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Environmental context. Understanding the role of clouds in the warming and the cooling of the planet and how that role
alters in a warming world is one of the biggest uncertainties climate change researchers face. Important in this regard is
the influence on cloud properties of cloud condensation nuclei, the tiny atmospheric particles necessary for the nucleation
of every single cloud droplet. The anthropogenic contribution to cloud condensation nuclei is known to be large in some
regions through knowledge of pollutant emissions; however, the natural processes that regulate cloud condensation nuclei
over large parts of the globe are less well understood. The CLAW hypothesis provides a mechanism by which plankton
may modify climate through the atmospheric sulfur cycle via the provision of sulfate cloud condensation nuclei. The
CLAW hypothesis was published over 20 years ago and has stimulated a great deal of research.
Abstract. The CLAW hypothesis has for 20 years provided the intriguing prospect of oceanic and atmospheric systems
exhibiting in an intimately coupled way a capacity to react to changing climate in a manner that opposes the change. A great
number of quality scientific papers has resulted, many confirming details of specific links between oceanic phytoplankton
and dimethylsulfide (DMS) emission to the atmosphere, the importance of DMS oxidation products in regulation of marine
atmospheric cloud condensation nucleus (CCN) populations, and a concomitant influence on marine stratocumulus cloud
properties. However, despite various links in the proposed phytoplankton–DMS–CCN–cloud albedo climate feedback
loop being affirmed, there has been no overall scientific synthesis capable of adequately testing the hypothesis at a
global scale. Moreover, significant gaps and contradictions remain, such as a lack of quantitative understanding of new
particle formation processes in the marine atmospheric boundary layer, and of the extent to which dynamical, rather than
microphysical, cloud feedbacks exist. Nevertheless, considerable progress has been made in understanding ‘Earth System
Science’ involving the integration of ocean and atmospheric systems inherent in the CLAW hypothesis. We present here
a short review of this progress since the publication of the CLAW hypothesis.

Introduction
It is not often that a scientific paper such as that published in
1987 by Charlson, Lovelock, Andreae and Warren[1] remains
immortalised 20 years on by an acronym that has become
irretrievably embedded in the lingua franca of ongoing scientific banter. In this case the acronym is CLAW, taken from
the authors’ names. The CLAW hypothesis is an early manifestation of what today would be described as Earth Systems
Science, a terminology coined in response to the recognition

that the grand challenges facing the earth and its inhabitants are
not issues on which science can offer neat, single-disciplinary
answers. Today when we think of challenges at a global scale
in such areas as biodiversity conservation, drought and water
resources management, agricultural production, fisheries management, or climate change, it is evident that none of these
issues can be addressed as scientific problems by single disciplines such as biology, chemistry, physics, meteorology and the
like. What is required is a multidisciplinary response in which
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the systemic links and dependencies between biological, chemical, physical and other systems are recognised explicitly and
researched as a whole. Moreover, we can expect increasingly
that optimum input of scientific knowledge into policy aimed at
meeting these global challenges will see more explicit coupling
of these traditional ‘hard’ disciplines to other disciplines that
directly reflect the human dimensions of global change. This will
require explicit coupling of biophysical sciences to social and
economic sciences, which is sometimes labelled ‘socioeconomic
integration’.
In the present short review, we explain and discuss the CLAW
hypothesis from the original ideas that seeded it, through the
major scientific breakthroughs contributing to our present understanding – in ocean science, atmospheric chemistry, clouds
and cloud formation, and attempts to measure feedback – to
why we think that we are now in a good position for rapid
progress towards the necessary overall synthesis needed to test
the hypothesis.
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What makes CLAW a compelling, long-lived hypothesis?
There is a compelling simplicity to the overall picture painted
in the CLAW hypothesis that has been part of its longevity and
iconic status. The hypothesis posits a planetary scale homeostatis
or dynamic equilibrium in which biological productivity in ocean
surface waters is coupled to cloud properties over the ocean in
a manner that acts to oppose variations in climate. The simple word-picture painted in the abstract of the original Charlson
et al.[1] paper remains as evocative today as it was 20 years ago:

Phytoplankton
abundance and
speciation

?

Marine
ecology

Fig. 1. Diagram taken from International Geosphere–Biosphere Programme (IGBP) Report number 50, available at http://www.igbp.kva.se/
documents/resources/report-50.pdf, accessed 22 November 2007 (fig. 6
therein, caption being: Mechanism by which marine algae may influence sulfate aerosol concentrations and the albedo of clouds, possibly feeding back
to stabilise climate) (reprinted from Andreae,[119] after Charlson et al.,[1]
with permission from Elsevier Science).

The major source of cloud condensation nuclei (CCN) over
the oceans appears to be dimethylsulphide, which is produced by planktonic algae in sea water and oxidises in the
atmosphere to form sulfate aerosol. Because the reflectance
(albedo) of clouds (and thus the earth’s radiation budget) is
sensitive to CCN density, biological regulation of the climate
is possible through the effects of temperature and sunlight on
phytoplankton populations and dimethylsulfide production.

The devil is in the detail
Despite the profundity inherent in the 1500 or more publications on CLAW since 1987, the challenge of proving the CLAW
hypothesis remains: the devil is indeed in the detail. Dropping down from the high-level picture of the proposed feedback
loop to the detail of how the phytoplankton dynamics, air–sea
exchange, atmospheric chemistry and cloud microphysical and
dynamical systems interact is non-trivial, even when specific
details of each subsystem have been characterised in various
ways in individual experiments.The system is neatly summarised
by the diagram drawn by Charlson et al.[1] conceptually reproduced in Fig. 1. We will discuss developments below as they
relate to this diagram.

Put even more simply, the hypothesis is that oceanic phytoplankton when pushed to either extreme of their coping range (too hot
and sunny or too cold and dim) will respond by altering their
dimethylsulfide (DMS) emissions so as to decrease or increase
solar input to the ocean surface by regulating marine stratiform
cloud reflectivity (Fig. 1), hence driving the system back towards
the middle of the phytoplankton coping range.
Although it was the CLAW hypothesis[1] that captured
the imagination and interest of scientists, spurring significant
research in this area, this was not the first publication to suggest a
role for the sulfur cycle in modifying climate. The earlier work of
Lovelock[2] and Lovelock and Marguilis[3] proposed the ‘Gaia
hypothesis’ suggesting that the remarkably stable climate and
atmospheric composition on Earth, over very long time scales,
was the result of active intervention by life, while Twomey had
drawn the connection between cloud reflectivity (albedo) and
climate.[4,5]
Later work by Walker et al.[6] and Lovelock and Whitfield[7]
suggested the carbon cycle, through carbon dioxide, as the means
by which a climate feedback loop might operate and although
Lovelock et al.[8] did discuss the near-ubiquitous presence of
DMS throughout the marine environment, it was Shaw[9] who
made the link between a climate feedback loop and the sulfur
cycle.

The ocean
DMS in the atmosphere originates in the ocean, and DMS in
the ocean is the result of biological activity. Dimethylsulfoniopropionate (DMSP) is the precursor compound to DMS[10]
and DMSP is synthesised by phytoplankton, and the amount of
DMSP is highly dependent on the species of plankton present.[11]
Although direct emission of DMS from plankton in the laboratory has been observed,[12] it has not been observed in the
oceans and more typically it is the action of grazers and viruses
on the plankton community that results in significant levels of
DMSP in the water column;[13,14] typically, the highest levels
of DMSP and DMS are associated with the senescence of a
plankton bloom.[15,16]
The role of DMSP or DMS in plankton physiology remains
unclear.[17] DMSP conversion to DMS may be a mechanism to
relieve oxidative stress[17] resulting from exposure to UV radiation, increasing surface temperatures or nutrient limitation,[17]
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associated with large blooms (mid-to-high latitudes). For reasons related to platform and scientist safety, measurements in
high wind speeds remained difficult to obtain, but over many
years of research, various techniques including improvements to
the wind speed-based parameterisations have been made,[29–31]
as the complexities of the role of the surface microlayer, skin temperature and of breaking waves became evident. Ayers et al. in
1995[32] used high time-resolved measurements of atmospheric
DMS at Cape Grim, the current wind speed parameterisations
and a simple model of atmospheric DMS chemistry to infer a
DMS flux.
More recently, it has been possible to directly measure the flux
of DMS from the ocean using micrometeorological techniques
such as relaxed eddy accumulation and eddy covariance.[33,34]
This has required the development of highly sensitive analytical
techniques to monitor DMS at high frequency.[34] The direct flux
measurements of DMS are useful for determining the ability of
wind speed-based parameterisations to predict fluxes.[33]

although definitive evidence for an antioxidant role is still
lacking.[12,17] DMSP has also been suggested to act as an
osmoregulator and as a carrier in organic sulfur cycling.[18]
Because the role for DMSP and DMS in plankton is unclear,
it is difficult to determine how emission of either DMSP or DMS
from the plankton community would change as the surface water
environment changed in response to climate change. It may be
that changing ocean conditions alter the plankton community
to promote species that are a high emitters of either DMSP or
DMS, rather than altering the response of a given community to
stress.[11]
The increasing acidity[19] of the ocean is expected to affect
the ability of certain plankton species to construct calcium carbonate skeletons, with deformed plankton being observed.[20]
Emiliania huxleyi is one such affected species of plankton that
also contains high levels of DMSP,[13,21] but it is not yet clear
what effect this damage has on E. huxleyi as a source of either
DMSP or DMS.
Recent mesocosm studies in Norway[22] suggest that a doubling of carbon dioxide (CO2 ) leads to a 26% increase in the
emission of DMS, whereas a tripling of CO2 leads to only an
18% increase in DMS emissions. However, other measurements
during the same experiment[23] did not see a similar increase in
DMS emissions for the same increase in CO2 , suggesting that
the response of biology to changes in CO2 levels is not consistent. Wingenter et al.[22] could not be sure if the increase in
DMS emission was due to the response of the plankton, including
E. huxleyi, to higher carbon dioxide or due to increased lysis or
viral attack.
In the case of nutrient limitation, the series of iron addition
experiments[24,25] have demonstrated that in high-nutrient, lowchlorophyll waters, the addition of iron promotes the formation
of plankton blooms that enhance the draw-down of carbon dioxide. In some cases, but not all, the resulting bloom results in
increased DMS in the water column[24] and it is unclear whether
any climatic effect of large-scale fertilised blooms would be
more strongly related to the removal of carbon dioxide from
the atmosphere or any sulfate–CCN-induced effect on cloud
properties.[26]
In order to understand how any CLAW-related feedback
mechanism (positive or negative) between the plankton community and atmosphere might operate, it is essential that the
biological role of DMSP/DMS within plankton cells is clarified,
because this is inextricably tied to how the feedback between
biology and atmosphere may respond to environmental changes,
and an understanding of this feedback process in the CLAW
hypothesis (the ‘right-hand’side of Fig. 1) remains elusive.[12,27]

Atmospheric chemistry
Observations of atmospheric sulfur and sulfate species have
increased the understanding the atmospheric processes that
influence the sulfur cycle. In the atmosphere, it is most clear
that the atmospheric sulfur cycle is distinctly split into two
hemispheres; the northern hemisphere sulfur cycle is largely
influenced by anthropogenic processes, through the burning of
fossil fuels, and the emissions of sulfur dioxide from anthropogenic activities came to prominence through acid precipitation
and resulting foliar damage in the 1980s.[35] Such is the burden of anthropogenic sulfur (and associated pollutants), it has
been shown to have a strong surface cooling effect in regions
of high emission, leading to a partial offset of greenhouse
warming.[36–38]
In the southern hemisphere, with less land and fewer humans,
it was possible to study the unperturbed sulfur cycle in the
atmosphere. Long-term measurements at Cape Grim, Australia,
showed the strong seasonal variation in non-sea-salt sulfate
(NSS-sulfate) and methanesulfonate (MSA) aerosol, both products of the atmospheric oxidation of DMS, related to seasonal
changes in the biologically driven source of DMS.[39] Later,
continuous measurements of DMS at Cape Grim demonstrated
a strong seasonal cycle, with interannual variability that was
matched in the sulfate aerosol.[40]
The critical intermediate sulfur dioxide was hard to measure
at Cape Grim,[41] but a modelling study encouraged the use of
a novel technique[42] to monitor extremely low levels of sulfur dioxide,[43] showing that the most comprehensive modelling
scheme for atmospheric sulfur available at the time[44,45] did
an excellent job of reproducing the atmospheric sulfur cycle at
Cape Grim in summer and demonstrated the influence of location (latitude), temperature, biology and photochemistry on the
sulfur cycle.[43] Later work has shown that in some locations the
OH radical is not the only oxidant and that halogen chemistry,
in particular BrO, is probably involved in DMS oxidation. However, there still remains uncertainty as to the overall oxidation
process and the importance of particular mechanisms in determining the balance of the stable intermediates and the final end
products of DMS oxidation.[46,47]
Work in the Southern Ocean, including that of the First
Aerosol Characterisation Experiment (ACE-1), advanced understanding of the role of the sulfur cycle in providing aerosol in
the remote marine boundary layer (MBL),[48] with the remote

Ocean–atmosphere exchange
Once DMSP is in the water, there are several complex processes
that convert the DMSP to DMS[16] in the water column. There
are many loss processes in the water that control the amount of
DMS that is then available to cross the sea–air interface to enter
the atmosphere.
The air–sea interface is a very complex environment and
much early work on determining the flux of DMS from the
ocean to the atmosphere was strongly based in physics, using
the solubility of DMS, concentrations of DMS in surface waters
and air above, and wind speed to parameterise the flux according to the best available physical understanding.[28] One of the
largest difficulties was obtaining DMS measurements in the
water and air at wind speeds typical of the oceans commonly
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(AOD) and cloud optical thickness (COT) have shown a decreasing trend in AOD, with a minor increase in COT,[78] but these
global trends in COT and AOD showed regional variation and
there was no strong relationship between AOD and COT except
in the tropics[79] and rather than an increasing global trend in
albedo, there is an increasing trend in the amount of radiation
reaching the surface,[80] the opposite of what might be expected
with a negative feedback with the CLAW hypothesis.

Southern Ocean, particularly in the waters around Antarctica,
providing a large source of DMS.[49,50]
However, although it was possible to demonstrate coherence
in the seasonal cycles of DMS, sulfur dioxide, NSS-sulfate,
MSA and CCN at Cape Grim,[41] this alone does not quantitatively confirm a role for biogenically derived sulfur in CCN.
The aerosol chemistry measurements could only be made on
particles between 0.1 and 12 µm in diameter, although CCN
are typically smaller than 0.1 µm diameter.[51] Further, the
aerosol chemistry measurements demonstrated that both MSA
and NSS-sulfate had a strong relationship with surface area,
suggesting heterogeneous processes rather than homogeneous
nucleation.[41,52]
In the presence of pre-existing aerosol, sulfur dioxide will
preferentially react on the surface of these particles, especially
sea salt, rather than nucleate to form new particles.[52] The reaction of ozone with sulfur dioxide on sea salt also ensures a ready
loss pathway for DMS-derived sulfur before it can nucleate to
form CCN.[53] Recent work by von Glasow and Crutzen[47] suggests that the presence of even low levels of BrO reduces the
conversion efficiency of DMS to sulfur dioxide, reducing the
potential of DMS to provide a source of new CCN.[47]
In addition to the long-term monitoring at Cape Grim,[39,40]
there have been short-term measurements made around the
Southern Ocean[48–50,54–56] and the role of the sulfur cycle
has been studied extensively at other locations including
the tropics,[57–60] the Arctic,[61] Amsterdam Island[62–65] and
Europe.[66–68] At each location, the sulfur cycle operates differently and exhibits different dependencies, further increasing
the difficulty of understanding the role of the sulfur cycle in
providing CCN.

Feedbacks
Determining the strength and even the direction, positive or negative, of the feedbacks in the CLAW hypothesis has proved one
of the most challenging aspects of research into the role of the
sulfur cycle on climate modification.
Contrary to the suggestion that the CLAW hypothesis would
lead to a cooling effect, Lovelock[81] suggested that in a warming world and with a warming ocean, the role of plankton in
climate modification is much reduced and as such represents
a positive feedback such that, as the ocean warms, there is less
DMS and less potential for the cooling influence of clouds. Modelling by Lovelock and Kump[82] indicated that the sulfur cycle
could exert its greatest influence over climate during glacial periods and in the absence of an anthropogenic influence. Gabric
et al.[83] also used modelling to understand the DMS production in surface waters and then extended this work to assess the
response of marine biology to a changing climate,[84,85] showing
the expected increase in wind speed would enhance DMS fluxes
to atmosphere.[86]
More recent modelling studies[87–89] suggest that climate
change will result in a small, 1–2%, global increase in DMS
emissions, with the potential for a small negative feedback (cooling). Although the global increase in DMS is small, there is
much variation regionally, which could have local impacts on
climate. The causes of the changes in DMS emissions are related
to productivity, species changes in the plankton community and
changes in wind speed.[87]
Curran et al.[90] used MSA in an Antarctic ice core to demonstrate the extent of sea ice from c. 1840 to present. MSA is
thought to be a more or less conservative marker for DMS and
lower MSA correlates with a lower extent of sea ice, because
waters covered by sea ice in winter tend to be highly biologically active after sea ice melt, and a major source of DMS and
hence MSA.[90,91] Satellite observations have shown that since
1950 the extent of the sea ice has diminished, corresponding
to a decrease in MSA in the ice core,[90] which could imply a
reduction in DMS emissions.[91,92]
The modelling study of Sarmiento et al.[93] suggests that as
surface temperatures increase with increasing carbon dioxide,
there will be an increase in primary productivity of between 0.7
and 8.1%. However, there would be major shifts from currently
productive regions to other ocean regions.[93] Using satellite
observations of ocean colour, Gregg and Conkright[94] have
shown a reduction in global net primary productivity of ∼10%
since 1979, and this reduction is related to decreased availability
of nutrients, through increased stratification.[95]
Observations of DMS have not been made over a consistently
long timeframe at one location to allow the determination of a
response to climate change, but research[22,23] indicates that the
response of plankton communities to increasing carbon dioxide levels and to warming surface waters is highly complicated
owing to many interrelated processes, including but not limited
to fertilisation by carbon dioxide, the response of bacteria and
viruses, changes in nutrient availability, changes in surface pH

Clouds and cloud formation
At Cape Grim, Ayers and Gras[69] demonstrated that the coherence in the seasonal cycles of atmospheric sulfur species
matched the seasonal cycle in CCN numbers,[70] suggesting a
role for DMS-derived sulfur in CCN chemistry. Further work
using satellite-derived cloud optical depth (COD) downwind of
Cape Grim and a model incorporating sulfur chemistry showed
seasonal coherence between COD and CCN at this site,[71] while
airborne measurements in summer and winter demonstrated
a seasonal cycle in cloud droplet number and size exactly as
expected based on the seasonal CCN cycle.[72]
However, despite the observed coherence of DMS and CCN
number at Cape Grim, Raes[73] showed that CCN populations
in the MBL could be supplied largely from above the boundary
layer and the measurements made during ACE-1 further supported this suggestion.[74] Further work at Cape Grim[77] has
provided more evidence that post-frontal entrainment of free
troposphere air is largely the source of CCN at Cape Grim,[75]
rather than DMS-derived CCN in the MBL.
DMS may not be responsible for controlling CCN numbers in the MBL at Cape Grim, but measurements in the free
troposphere[55,76] suggest that DMS and DMS-derived sulfur dioxide could play a role in CCN production in the free
troposphere,[52,73] which could then supply CCN numbers,
through entrainment, to the MBL below, as proposed by Shaw
et al.[77]
Cloud microphysics is highly complicated and non-linear,
and CCN need to be activated before forming a cloud, and the
chemistry of the CCN and the mode of activation and growth
will affect the optical properties of the cloud formed.[78] Six
years of global satellite measurements of aerosol optical depth
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and changes in ocean chemistry due to temperature and light
levels.[22,23]
Research using remote sensing has become an increasingly
important approach to assessing potential feedbacks. Gabric
et al.[96] assessed the coupling of ocean colour and AOD using
satellite data and found strong correlations on short timescales.
Modelling by Vallina et al.,[97] assessing the relative contribution
to CCN by biogenic-derived sulfur and sea salt over the Southern
Ocean, found that DMS-derived CCN were important in summer. In more recent work by Vallina and Simó,[98] again using
remote sensing measurements, a strong relationship between
DMS in the water column and solar radiation dose was found,
suggesting a negative feedback such that DMS increases as solar
radiation dose increases. However, significant difficulties remain
in determining whether positive or negative feedbacks dominate
owing to the complexities of the various processes involved.[99]

the overall synthesis and integration required to fully assess the
CLAW hypothesis remains to be achieved. The many papers
(>1500) citing CLAW, only a few of which could be included
here, provide a valuable platform on which to advance research
in this area.
There is reason to be optimistic about the future. The rapid
advances in in-situ remote measurement and characterisation
coupled to the advances in remote sensing applications, both
from space, increasingly allow for comprehensive observation in
real time of atmospheric and ocean phenomena, physical, chemical and biological. In parallel, major advances in computing
power and data assimilation provide the basis for development of
improved Earth Systems simulations that will not only improve
the understanding of the role of sulfur emission in providing
CCN, but will drive understanding of wider global climate issues.

Not just sulfur?
DMS is not the only species evolved from plankton and other
work has suggested a role for iodine at Mace Head,[100] isoprene
off South Georgia[101] and ammonia off Macquarie Island,[102]
and there are many other compounds that may be important
in providing a source of new particles that result from microand macro-algae.[103] The role of isoprene has been linked to
increased cloudiness, suggesting an alternative mechanism for
biological control of climate,[101] but this effect may be highly
localised.[104] It may be that these other precursor gases are a
useful marker for DMS,[103] or DMS could be a useful marker
for biogenic precursors to particle formation, even if DMS itself
is not involved in nucleation.
In addition to precursor gases resulting from biological activity, primary particles from the surface of the ocean also act as
CCN. Sea salt particles have the necessary properties to act very
efficiently as CCN.[105,106] Other work confirms the role of sea
salt as CCN,[107,108] with sea salt particles representing between
5 and 90% of CCN in the MBL.[109] It is now possible to directly
measure the flux of sea salt from the surface of the ocean[110]
and this along with laboratory studies of breaking bubbles[111] is
improving the understanding of the relative contribution of sea
salt to CCN number concentrations.
In the Arctic, primary particles often provide a reactive or
condensing surface for precursor gases, allowing growth to CCN
sizes.[112,113] These primary particles are fragments of biological material, including viruses.[107] Biogenic primary particles
have now been seen at the centre of CCN at Cape Grim[114] and
in the tropics.[115] As well as providing the nucleus for CCN,
biogenic material has an effect on the chemistry of the aerosol.
Excess calcium, likely to be related to biogenic calcium carbonate fragments, is believed to enhance alkalinity in marine
aerosol, promoting the reaction of sulfur dioxide and ozone on
sea salt, further reducing the role for DMS-derived sulfur in
nucleation.[116] Recent chamber experiments[117] involving sea
water have confirmed the surface microlayer to be a source of
calcium.

Conclusions
Despite the major advances in understanding of specific marine
environmental systems to date, the coupled systems inherent in
the CLAW hypothesis are so complex that we have yet to learn
‘enough to give a defensible answer’. There is much empirical
evidence, such as the coherence in seasonal cycles of DMS,
NSS-sulfate, CCN and AOD, but quantitative descriptions of
key processes and direct links have yet to be achieved.
A consequence of this somewhat equivocal position is that
the CLAW hypothesis (while mentioned briefly in its Chapter 7)
does not figure heavily in this year’s Working Group 1 Report
from the Intergovernmental Panel on Climate Change,[118] entitled ‘Climate Change 2007, The Physical Science Basis’. In this
there is perhaps some sense of the line attributed to a quizzical cartoon strip character some time ago that ‘the more we
learn, the more we know, but the more we know, the more
we realise how much we don’t know’. However, unless we
fully understand the biological–physical–chemical–dynamic–
microphysical connections inherent in the CLAW hypothesis, we
will be unable properly to assess climate-change risk to coupled
marine systems, or consider appropriate mitigation or adaptation
strategies.
This lack of quantitative understanding has important consequences for how natural sources of CCN can be handled in
models, when attempting to determine how they affect and are
affected by climate change. Nevertheless, it is clear that microand macro-algae do have an important role in the climate system
by providing precursor gases (whether sulfur-based or involving
other elemental cycles), for new particle formation, and provide
a source of CCN, without which we would have no clouds at all.
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