073
https://doi.org/10.1029/1999 JD900073
https://doi.org/10.1002/grl.50268
https://doi.org/10.1002/grl.50268
https://doi.org/10.5194/bg-10-1291-2013
https://doi.org/10.5194/bg-10-1291-2013
https://doi.org/10.1038/nclimate2106
https://doi.org/10.1038/nclimate2106
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1371/journal.pone.0111913
https://doi.org/10.1016/j.marpolbul.2014.12.002
https://doi.org/10.1016/j.marpolbul.2014.12.002
https://doi.org/10.1038/387272a0
https://doi.org/10.1098/rsta.2014. 0171
https://doi.org/10.1098/rsta.2014. 0171


Wurl et al: Sea surface microlayer in a changing ocean – A perspectiveArt. 31, page 8 of 11  

Frew, NM, Bock, EJ, Schimpf, U, Hara, T, Haußecker, H,  
et al. 2004 Air-sea gas transfer: Its dependence on 
wind stress, small-scale roughness, and surface 
films. J Geophys Res 109(C08): S17. DOI: https://doi.
org/10.1029/2003JC002131

Galgani, L, Stolle, C, Endres, S, Schulz, KG and  
Engel, A 2014. Effects of ocean acidification on the 
biogenic composition of the sea-surface microlayer: 
Results from a mesocosm study. J Geophys Res 
Oceans 119(11): 7911–7924. DOI: https://doi.
org/10.1002/2014JC010188

Garbe, CS, Rutgersson, A, Boutin, J, Leeuw, Gd,  
Delille, B, et al. 2014 Transfer across the  
air-sea interface, In: Liss, PS and Johnson, MT (eds.),  
Ocean-Atmosphere Interactions of Gases and 
Particles. Springer Earth System Sciences, 55–112.

Gaw, S, Thomas, KV and Hutchinson, TH 2014 Sources, 
impacts and trends of pharmaceuticals in the 
marine and coastal environment. Philos Trans R Soc 
Lon B Biol Sci 369(1656): 20130572. DOI: https://
doi.org/10.1098/rstb.2013.0572

Gómez, MJ, Martinez Bueno, MJ, Lacorte, S, 
Fernández-Alba, AR and Agüera, A 2007 Pilot 
survey monitoring pharmaceuticals and related 
compounds in a sewage treatment plant located 
on the Mediterranean coast. Chemosphere 66:  
993–1002. DOI: https://doi.org/10.1016/j.chemo 
sphere.2006.07.051

Hardy, JT 2005 Biological effects of chemicals in the  
sea-surface microlayer, In: Liss, PS and Duce, RA 
(eds.), Sea surface and global change. The United 
Kingdom: Cambrigde University Press.

Hardy, JT and Apts, CW 1984 The sea-surface microlayer 
– phytoneuston productivity and effects of 
atmospheric particulate matter. Mar Biol 82:  
293–300. DOI: https://doi.org/10.1007/BF00392 
409

Hardy, JT and Apts, CW 1989 Photosynthetic carbon 
reduction: high rates in the sea-surface microlayer. 
Mar Biol 101(3): 411–417. DOI: https://doi.
org/10.1007/BF00428138

Hardy, JT, Crecelius, EA, Antrim, LD, Kiesser, SL, 
Broadhurst, VL, Boehm, PD, Steinhauer, 
WG and Coogan, TH 1990 Aquatic surface 
microlayer contamination in Chesapeake Bay. 
Mar Chem 28: 333–351. DOI: https://doi.
org/10.1016/0304-4203(90)90052-E

Hare, JE, Hara, T, Edson, JB and Wilczak, JM 1997 A 
similarity analysis of the structure of airflow over 
surface waves. J Phys Oceanogr 27: 1018–1037. DOI: 
https://doi.org/10.1175/1520-0485(1997)027< 
1018:ASAOTS>2.0.CO;2

Hartmann, DL, Klein Tank, AMG, Rusticucci, M, 
Alexander, LV, Brönnimann, S, et al. 2013 
Observations: Atmosphere and Surface, In: Stocker, 
TF, Qin, D, Plattner, G-K, Tignor, M, Allen, SK, et al. 
(eds.), Climate Change 2013: The Physical Science 
Basis Contribution of Working Group I to the Fifth 
Assessment Report of the Intergovernmental Panel 
on Climate Change. 159–254. Cambridge, United 

Kingdom and New York, NY, USA: Cambridge 
University Press.

Hemer, MA, Fan, Y, Mori, N, Semedo, A and Wang, XL  
2013 Projected changes in wave climate from a  
multi-model ensemble. Nature Clim Change 
3(5): 471–476. DOI: https://doi.org/10.1038/
nclimate1791

Ho, DT, Zappa, CJ, McGillis, WR, Bliven, LF, Ward, B, 
Dacey, JWH, Schlosser, P and Hendricks, MB 2004 
Influence of rain on air-sea gas exchange: Lessons 
from a model ocean. J Geophys Res 109(C08): S18. 
DOI: https://doi.org/10.1029/2003JC001806

Hunter, KA 1980 Processes affecting particulate trace 
metals in the sea surface microlayer. Mar Chem 9: 
49–70. DOI: https://doi.org/10.1016/0304-4203 
(80)90006-7

Hunter, KA 2005 Chemisty of the sea-surface microlayer, 
In: Liss, PS and Duce, RA (eds.), Sea surface and 
global change. The United Kingdom: Cambrigde 
University Press.

Jähne, B, Munnich, KO, Bosinger, R, Dutzi, A,  
Huber, W, et al. 1987 On the parameters 
influencing air-water gas exchange. J Geophys Res 
92(C2): 1937–1949. DOI: https://doi.org/10.1029/
JC092iC02p01937

Jambeck, JR, Geyer, R, Wilcox, C, Siegler, TR, 
Perryman, M, Andrady, A, Narayan, R and  
Law, KL 2015 Plastic waste inputs from land into 
the ocean. Science 347: 768–771. DOI: https://doi.
org/10.1126/science.1260352

Janssen, PAEM 1989 Wind induced stress and the drag 
of air flow over sea waves. J Phys Oceanogr 19: 
745–754. DOI: https://doi.org/10.1175/1520-0485 
(1989)019<0745:WISATD>2.0.CO;2

Kennedy, JJ, Smith, RO and Rayner, NA 2012 Using 
AATSR data to assess the quality of in situ sea-surface 
temperature observations for climate studies. 
Remote Sens Environ 116: 79–92. DOI: https://doi.
org/10.1016/j.rse.2010.11.021

Kitaigorodskii, SA 1984 On the fluid dynamical 
theory of turbulent gas transfer across an air-sea 
interface in the presence of breaking wind-waves. 
J Phys Oceanogr 14(5): 960–972. DOI: https://doi.
org/10.1175/1520-0485(1984)014<0960:OTFDTO
>2.0.CO;2

Lamont, JC and Scott, DS 1970 An eddy cell model of 
mass transfer into the surface of a turbulent liquid. 
AIChE J 16: 512–519. DOI: https://doi.org/10.1002/
aic.690160403

Lee, E, Noh, Y and Hirose, N 2013 A new method to 
produce sea surface temperature using satellite 
data assimilation into an atmosphere–ocean 
mixed layer coupled model. J Atmos Oceanic 
Technol 30(12): 2926–2943. DOI: https://doi.
org/10.1175/JTECH-D-12-00238.1

Levich, VG 1962 Physicochemical hydrodynamics. 
Prentice Hall International.

Lim, L, Wurl, O, Karuppiah, S and Obbard, JP 
2007 Atmospheric wet deposition of PAHs to 
the sea-surface microlayer. Mar Pollut Bull 54: 

https://doi.org/10.1029/2003JC002131
https://doi.org/10.1029/2003JC002131
https://doi.org/10.1002/2014JC010188
https://doi.org/10.1002/2014JC010188
https://doi.org/10.1098/rstb.2013.0572
https://doi.org/10.1098/rstb.2013.0572
https://doi.org/10.1016/j.chemo sphere.2006.07.051
https://doi.org/10.1016/j.chemo sphere.2006.07.051
https://doi.org/10.1007/BF00392409
https://doi.org/10.1007/BF00392409
https://doi.org/10.1007/BF00428138
https://doi.org/10.1007/BF00428138
https://doi.org/10.1016/0304-4203(90)90052-E
https://doi.org/10.1016/0304-4203(90)90052-E
https://doi.org/10.1175/1520-0485(1997)027<1018:ASAOTS>2.0.CO;2
https://doi.org/10.1175/1520-0485(1997)027<1018:ASAOTS>2.0.CO;2
https://doi.org/10.1038/nclimate1791
https://doi.org/10.1038/nclimate1791
https://doi.org/10.1029/2003JC001806
https://doi.org/10.1016/0304-4203 (80)90006-7
https://doi.org/10.1016/0304-4203 (80)90006-7
https://doi.org/10.1029/JC092iC02p01937
https://doi.org/10.1029/JC092iC02p01937
https://doi.org/10.1126/science.1260352
https://doi.org/10.1126/science.1260352
https://doi.org/10.1175/1520-0485 (1989)019<0745:WISATD>2.0.CO;2
https://doi.org/10.1175/1520-0485 (1989)019<0745:WISATD>2.0.CO;2
https://doi.org/10.1016/j.rse.2010.11.021
https://doi.org/10.1016/j.rse.2010.11.021
https://doi.org/10.1175/1520-0485(1984)014<0960:OTFDTO>2.0.CO;2
https://doi.org/10.1175/1520-0485(1984)014<0960:OTFDTO>2.0.CO;2
https://doi.org/10.1175/1520-0485(1984)014<0960:OTFDTO>2.0.CO;2
https://doi.org/10.1002/aic.690160403
https://doi.org/10.1002/aic.690160403
https://doi.org/10.1175/JTECH-D-12-00238.1
https://doi.org/10.1175/JTECH-D-12-00238.1


Wurl et al: Sea surface microlayer in a changing ocean – A perspective Art. 31, page 9 of 11

1212–1219. DOI: https://doi.org/10.1016/j.
marpolbul.2007.03.023

Liu, X, Meng, R, Xing, Q, Lou, M, Chao, H and  
Bing, L 2015 Assessing oil spill risk in the 
Chinese Bohai Sea: A case study for both ship and 
platform related oil spills. Ocean Coast Manage 
108: 140–146. DOI: https://doi.org/10.1016/j.
ocecoaman.2014.08.016

Makin, VK, Kudryavtsev, VN, Mastenbroek, C 1995 
Drag of the sea surface. Boundary-Layer Meteorol 
73: 159–182. DOI: https://doi.org/10.1007/BF 
00708935

Martin, JH, Fitzwater, SE and Gordon, RM 1990 Iron 
deficiency limits phytoplankton growth in Antarctic 
waters. Global Biogeochem Cy 4(1): 5–12. DOI: 
https://doi.org/10.1029/GB004i001p00005

McGillis, WR, Edson, JB, Zappa, CJ, Ware, JD,  
McKenna, SP and Terray, EA 2004 Air-sea CO2 
exchange in the equatorial Pacific. J Geophys Res 
109(C08): S02. DOI: https://doi.org/10.1029/ 
2003JC002256

Melville, WK 1996 The role of surface-wave breaking 
in air-sea interaction. Annu Rev Fluid Mech 28: 
279–321. DOI: https://doi.org/10.1146/annurev.
fl.28.010196.001431

Mueller, J and Veron, F 2009 A nonlinear formulation 
of the bulk surface stress over the ocean through 
a simple feedback mechanism. Boundary-Layer 
Meteorol 130(1): 117–134. DOI: https://doi.org/ 
10.1007/s10546-008-9334-6

Mueller, J and Veron, F 2010 Bulk formulation of 
the heat and water vapor fluxes at the air-sea 
interface including nonmolecular contributions. 
J Atmosph Sci 67: 237–247. DOI: https://doi.
org/10.1175/2009JAS3061.1

Orr, JC, Najjar, RG, Aumont, O, Bopp, L, Bullister, JL,  
Danabasoglu, G, et al. 2016 Biogeochemical 
protocols and diagnostics for the CMIP6 Ocean 
Model Intercomparison Project (OMIP). Geosci 
Model Dev Discuss, https://doi.org/10.5194/gmd-
2016–155 (accepted for publication in Geosci Model 
Dev).

Paytan, A, Mackey, KRM, Chen, Y, Lima, ID,  
Doney, SC, Mahowald, N, Labiosa, R and 
Post, AF 2009 Toxicity of atmospheric aerosols on 
marine phytoplankton. PNAS 106: 4601–4605.

Peele, ER, Singleton, FL, Deming, JW, Cavari, B and 
Colwell, RR 1981 Effects of pharmaceutical wastes 
on microbial populations in surface waters at the 
Puerto Rico dump site in the Atlantic Ocean. Appl 
Environ Microbiol 41(4): 873–879.

Piontek, J, Lunau, M, Händel, N, Borchard, C, 
Wurst, M, et al. 2010 Acidification increases 
microbial polysaccharide degradation in the ocean. 
Biogeosciences 7(5): 1615–1624. DOI: https://doi.
org/10.5194/bg-7-1615-2010

Rahlff, J, Stolle, C, Giebel, H-G, Brinkhoff, T,  
Ribas Ribas, M, Hodapp, D and Wurl, O 2017 
Wind speed induces bacterial community changes 
in the sea-surface microlayer. FEMS Microbiol Ecol 

(in press). DOI: https://doi.org/10.1093/femsec/ 
fix041

Riebesell, U 2004 Effects of CO2 enrichment on marine 
phytoplankton. J Oceanogr 60(4): 719–729. DOI: 
https://doi.org/10.1007/s10872-004-5764-z

Riebesell, U, Schulz, KG, Bellerby, RGJ, Botros, M, 
Fritsche, P, et al. 2007 Enhanced biological 
carbon consumption in a high CO2 ocean. 
Nature 450(7169): 545–548. DOI: https://doi.
org/10.1038/nature06267

Rivero-Calle, S, Gnanadesikan, A, Del Castillo, CE, 
Balch, W and Guikema, SD 2015 Multidecadal 
increase in North Atlantic coccolithophores and the 
potential role of rising CO2. Science. DOI: https://
doi.org/10.1126/science.aaa8026

Romero, L, Melville, WK and Kleiss, J 2012 Spectral 
energy dissipation due to surface-wave breaking. 
J Phys Oceanogr 42: 1421–1444. DOI: https://doi.
org/10.1175/JPO-D-11-072.1

Rubin, M, Berman-Frank, I and Shaked, Y 2011 
Dust- and mineral-iron utilization by the marine 
dinitrogen-fixer Trichodesmium. Nature Geosci 4: 
529–534. DOI: https://doi.org/10.1016/j.jmarsys. 
2009.11.004

Rutgersson, A and Smedman, A 2010 Enhanced air–sea 
CO2 transfer due to water-side convection, J J Mar 
Sys 80: 125–134. DOI: https://doi.org/10.1016/j.
jmarsys.2009.11.004

Rutgersson, A, Smedman, A and Sahlée, E 2011 Oceanic 
convective mixing and the impact on air-sea gas 
transfer velocity. Geophys Res Lett 38(L02): 602.  
DOI: https://doi.org/10.1029/2010GL045581

Schlüssel, P, Emery, WJ, Grassl, H and Mammen, T 
1990 On the bulk-skin temperature difference and 
ist impact on satellite remote sensing of sea surface 
temperature. J Geophys Res 95: 13341–13356. DOI: 
https://doi.org/10.1029/JC095iC08p13341

Schmidtko, S, Stramma, L and Visbeck, M 2017 Decline 
in global oceanic oxygen content during the past 
five decades. Nature 542: 335–339. DOI: https://
doi.org/10.1038/nature21399

Shimura, T, Mori, N and Mase, H 2013 Ocean Waves 
and Teleconnection Patterns in the Northern 
Hemisphere. J Clim 26(21): 8654–8670. DOI: 
https://doi.org/10.1175/JCLI-D-12-00397.1

Sholkovitz, ER, Sedwick, PN, Church, TM, Baker, AR 
and Powell, CF 2012 Fractional solubility of aerosol 
iron: Synthesis of a global-scale data set. Geochi 
Et Cosmo Acta 89: 173–189. DOI: https://doi.
org/10.1016/j.gca.2012.04.022

Sieburth, J McN 1983 Microbiological and organic-
chemical processes in the surface and mixed layers, 
In: Liss PS and Slinn, WGN (eds.), Air–Sea Exchange 
of Gases and Particles. The Netherlands: Reidel 
Publishers Co. DOI: https://doi.org/10.1007/978- 
94-009-7169-1_3

Song, YK, Hong, SH, Jang, M, Han, GM and Shim, WJ 
2015 Occurrence and distribution of microplastics 
in the sea surface microlayer in Jinhae Bay,  
South Korea. Arch Environ Contam Toxicol 

https://doi.org/10.1016/j.marpolbul.2007.03.023
https://doi.org/10.1016/j.marpolbul.2007.03.023
https://doi.org/10.1016/j.ocecoaman.2014.08.016
https://doi.org/10.1016/j.ocecoaman.2014.08.016
https://doi.org/10.1007/BF 00708935
https://doi.org/10.1007/BF 00708935
https://doi.org/10.1029/GB004i001p00005
https://doi.org/10.1029/ 2003JC002256
https://doi.org/10.1029/ 2003JC002256
https://doi.org/10.1146/annurev.fl.28.010196.001431
https://doi.org/10.1146/annurev.fl.28.010196.001431
https://doi.org/ 10.1007/s10546-008-9334-6
https://doi.org/ 10.1007/s10546-008-9334-6
https://doi.org/10.1175/2009JAS3061.1
https://doi.org/10.1175/2009JAS3061.1
https://doi.org/10.5194/gmd-2016-155
https://doi.org/10.5194/gmd-2016-155
https://doi.org/10.5194/bg-7-1615-2010
https://doi.org/10.5194/bg-7-1615-2010
https://doi.org/10.1093/femsec/ fix041
https://doi.org/10.1093/femsec/ fix041
https://doi.org/10.1007/s10872-004-5764-z
https://doi.org/10.1038/nature06267
https://doi.org/10.1038/nature06267
https://doi.org/10.1126/science.aaa8026
https://doi.org/10.1126/science.aaa8026
https://doi.org/10.1175/JPO-D-11-072.1
https://doi.org/10.1175/JPO-D-11-072.1
https://doi.org/10.1016/j.jmarsys. 2009.11.004
https://doi.org/10.1016/j.jmarsys. 2009.11.004
https://doi.org/10.1016/j.jmarsys.2009.11.004
https://doi.org/10.1016/j.jmarsys.2009.11.004
https://doi.org/10.1029/2010GL045581
https://doi.org/10.1029/JC095iC08p13341
https://doi.org/10.1038/nature21399
https://doi.org/10.1038/nature21399
https://doi.org/10.1175/JCLI-D-12-00397.1
https://doi.org/10.1016/j.gca.2012.04.022
https://doi.org/10.1016/j.gca.2012.04.022
https://doi.org/10.1007/978- 94-009-7169-1_3
https://doi.org/10.1007/978- 94-009-7169-1_3


Wurl et al: Sea surface microlayer in a changing ocean – A perspectiveArt. 31, page 10 of 11  

69(3): 279–287. DOI: https://doi.org/10.1007/
s00244-015-0209-9

Steele, M, Ermold, W and Zhang, J 2008 Arctic Ocean 
surface warming trends over the past 100 years. 
Geophys Res Lett 35(2): L02614. DOI: https://doi.
org/10.1029/2007GL031651

Sullivan, PP and McWilliams, JC 2010 Dynamics of 
winds and currents coupled to surface waves 
Annu Rev Fluid Mech 42: 19–42. DOI: https://doi.
org/10.1146/annurev-fluid-121108-145541

Tournadre, J 2014 Anthropogenic pressure on the open 
ocean: The growth of ship traffic revealed by altimeter 
data analysis. Geophys Res Letters 41: 7924–7932. 
DOI: https://doi.org/10.1002/2014GL061786

Trenberth, KE 2011 Changes in precipitation with 
climate change. Clim Res 47: 123–138. DOI: 
https://doi.org/10.3354/cr00953

Turk, D, Zappa, CJ, Meinen, CS, Christian, J, Ho, DT,  
Dickson, AG and McGillis, WR 2010 Rain impacts 
on CO2 exchange in the western equatorial Pacifics. 
Geophys Res Lett 37(L23): 610. DOI: https://doi.
org/10.1029/2010GL045520

Veron, F, Melville, WK and Lenain, L 2008 Wave-
coherent air-sea heat flux. J PhysOceanogr 38:  
788–802. DOI: https://doi.org/10.1175/2007JPO 
3682.1

Veron, F, Saxena, G and Misra, S 2007 Measurements of 
viscous tangential stresses in the separated airflow 
above wind waves. Geophys Res Lett 34(L19): 603. 
DOI: https://doi.org/10.1029/2007GL031242

Wang, H-H, Song, S-H and Qi, Y-Z 2014 A comparative 
study of phytoneuston and the phytoplankton 
community structure in Daya Bay, South China 
Sea. J Sea Res 85: 474–482. DOI: https://doi.
org/10.1016/j.seares.2013.08.002

Wang, J, Feng, L, Davidsson, S and Höök, M 2013 
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