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A massive sandstorm blowing off the northwest African
desert has blanketed hundreds of thousands of square
miles of the eastern Atlantic Ocean with a dense cloud
of Saharan dust. The massive nature of this particular
storm was first seen in this SeaWiFS image acquired

on Saturday, 26 February 2000 when it reached over
1600 km into the Atlantic. These storms and the rising
warm air can lift dust 5000 m or so above the African
deserts and then out across the Atlantic, many times
reaching as far as the Caribbean where they often require
the local weather services to issue air pollution alerts.
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Preface

of research.

from the SOLAS website: www.solas-int.org.

The SOLAS Science Plan and Implementation Strategy sets out the scientific scope of SOLAS and
outlines a strategy for addressing the major issues that are identified. Thus the Science Plan and
Implementation Strategy forms the basis on which the project is being built. However, it cannot
remain current for the 10 years envisaged for SOLAS in view of the fast moving nature of this area

To ensure that SOLAS moves with the times, detailed Implementation Plans will be produced for
each Focus. These will be regularly updated by the Focus Implementation Groups and are intended
to complement this document. As they are produced, the Plans will be made available for download
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Executive Summary

SOLAS (Surface Ocean - Lower Atmosphere Study) is

a new international research initiative that has as its goal:

10 achieve quantitative understanding of the key biogeo-
chemical-physical interactions and feedbacks between the
ocean and the atmosphere, and of how this coupled
system affects and is affected by climate and environmen-
tal change.

Achievement of this goal is important in order to under-
stand and quantify the role that ocean-atmosphere interac-
tions play in the regulation of climate and global change.

The domain of SOLAS is focussed on processes at the
air-sea interface and includes a natural emphasis on

the atmospheric and upper-ocean boundary layers, while
recognising that some of the processes to be studied will,
of necessity, be linked to significantly greater height and
depth scales. SOLAS research will cover all ocean areas
including coastal seas and ice covered areas.

A fundamental characteristic of SOLAS is that the research
is not only interdisciplinary (involving biogeochemistry,
physics, mathematical modelling, etc.), but also involves
closely coupled studies requiring marine and atmospheric
scientists to work together. Such research will require a shift
in attitude within the academic and funding communities,
both of which are generally organised on a medium-by-
medium basis in most countries.

SOLAS deals with the following issues or Foci. Each
Focus is divided into several Activities.

Focus 1: Biogeochemical Interactions and
Feedbacks Between Ocean and Atmosphere

The objective of Focus 1 is to quantify feedback mecha-
nisms involving biogeochemical coupling across the air-
sea interface, which can only be achieved by studying
the ocean and atmosphere in concert. These couplings
include emissions of trace gases and particles and their
reactions of importance in atmospheric chemistry and
climate, and deposition of nutrients that control marine
biological activity and carbon uptake.

Activity 1.1 Sea-salt Particle Formation and
Transformations

Activity 1.2 Trace Gas Emissions and
Photochemical Feedbacks

Activity 1.3 Dimethylsulphide and Climate

Activity 1.4 Iron and Marine Productivity

Activity 1.5 Ocean-Atmosphere Cycling of

Nitrogen

Focus 2: Exchange Processes at the
Air-Sea Interface and the Role of Transport
and Transformation in the Atmospheric and
Oceanic Boundary Layers

The objective in Focus 2 is to develop a quantitative
understanding of processes responsible for air-sea
exchange of mass, momentum and energy to permit
accurate calculation of regional and global fluxes. This
requires establishing the dependence of these interfacial
transfer mechanisms on physical, biological and chemi-
cal factors within the boundary layers, and the horizon-
tal and vertical transport and transformation processes
that regulate these exchanges.

Activity 2.1 Exchange Across the Air-Sea Interface

Activity 2.2 Processes in the Oceanic Boundary
Layer

Activity 2.3 Processes in the Atmospheric

Boundary Layer

Focus 3: Air-Sea Flux of CO» and Other
Long-Lived Radiatively Active Gases

The air-sea CO; flux is a key inter-reservoir exchange
within the global carbon cycle. The oceans also play an
important role in the global budgets of other long-lived
radiatively active gases, including N,O and to some
extent CHy4. The objective of Focus 3 is to characterise
the air-sea flux of these gases and the boundary layer
mechanisms that drive them, in order to assess their
sensitivity to variations in environmental forcing.
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Activity 3.1  Geographic and Sub-Decadal
Variability of Air-Sea CO, Fluxes

Activity 3.2 Surface Layer Carbon
Transformations in the Oceans:

Sensitivity to Global Change
Activity 3.3 Air-Sea Flux of NyO and CHy

The Plan includes a description of the organisation and
management of SOLAS and an outline of how it will

be implemented.
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Introduction

The Goal of SOLAS

SOLAS (Surface Ocean - Lower Atmosphere Study) is a
new international research initiative that has as its goal:

10 achieve quantitative understanding of the key biogeo-
chemical-physical interactions and feedbacks between the
ocean and atmosphere, and of how this coupled system
affects and is affected by climate and environmental
change.

The scope of the study is illustrated in Figure 1 and
described in detail in this Science Plan and Implementa-
tion Strategy. The Science Plan parts of this document
are largely based on the results of the International
SOLAS Open Science Meeting held in Damp, near
Kiel, Germany in February 2000 which involved more
than 250 scientists from 22 different countries. The
International Geosphere-Biosphere Programme (IGBP),
Scientific Committee on Oceanic Research (SCOR),
Commission on Atmospheric Chemistry and Global
Pollution (CACGP) and the World Climate Research
Programme (WCRP) have approved SOLAS and are

sponsors of it.

Figure 1. The scope of SOLAS.
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The SOLAS Approach

In this Plan we identify critical questions and hypoth-
eses, as well as goals to quantify the rates and variability
of various important processes. SOLAS will focus on
important research issues that are not being emphasised
by other projects and which require collaboration of
atmospheric and marine scientists. It will concentrate on
research that can be expected to produce results within

a 10 year period, although some aspects will need to be
continued beyond this timeframe.

The general approach to implementation is to assess the
ambient situation as thoroughly as possible, identify the
weak links in understanding, undertake laboratory work
and focused field studies to resolve those issues, put the
new understandings into process models, and test those
models with carefully designed observations that bridge
scales from the micro scale to the global. In many cases
observations with high temporal and spatial resolution
will be of great value for both process understanding
and process model testing. It is clear that in some cases
simultaneous observations with multiple platforms
(ships, aircraft, buoys, satellites) will be required. The
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final step is to integrate this process understanding into
diagnostic models which scale up to regional and global
scales and can form the basis for modules in climate
models.

The key hypotheses under test in SOLAS will require
numerical modelling studies for their systematic evalu-
ation and quantitative assessment. Generally, SOLAS
modelling activities will fall into three broad classes: (1)
modelling as a key contribution to process studies, (2)
modelling as a monitoring tool to integrate spatial and
temporal scales, and (3) development of models and
model components of SOLAS subsystems as parts of
Earth System models.

Remote sensing data, mainly from satellite sensors, are
expected to make a vital contribution to SOLAS. Satel-
lites allow global observation of marine biogeochemical
signatures (e.g. ocean colour, trace gases and aerosols),
have good temporal coverage, and with 4-5 year mis-
sions, provide observations over an extended time
period. In particular, satellite observations can put field
experiments into a larger temporal and spatial perspec-
tive. A need will be to achieve coupling between field
data, satellite observation, and models.

Many of the key questions in SOLAS can be addressed
by time series studies that ideally should be conducted

at strategic sites that are representative of large biomes or
in regions that are likely to exhibit substantial interan-
nual variability over large areas. Furthermore, these field
investigations should be continued for at least several
decades, in order to distinguish natural variability from
that induced by human activities. Such observations,

in combination with proxy records preserved in peat
bogs, soil/dust deposits, firn, ice and lake and marine
sediments, have clearly established the trends that are
occurring in many individual components as well as in
their gross budgets. They have also implicated human
activities in many cases as the cause of change. In spite of
their well recognised value, systematic, long-term, direct
biogeochemical observations of the atmosphere are rather
limited; for oceanic habitats they are indeed rare.

Considering the very considerable resources required
to set up and maintain time series measurement sites,
wherever possible they should address the goals of
several SOLAS Foci/Activities and be shared with other
projects (e.g. IGAC, IMBER, GEWEX). They should
also build on the results of the current time series sta-
tions. Since SOLAS has a strong emphasis on process-

Figure 2. Diagram to illustrate the domain of SOLAS, its interdisciplinarity and the main operative processes.

=

Flaﬂiatimn-}‘u_'l_ ico
# i
t Flun off Ir;'“r;'ll e b
» L A i)
— 5 B
LidEE=n ey aned Wit f{ﬁ,_ Gas .l
: Eiplniiog . EqoieEace o
Mutrints ¥y ::':ff :_— PHMMMT{—JLI
ol ..,.
CHHAMNIES MAer



SOLAS Science Plan and Implementation Strategy

driven research, it may well be that it is not the obvious
main sponsor for time series studies. In this situation it
will be the responsibility of the SOLAS Implementation
Groups to specify their long-term measurement needs
for both satellite and ground-based routine observations

and for them and the SOLAS SSC to support the efforts

of those mandated to make the measurements.

The ethos of SOLAS is to use the disciplines of biology,
chemistry, physics, etc. to study biogeochemical interac-
tions in the ocean-atmosphere system. In achieving this
goal, these disciplines are not principally to be advanced
in their own right, but should be seen as tools to pursue
the larger aim. So, for example, SOLAS will not carry out
research to study for its own sake the physics of air-sea
exchanges of heat and momentum, but will and must use
the best physical knowledge available, together with that
from other disciplines, to quantitatively address the issue
of how matter is exchanged across the air-sea interface.

The Domain of SOLAS

SOLAS will focus on research topics of linked ocean-
atmosphere interactions at a multitude of space and time
scales in each medium. This focus results in an unavoid-

able mismatch in time and space scales of processes (and
hence measurement needs) because atmospheric trans-
port is more rapid than oceanic circulation. A distinctive
feature of the ocean surface and surrounding air and
water boundary layers is the progressive change in scale
and progressively greater interdependence of different
processes as the interface is approached. Processes that
might be usefully explored in isolation at depth/height,
must be considered with a host of competing and
interacting effects close to the interface. The scales of
the interacting phenomena become smaller and start

to overlap, and the nonlinear interactions increase in
strength as the interface is approached.

The interdisciplinary nature and broad domain of
SOLAS are illustrated in Figure 2. The vertical domain
of SOLAS is focussed on processes at the air-sea inter-
face and includes a natural emphasis on the atmospheric
and upper-ocean boundary layers, while recognising that
some of the processes to be studied will, of necessity, be
linked to significantly greater depth/height scales (illus-
trated in Figure 3). The atmospheric boundary layer can
be functionally defined as extending to the top of the
boundary-layer clouds (typically to about 1 km). The

Figure 3. Vertical scales of processes important for air-sea exchange.
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upper-ocean boundary layer functionally includes the
actively mixed or euphotic zone (typically 100-200 m).

In the horizontal dimension, SOLAS research can be
focussed anywhere over the ocean, extending into coastal
areas and estuaries, as well as ice covered areas. Coastal
ecosystems are characterised by higher primary produc-
tion than open ocean systems, with associated high rates
of carbon burial that are significant to the global carbon
budget. In addition, coastal seas are dominant marine
sources of some trace gases globally (e.g. nitrous oxide
(N20), carbonylsulphide (COS), methane (CHy))

and are important production sites for almost all trace
gases. Coastal research is spread across the whole of

the SOLAS research agenda and will be linked to the
LOICZ programme. Likewise, processes that occur at
ice edges and in ice covered seas are important for emis-
sion of trace gases such as DMS and organo-halogens,
and each focus in SOLAS includes important research in
these regions.

In the temporal domain SOLAS will need to be con-
cerned with a continuum, from the past through the
present to the future. Measurements of oceanographic
and climatic indicators of past ocean and atmospheric
chemistry and climate will be needed to determine how
a variety of factors related to air-sea interactions varied
in relation to one another in the past. Long term, regu-
lar observations at important sites are needed to provide
understanding of interannual to interdecadal variability
of important global processes. Models need information
from both palaeo indicators and from studies of present-
day processes, in order to develop an ability to predict
environmental variability and the responses of global
systems to the effects of human perturbations. Models
also provide capabilities to extrapolate measurements
up and down across scales and to integrate data from
different sources. Model studies conducted in parallel
with experimental and observational studies will allow a
systematic evaluation and qualitative assessment of the
different hypotheses emerging from the data. The neces-
sity of involving both palaeco and modelling expertise

in SOLAS illustrates the need for strong cooperation
between SOLAS and the Past Global Changes Project
(PAGES) especially its International Marine Global
Changes Study (IMAGES), and the Global Analysis,
Integration, and Modelling (GAIM) Task Force. Data
assimilation techniques, similar to those being used at
numerical weather prediction centres and developed

by GODAE for oceanographic applications, will be

required to handle the complex and disparate data sets
generated by SOLAS field campaigns with many differ-
ent platforms (e.g. ships, aircraft, satellites).

The chemical domain of SOLAS will include all natural
elements (and their compounds) that play an important
role in biogeochemical cycling (e.g. C, N, O, B §,
Group 1 and 2 elements, halogens, Fe, Mn and other
trace metals and metalloids). Some inert gases and

low chemical reactivity substances (lanthanides, natural
and anthropogenic radionuclides), as well as a variety

of persistent organic pollutants (POPs), will also be
included in SOLAS, but only where their study can yield
information useful in elucidating the ocean-atmosphere
behaviour of biogeochemically and/or climatically active
elements.

Societal Relevance

SOLAS can contribute to our understanding of the
important role that the ocean-atmosphere interface plays
in relation to issues relevant to society, including climate
change, air quality, and the health of the ocean. For each
of these topics, SOLAS will seek to develop collaborative
research with related international projects. Likewise,
the International Human Dimensions Programme on
Global Environmental Change (IHDP) and SOLAS can
work together to identify societal issues and important
human drivers of changing biogeochemical fluxes, for
example with respect to ethical, legal and financial impli-
cations of the research.

The Montreal and Kyoto Protocols marked a change in
attitude within the international policy community to
the issues of global change related to ozone and atmo-
spheric carbon dioxide, respectively. Ozone depletion
and greenhouse gas emissions are increasingly recognised
as threats to the quality of human life, the global econ-
omy and natural ecosystems. Such threats require close
observations and forecasts. As a practical matter, nations
must plan to meet the commitments made in these
agreements. Transparent and accountable verification of
greenhouse and ozone-depleting gas sources and sinks is
required. Within its area of research, SOLAS will help to
better quantify the global emissions of these compounds
and thereby address major societal needs.

However, at present, the political imperative is running
well ahead of scientific knowledge. For example, from

models that interpret atmospheric and marine measure-
ments of CO7, we know that the Northern Hemisphere
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land biota is taking up 1-2 PgC (petagrammes of
carbon, 1 PgC = 1 GtC) of atmospheric CO; per year,
and the global ocean a similar amount. But beyond this
understanding, little scientific consensus exists as to
where (which continent or ocean) or why (what pro-
cesses are responsible) these sinks exist, or their variabil-
ity on seasonal to decadal time scales. A second example
of knowledge gaps is related to aerosols, which are now
recognised as having a significant, but very poorly quan-
tified, effect on global climate change. However, their
generation, chemistry and fate have received relatively
little attention. Without a substantial maturing and
deepening of our knowledge about this complex aerosol
system, scientists will be unable to provide the verifica-
tion techniques and forecasts of future trends that will
be required. Similar arguments apply to ozone depletion
where, in spite of the success of the Montreal Proto-

col, ozone recovery is being delayed by the continued
increases in brominated gases and CFC (chlorofluoro-
carbon) replacements and, potentially, by global warm-
ing. This perturbation must be evaluated within the
context of the large scale and uncertain air-sea exchange
of biogenic halogen gases (Br, Cl, I). A further example
is the case of proposals to fertilise large parts of the open
oceans with iron in order to enhance the oceanic sink for
COg; an issue for which proposed industrial application
is running substantially ahead of scientific understand-
ing. All these topics, together with many others, are
major basic scientific issues in the SOLAS programme,
the results of which will form the sound foundations for
policy making in the coming years.

Simulations of future climate are only now beginning

to incorporate the biological and chemical feedbacks
that may arise as the atmosphere-ocean system changes
in response to climate and other environmental forcing.
These simulations give divergent predictions, depending
on which feedbacks are included and how they are mod-
elled. Substantial changes in “natural” sources and sinks
of climatically active gases are possible, indeed probable,
once climate change effects become obvious. CO; is

the most closely studied example, but dimethylsulphide
(DMS) and other chemically active trace species such as
organo-halogens may also have important effects, little
addressed to date. These deficiencies lead to uncertain-
ties in the timing and magnitude of global change effects
by many decades, the social and economic implications
of which are clearly profound. Adaptation strategies are
highly dependent on the time scales of change. SOLAS
is designed to address these issues, with the purpose of

substantially reducing the uncertainties in our predic-
tions of the timing and effects of future global and
climate change.

SOLAS and the Global Carbon Cycle

SOLAS cannot address all issues related to the ocean’s
present and future role in the global carbon cycle.
Rather, it will address an important subset of carbon
cycle issues that are compatible with its overall goals,
domain and technical approaches. These topics can be
summarised as:

*  Quantification of the present-day exchange of
CO; and carbon-related properties between the
atmosphere and the surface ocean.

*  Understanding of surface-layer ocean processes
that can change the future air-sea flux of CO»,
with potential implications for altered seques-
tration of carbon within the ocean.

SOLAS will focus on providing a description of the
contemporary geographical and temporal structure and
variation of air-sea CO fluxes, as well as mechanistic
understanding of surface-layer processes that determine
these fluxes, both now and in the future. This should
include a strong emphasis on continental margins where
forcing and fluxes can be particularly large. SOLAS is
not the appropriate home for a global-scale pCO; mea-
surement system, but its work will help guide the devel-
opment and progress of such a programme, which the
SOLAS SSC will strongly support. The limited SOLAS
objectives above will provide a foundation for broader
global carbon cycle science activities in the Global
Carbon Project (GCP), particularly for the evaluation
and parametreisation of processes in the models required
to predict future ocean carbon sequestration.

Interdisciplinarity and Integration

More than is usually the case, meaningful developments
in SOLAS will depend on research that is not only inter-
disciplinary, but also involves closely coordinated field
studies in which the different research components are
combined so as to produce comprehensive data sets.

Achieving understanding of processes that occur at the
ocean-atmosphere interface will require an enhanced level
of cooperation in planning and execution of research
among many different disciplines in the environmen-
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tal sciences. The success of SOLAS will depend on the
effectiveness of such cooperation and ability to integrate
measurements and analyses of many different types.

These challenges require some educational efforts, such
as summer schools, to bring together young and estab-
lished researchers for the mutual exchange of ideas and
experience, and from countries with developed and
developing science bases. (The first SOLAS Summer
School was held in 2003 in Corsica). In addition and
most importantly, research involving the coherent study
of linkages between environmental compartments (in
the case of SOLAS, atmosphere and oceans) will require
a shift in attitude within the academic community and
research funding agencies, both of which are generally
organised on a medium-by-medium basis in most coun-
tries. Bridging such barriers is vital because knowledge
of atmosphere-ocean interactions is key to understand-
ing climate and other global changes.

Added Value and Legacy

As is the goal of many international projects, SOLAS
will add value to the research in its area of interest

by activities such as: answering broad questions that
individual nations cannot address alone; coordinating
large-scale international activities, encouraging multi-
investigator studies and avoiding unnecessary duplica-
tion of effort; establishing a common data policy to
allow sharing of results between investigators; synthesis-
ing and publicising the results obtained in the project;
carrying out data and model intercomparisons; standar-
disation of methodologies; testing models against new
and existing data sets.

Specifically, SOLAS will add value by improving process
understanding in both the surface ocean and the lower
atmosphere, as well as the mechanisms of exchange
between them. This will lead to improved parameterisa-
tion of air-sea transfer rates and processes within both
fluids. In turn, this will feed into better models for upscal-
ing local results to regional and global scales. Finally, the
improved understanding of biogeochemical interactions
between atmosphere and ocean to be achieved in SOLAS
will be vital components in the construction of Earth
System models of various degrees of complexity. A cur-
rent example is the strong involvement of SOLAS in the
SCOR/IGBP Fast Track Project ‘Global Iron Connec-
tions’, which will produce an integrative assessment of the

global iron cycle.

The Structure of the SOLAS Science
Plan and Implementation Strategy

SOLAS consists of 3 Foci, each containing several
Activities, as shown in Figure 4. In the main part of the
Plan, the Activities are introduced and a review of the
present state of understanding is presented. This leads
to definition of the major issues requiring resolution,
which have been classified in terms of essential (M) and
complementary (P ); these are followed by a statement
of the specific goals of each Activity. Finally, promising
approaches to tackling the identified issues are discussed,
together with a strategy for implementation. The Plan
concludes with a description of the organisation and
management of SOLAS.
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SOLAS Science Plan and Implementation Strategy

Focus 1: Biogeochemical Interactions and

Feedbacks Between Ocean and Atmosphere

The objective of Focus 1 is to quantify feedback mechanisms involving biogeochemical coupling across
the air-sea interface, which can only be achieved by studying the ocean and atmosphere in concert.
These couplings include emissions of trace gases and particles and their reactions of importance in
atmospheric chemistry and climate, and deposition of nutrients that control marine biological activity and

ocean carbon uptake.

Climate change can lead to alterations in the exchanges
of reactive particles and gases between the ocean and
atmosphere. Sea salt particles and sea ice can also release
gases and provide surfaces for heterogeneous chemical
reactions. Many marine biogenic gases are photochemi-
cally active, so that changes in their emissions can lead to
alteration in the radiative environment, chemical cycles,
acidity and the oxidative capacity of the atmosphere.
Significant exchanges of these gases occur between the
atmosphere and both open waters and ice surfaces.
Changes in the spectral quality and intensity of radiation
in the atmosphere and ocean as a result of ozone deple-
tion and climate change can have significant impacts on
photochemical processes and cloud cover in the atmo-
sphere. These in turn can lead to alteration of physiology,
community structure, and photochemical processes in the
marine photic zone.

Climate and environmental change will have significant
impacts on and feedbacks to biogeochemical cycling in
the ocean, on atmospheric chemistry, and on chemi-

cal exchange between the ocean and atmosphere. For
example, changes in climate may result in alterations in
the distribution patterns of phytoplankton and associated
dimethylsulphide (DMS) production and release to the
atmosphere. Subsequent oxidation of DMS to sulphate
aerosol in the atmosphere may affect cloud albedo and
thus climate. Changes in climate can also lead to altera-
tion in the quantity and atmospheric delivery pattern

of mineral aerosol from land and its associated nutrient
iron to the ocean. In regions where iron limits primary
productivity, alteration in food web structure is likely, as
are changes in the release of a number of biogenic gases
and the biological fixation of carbon and nitrogen in the
ocean. Atmospheric inputs of different forms of nitro-
gen to the ocean as a result of increasing population and
industrialisation may lead to increased eutrophication of
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coastal regions, as well as productivity increases and food
web alterations in oligotrophic ocean areas, each of which
would cause changes in carbon storage and biogenic gas
emissions. These changes in turn will have a significant
impact on the scale and nature of climate and environ-
mental change itself.

These complex and interdependent processes can only

be addressed by studying the ocean, the atmosphere,

and their interactions in a series of joint and coordinated
efforts. Coordination with other SOLAS Foci and with
other international projects/programmes is vital. For
example, we need improved estimates of atmospheric
deposition fluxes, where the direct involvement of scien-
tists working in Focus 2 of SOLAS and the World Cli-
mate Research Programme (WCRP) will be beneficial in
terms of defining wet and dry deposition fluxes. Similarly,
in many cases the study of lower atmospheric chemistry
would be done best in conjunction with the International
Global Atmospheric Chemistry project (IGAC-II). In
turn, information from SOLAS regarding atmospheric
nutrient inputs could be helpful to the Global Ecology
and Oceanography of Harmful Algal Blooms (GEOHAB)
and the Integrated Marine Biogeochemistry and Eco-
system Research (IMBER) projects. Cooperation with
these projects should result in the development of more
advanced ecosystem models of the marine biosphere that
take into account, beyond carbon and nitrogen, the full
suite of macro and micronutrients. These models will also
have to represent individual species or functional types to
adequately describe the effects of competition and adapta-
tion, as well as species-specific biochemistry.
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Activity 1.1 - Sea-salt Particle Formation and Transformations

The fluxes of marine particles to the atmosphere will alter as a result of climate change.

Introduction

The ocean emits a large amount of sea-salt aerosols and
gases to the atmosphere. These sea-salt acrosols play a
significant role in atmospheric chemistry in that they can
release gases (e.g. volatile organic compounds (VOCs),
sulphur and halogen species), provide surfaces for hetero-
geneous chemical reactions, and directly or indirectly alter
the atmospheric radiation field. In turn, the chemical and
physical characteristics of these aerosols reflect their source
and subsequent physical and chemical processing (Cha-
meides and Stelson, 1992; O’Dowd et al., 1997). The
exchange of sea-salt acrosols between the atmosphere and
the ocean is regulated by a variety of physical forcings.
Thus, climate-induced changes in the factors controlling
particle exchange and transformation would be expected
to alter their impact on the state of the atmosphere and in
turn feed back to climate. It has recently been argued that
sea spray can help cleanse the atmosphere of air pollution
with resultant effects on cloud and precipitation forma-
tion (Rosenfeld et al., 2002).

State of Present Understanding

Sea-salt aerosols are a major reactive medium in the
marine atmospheric boundary layer (MABL), as well as
a significant source of atmospheric alkalinity and organic
material. They are also precursors for volatile reactive
halogens. The production of several classes of com-
pounds (particularly the reactive halogen gases discussed
in Activity 1.2), in addition to the chemical process-

ing and deposition of important sulphur and nitrogen
species, are directly tied to sea-salt reactions. Sea salt is
also an important source of cloud condensation nuclei
and thus can change cloud properties, including the
radiative effects of clouds (Andreae and Crutzen, 1997;
Keene et al., 1998; Murphy et al., 1998). As a conse-
quence, sea salt can directly or indirectly lead to effec-
tive scattering of incident radiation in the MABL. Since
the flux of sea-salt particles from the ocean is thought
to vary as the cube of the wind speed (Monahan and
O’Muircheartaigh, 1986), climatically driven changes in
global wind fields will significantly alter concentrations
and lifetimes of atmospheric sea-salt aerosols, their asso-

ciated reactant and product species, and their effects on
radiative transfer. However, quantification of this sea-salt
flux is difficult, and published estimates vary by an order
of magnitude (Focus 2).

Another important class of particles is formed by gas-to-
particle conversion. These particles usually have diam-
eters smaller than 1 pm. For example, dimethylsulphide
(DMS, (CHj),S)) and carbonylsulphide (COS) are
emitted from the ocean, after which they are oxidised
and can produce new particles in the atmosphere, as well
as leading to growth of existing particles. The chemistry
of DMS is described in detail under Activity 1.3 but it
should be noted that condensation of the products of
DMS oxidation on sea salt represents an important sink.
COS, which is produced by photochemical reactions in
the surface ocean (discussed in Activities 1.2 and 1.3),
has a much longer atmospheric residence time than
DMS, so the primary impact of its oxidation is to form
sulphate aerosols in the stratosphere. Photochemical
particle bursts, which may be initiated by trace gas emis-
sions, are discussed in Activity 1.2.

Condensed organic material is one of the least under-
stood components of marine aerosols, even though it
may have a dramatic effect on hygroscopic growth and
cloud-nucleating properties (Jacobson et al., 2000).
While continental emissions of VOCs are important in
some marine areas, a significant amount of the organic
material processed through the MABL is emitted from
the ocean in association with sea-salt aerosols. This
occurs by concentration from bulk seawater onto the
walls of bubbles and subsequent ejection into the atmo-
sphere during bubble bursting. Organics associated with
sea salt react in atmospheric aqueous phases to produce
both volatile and particulate products (Kawamura

et al., 1996). Other sources of condensed organic
material include primary processes that release biologi-
cal aerosols (such as bacteria and cell fragments) to the
atmosphere.

11
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Major Issues that Require Resolution
» What are the details of the physical and chem-

ical processing of sea-salt aerosols? Sea-salt
aerosols are increasingly recognised as aque-

ous reactors for gases such as sulphur dioxide.
In many regions non-sea-salt aerosols control
particle number and cloud properties, yet their
atmospheric cycling is poorly understood. For
example, are algae and bacteria and other biota
involved? Hence we need to consider, in addition
to sea salt, alternative particle sources. What are
the heterogeneous reactions leading to autocata-
lytic release of reactive halogen species in polar
and other regions?

» What are the source strengths, distributions,
and removal rates of sea-salt aerosols? The
current large uncertainties in aerosol produc-
tion and removal rates for both sea-salt and
non-sea-salt aerosols (which are discussed in
Activities 1.2, 1.3, and 1.4) lead to large ranges
in estimates of their atmospheric lifetimes. Better
precipitation scavenging data and improved tech-
niques for measuring aerosol dry deposition are
needed (Focus 2). Source terms are also poorly
constrained, with current uncertainties in the
sea-spray source function in the open sea of one
order of magnitude. An important source of sea
spray is production in the surf zone, with local
concentrations observed sometimes to be two
orders of magnitude larger than advected from
the open sea. This source is particularly difficult
to quantify.

» What are the chemical constituents of the
sea surface organic microlayer, how can it be
accurately sampled, and what are its impacts
on organic aerosols? Among other things,
the surface microlayer (up to a few hundred
microns) influences the composition of sea-salt
particles. A large number of compounds and ill-
defined complex organic substances are involved.
These compounds need to be characterised and
their effect on aerosol properties elucidated.

Specific Goals

I.  Constrain the source of sea-salt aerosols (as a
function of controlling factors such as local wind
speed) to within a factor of two.

II.  Quantify the wet and dry removal of sea-salt
aerosols under various conditions to within a
factor of two.
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III. Integrate this understanding into models that
can use remotely sensed parameters to predict
the regional distribution of sea-salt acrosols for
use in climate models.

IV. Identify the heterogeneous reaction mecha-
nisms leading to the release of halogen gases
from sea-salt aerosols.

V. Develop sampling methods for the sea sur-
face microlayer that can support studies of its
chemical and physical properties.

VI. Develop analytical methods with the aim of
identifying the key components of the chemical
constituents of the sea surface microlayer.

Promising Approaches and
Implementation Strategy

The first step towards understanding the atmospheric
behaviour of sea-salt acrosols and mixed particles is to
characterise their size-dependent chemical composition,
morphology, and spatial and temporal distribution. Pro-
cess understanding may require more extensive observa-
tions than have been made to date, some with multiple
platforms in large experiments. Higher time and space
resolution may be needed to resolve some processes.
Testing our integrated understanding, however, may
require decade-long time series measurements of some
species or remote sensing from space to probe global
patterns and variability of measurable parameters.

The sources and removal rates of sea-salt aerosols are
difficult to characterise, in part because production and
loss occur simultaneously. The largest sea-salt particles
dry deposit rapidly, while smaller aerosols are primar-
ily removed by wet deposition on a longer time scale.
Detailed observations of particle size distributions
under various source and loss scenarios can be coupled
with aerosol process models to constrain these terms
(Vignati et al., 2001). Particular attention is needed for
submicron particles, which are no longer thought to be
solely sulphates. Murphy (1998) showed that in remote
marine air about half the mass near 100 nm was sea
salt. Nilsson et al. (2001) measured sea-spray particles
as small as 20 nm over the open ocean, the formation
of which from bubbles was confirmed through labora-
tory experiments by Mértensson et al. (2003). However,
since these laboratory experiments used artificial seawa-
ter, the resulting aerosol may have differed considerably
from that produced naturally. Sea spray plays other roles
that are described in Activity 2.3. Elemental and organic
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carbon and perhaps even halogen nuclei may also play
important roles in the accumulation mode.

One reason why some of the issues above are poorly
understood is that tropospheric trace gas and aerosol
composition and their temporal and spatial distributions
have not been adequately characterised. In many cases
this is because measurement techniques are biased (e.g.
aerosol inlet losses), instruments are not widely available
due to the cost and technical sophistication required

for operation (e.g. Differential Optical Absorption
Spectrometer (DOAS), Light Detection and Ranging
(LIDAR), low-level NOy), or suitable techniques do not
exist (e.g. aerosol organic speciation, direct measurement
of halogen atoms, HOBr, etc.). In other cases, relatively
simple and inexpensive measurement methods are avail-
able, but they need to be deployed much more widely to
generate representative distributions. For organic com-
pounds, new approaches are needed. Instruments such
as single particle mass spectrometers might be modified
to ablate only the outer layers of marine aerosols, thus
helping to understand the layering of inorganic and
organic species. Single particle laboratory experiments
with organic vapours may also help in identification of
organic material.

Among the major unknowns are the amount, nature

and functionality of organic fractions of the aerosol, in
part because existing analytical methods are incapable

of identifying even the major compounds. Develop-

ment work is needed on methods to characterise organic
compounds (at least in terms of their functional groups),
including the water-soluble portions, to support studies
of growth with humidity and cloud droplet nucleation.
Since the microlayer-derived materials that accompany
large sea-salt aerosols are very different from the secondary
organic compounds that condense onto the accumulation
mode, it is important that these studies at least distinguish
between modes above and below 1 pm, if measuring a
more detailed size distribution is impractical. Knowledge
of the concentrations of precursor organic vapours is
clearly essential for establishing the source of accumula-
tion mode organic aerosols (Activity 1.2).

Some marine regions are strongly impacted by mineral
dust, which tends to be in supermicron aerosol par-
ticles. The carbonates often found in dust can impact
the pH of marine aerosols, so it is important to study
dust mineralogy (Activity 1.4). Changing emission pat-
terns of SO,, NO, and NHj can also alter aerosol pH.

Since pH is a major controller of chemical processes in

aerosol solutions, reliable characterisation of the acidity/
alkalinity of aerosols will provide important constraints
on the nature of the associated transformations.

Halogen compounds in aerosols also need to be speci-
ated by size. Simultaneous measurements of associated
vapour-phase compounds will be critical for quantify-
ing the impact of inorganic halogens on oxidation of
other compounds. Single-particle studies (microscopic
and mass spectrometric) will be needed to determine
the presence of unicellular algae, for example, or other
unique nuclei. The time and place of these measure-
ments should be tailored to the specific question to be
addressed: before and after polar sunrise, in and out of
continental plumes, and rapidly enough to see diurnal
cycles, for instance. Time series studies on scales from
hours to years provide unique and valuable constraints
on models; stable funding mechanisms must be devel-
oped to ensure the continuity of these important records
so that we can test diagnostic model forecasts in the
presence of perturbations such as ENSO (El Nifio-
Southern Oscillation) and decadal oscillations.

The distribution of marine aerosols in time and space
needs to be established. Satellite observations using
retrieval algorithms that can discriminate between marine
and other aerosol types (Kusmierczyk-Michulec et al.,
2002; Robles-Gonzalez, 2003) provide information on
the spatial distribution which can then be assimilated in
diagnostic chemical transport models to cover periods
when no satellite data are available. The data assimila-
tion constrains the models, but the results must be tested
against observations on various time scales in all the major
airmass types, accompanied by profile measurements
using lidar or airborne platforms. On longer time scales,
ice core records can provide further constraints on the
sea-salt source variability. There is no substitute for 77 situ
observations, which need to be made over time (ships
and coastal sites) and at multiple altitudes (aircraft), to
complement satellite and LIDAR data for the develop-
ment and testing of 4D data assimilation models, along
with developing ocean observing systems based on buoys.
A scheme to provide the most likely aerosol type for

each region can be based on climatologies, but a major
improvement is expected by using a chemical transport
model employing emissions of primary aerosols and aero-
sol precursor gases to provide the initial aerosol composi-
tion for use in the retrieval, as proposed by Verver et al.
(2002). Remote sensing by LIDAR and satellites should
be used to study production and loss, including rainfall. A
high priority should be given to the development of new
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methods for measuring the source of sea-salt particles, and
aerosol dry deposition to the ocean surface, for example,
direct flux measurement by eddy correlation (Nilsson

et al., 2001; 2003) (see also Activity 2.3). Lagrangian
observations should be considered for testing models of
deposition.

In addition to establishing the time-varying nature of
sea-salt aerosols for areas of interest, laboratory measure-
ments of thermodynamic properties and reaction rates
under conditions similar to ambient are needed to sup-
port chemical modelling of processes on sea-salt aero-
sol, such as halogen release and SO; oxidation. These
reaction mechanisms depend on many factors, such as
solubility and reaction rate constants, that are poorly
known. There is a need for the laboratory determination
of reliable thermodynamic and kinetic data, especially in
condensed phases and gas/aerosol mixtures. The models
based on these data should then be used to simulate
observable quantities that can be compared to laboratory
or field data. Size-dependence of halogen loss, product
concentrations over time, and diurnal cycles of various
compounds are examples of characteristics that might
provide good process model tests. This effort would ben-
efit greatly from close collaboration with IGAC-II.

If our wet and dry removal models are correct, most
submicron marine particles (including sea-salt particles)
are removed by wet deposition. It is therefore important
to make accurate measurements of aerosol loss in rainfall
(Focus 2). Of course, it is impossible to sample marine
rain in enough places to provide a truly representative
picture, so time series observations at a modest number
of sites should be used to improve precipitation chemis-
try process models.

The sea-surface microlayer presents special challenges
due to its small vertical dimension and the inability to
reproduce its chemistry and dynamics adequately in

the laboratory. New sampling methods are needed, as is
development work on spectroscopic methods that can be
deployed from ships, aircraft and satellites to probe near
the surface of the ocean.

The ultimate test of our understanding of marine aero-
sol processes is Lagrangian observations, of the type used
in ASTEX/MAGE, ACE-1 and ACE-2. Such studies can
address key questions such as, how do the sea salt and
accumulation mode concentrations recover after a rain
event? During dry periods, does the submicron mass
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grow at the rate predicted by models of sulphur chemis-
try? Observing a tagged airmass for a day or more allows
tests of many process model predictions, including
source, transformation, and loss terms. In some remote
areas the environment is sufficiently homogeneous that
Eulerian observations may be used for some purposes as
if they were Lagrangian. In either case, vertical profiles
of the atmospheric marine boundary layer are critical for
interpreting Lagrangian budget studies.
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Activity 1.2 - Trace Gas Emissions and Photochemical Feedbacks

Changes in factors that affect and are affected by radiation will alter trace gas fluxes between the ocean

and atmosphere.

Introduction

Radiation-driven processes have been identified as a
critical link in the understanding of trace gas exchange
between the ocean and atmosphere in future climate
scenarios (e.g. Zepp et al., 1998). This evaluation fol-
lows from recent findings that many photochemical and
photobiological reactions are important in the natural
cycling of climate-relevant trace gases (e.g. sulphur gases,
organo-halogens, CO and hydrocarbons). Because many
of the trace gases emitted from the ocean are photochemi-
cally and/or infrared (IR) active (i.e. they influence the
climate), these gas emissions can lead to considerable
changes in the radiative environment. They also influ-
ence chemical cycles, acidity, and the oxidation capacity
of the atmosphere. For example, the oceanic emission of
reactive halogen compounds (Cl, Br, and I) is known to
influence the ozone budget and the oxidation capacity of
the MABL in some, and perhaps most, marine regions.
Factors that control these emissions (either via organic
precursors or due to sea-salt aerosol, as discussed under
Activity 1.1) include wind speed, temperature, aqueous
photochemistry and biological activity, which in turn
depend on radiative, chemical and physical phenomena.
In this way, changes in any of these factors would be
expected to change organo-halogen emissions and their
feedback on the chemical condition of the atmosphere,
with possible consequences for other important trace
gases.

Despite new recognition of the climatic importance of
radiation-driven biogeochemical processes, most known
photo-processes in the surface ocean are still not yet
fully understood or treated in a quantitative manner in
atmospheric models. In addition, it is likely that other
important photochemical and/or photobiological reac-
tions have not yet even been identified. Consequently,
regardless of changes in radiation arising from future
climate change, the impact of radiation on important
trace gas cycles needs to be better understood and quan-
titatively integrated into process models.

As discussed under Activity 1.1, in many cases adequate
measurement instrumentation is not widely available

due to the cost and technical sophistication required for
operation (e.g. miniaturised systems for buoy deploy-
ment for autonomous long term sampling), or suitable
techniques are non existent (e.g. acrosol organic specia-
tion, direct measurement of halogen atoms, HOB, etc.).

State of Present Understanding

Many chemical and biological processes critical to trace
gas exchange between seawater and the atmosphere can
be affected either directly or indirectly by solar radiation
and are consequently susceptible to changing radiation
fields. Changes in the intensity and/or the spectral distri-
bution of this radiation in the surface ocean or lower
atmosphere will have an effect on the cycling of those
trace gases controlled by photochemistry and/or biologi-
cal processes.

Direct radiative effects on trace gas exchange between
the surface ocean and lower atmosphere include:

*  the photochemical production of important,
atmospherically reactive trace gases such as
COS (Zepp and Andreae, 1994; Weiss et al.,
1995), CS, (Xie et al., 1998), CH3l (Moore
and Zafiriou, 1994), alkenes (Ratte et al., 1993;
1998) and CO (Valentine and Zepp, 1993;
Najjar et al., 1995);

*  photo-oxidative loss of other trace gases like

DMS (Kieber et al., 1996); and

*  the photochemical breakdown of dissolved
organic carbon in marine waters directly to
CO; (Miller and Zepp, 1995), a process that
has been estimated to be of similar magnitude
to carbon fixed by new biological produc-
tion (Johannessen, 2000; Mopper and Kieber,
2000).

Changes in oceanic biological processes in response

to changing radiation fields or biological activity also
affect the emission of marine biogenic halogens, which
contribute to halogen budgets in both the stratosphere
and the troposphere. Shorter-lived organic and inorganic
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halogen compounds are also either emitted directly from
the ocean (e.g. CH,Br,, CHBr3, CH3l), produced indi-
rectly in the atmosphere via photochemical transforma-
tion of precursor species, or made by chemical processes
involving sea-salt aerosol in the MABL (e.g. HCI, HBr,
Br,, BrCl, Cl,, BrO, CIO, IO) (Platt and Moortgat,
1999). Heterogeneous photochemical reactions are also
apparently involved in the release of reactive haloge-
nated species (e.g. the “Bromine Explosion”, Wennberg,

1999).

Reactive halogen compounds (such as atomic Br and
BrO originating in the ocean) can contribute to ozone
destruction in the troposphere (Barrie and Platt, 1997),
as exemplified by the polar “Tropospheric Ozone Holes”
that occur during spring time in the Arctic and Antarc-
tic boundary layers (Figure 5). It is evident that halogens
change greenhouse forcing both directly (through the
IR absorption of ozone) and indirectly via the change in
tropospheric oxidation capacity, which controls the life-
times and atmospheric abundances of greenhouse gases
such as CHy4 and hydrochlorofluorocarbons.

Some halogen species are powerful oxidants themselves.
BrO and atomic Cl, for instance, may play an important
role in the oxidation of DMS (Toumi, 1994). Since Cl
atoms are roughly one order of magnitude more reac-
tive than OH radicals, even low levels could have a large
influence on the atmospheric lifetimes of many trace
gases (Platt and Janssen, 1996) and selected hydrocar-
bons (Singh et al., 1996).

Currently, the organo-halogen compounds CH;Br and
CH;Cl contribute about 25% of the equivalent chlo-

Figure 5. Satellite (Global Ozone Monitoring
Experiment, GOME, on the ERS-2 satellite)
observations of tropospheric BrO “clouds”

in the Arctic and Antarctic. Total BrO column
densities in the centre of the clouds exceed
104 BrO molecules cm™. The clouds are
associated with total loss of boundary layer
ozone, occur only in spring time, and have a
typical lifetime of one to a few days (Wagner
et al., 2001). Reproduced by permission of
American Geophysical Union.

Arctic, 20.04.1997

rine to the stratosphere and, consequently, contribute
significantly to the loss of stratospheric O3 (Solomon,
1999). An increase of only 0.5 pptv (5%) in the atmo-
spheric burden of CH3Br (perhaps as a consequence of
climatic change) would reverse the current downward
trend in the atmospheric burden of ozone-depleting
gases. Thus, climate-driven changes in biogenic produc-
tion of organo-halogens, their emission fluxes, or their
transport by deep convection could significantly impact
stratospheric Oj.

The ocean is also a significant source of biogenic VOCs
(Plass-Dulmer et al., 1995). C, and C5 compounds and
isoprene can be present in the MABL at concentrations
high enough to react with a significant fraction of the
OH and thus affect the oxidation capacity of the atmo-
sphere. A myriad of heavier organic compounds, many
of biological origin and surface-active, are found in the
sea surface microlayer, where they may affect air-sea gas
exchange rates (Focus 2). Condensable organic vapours
(oxidised VOC:s that were emitted from the ocean or
adjacent land masses) may participate in the nucleation
of new particles as well as in their growth. VOCs play a
large role in modifying the ability of particles to serve as
cloud condensation nuclei. As indicated in Activity 1.1,
a significant amount of the organic material processed
through the MABL is emitted from the ocean in associa-
tion with sea-salt aerosols. Organics associated with sea
salt react in atmospheric aqueous phases to produce
both volatile and particulate products (Kawamura et

al., 1996). Other sources of condensed organic material
include primary processes that release biological aerosols,

e.g. bacteria and cell fragments, to the atmosphere. Iden-

Antarctic, 18.09.1997

- -
012345678910

Vertical column density
BrO molecules [10'® cm2]
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tification of these organics and estimation of their fluxes
has been impeded both by sampling artefacts (a signifi-
cant amount may be volatilised from aerosols during
sampling), and by analytical challenges arising from the
large number of compounds (such as ill-defined humic-
like substances) that are involved. In general, there is a
lack of information on the sources and composition of
organic material in marine aerosols, which inhibits our
understanding of the effects of such organics on cloud
properties, formation of precipitation and chemical
transformation of aerosols.

The absorption of solar radiation by chromophoric
(coloured) dissolved organic matter (CDOM) in the
surface ocean initiates many indirect controls on trace
gas cycles in the surface ocean, including:

*  the photo-reduction of metals important for
biological growth;

* the production of oxygen and organic radicals
that alter surface ocean redox conditions and the
bioavailability of trace nutrients (Activity 1.4)
(Miller and Kester, 1994; Blough and Zepp,
1995);

* the photo-transformation of refractory dissolved
organic carbon into molecules with altered
microbial availability (Moran and Zepp, 1997;
Mopper and Kieber, 2000);

*  the breakdown of CDOM (photochemical
fading) and consequent changes in inherent
ocean optical properties that result in a deeper
penetration of UV into the water column, as
well as changes in photochemical rates that rely

on CDOM absorbance (Vodacek et al., 1997;
Nelson et al., 1998);

*  Production of important trace gases such as
COS and CO. Coastal areas may be particularly
significant areas for production of these gases

because of their high concentrations of CDOM.

UV radiation also causes direct damage to many organ-
isms in the ocean with a large number of specific
responses, for example, decreased photosynthesis in
phytoplankton, DNA damage in bacteria and changes
in the survivability of a suite of organisms ranging from
viral cells to fish larvae. Together with increased visible
radiation, UV can inhibit cellular processes such as Nj
fixation (Activities 1.4, 1.5), nutrient uptake, methane
oxidation, and nitrification. A selection of review papers
on these subjects is given in DeMora et al. (2000) and

Hessen (2002). It seems clear that changes in radiation
will affect phytoplankton community structure, biologi-
cal pigment distribution, and dissolved organic matter
utilisation. Altered stress due to changes in light regime,
together with photochemical alteration of redox chemis-
try and organic carbon constituents, are likely to provide
drivers for changes in the role of biology in trace gas
cycling and atmospheric exchange.

Our current understanding of the direct effects of
radiation on atmospheric chemical and marine biogeo-
chemical systems (particularly photochemical reactions
related to trace gas exchange and climate feedbacks) is
more advanced than that of the complex indirect effects
that involve coupling biology, chemistry and physics. It
may be that these indirect impacts are more significant
than known direct effects. However, neither direct nor
indirect effects are currently well quantified in relation
to climate feedback and the effect of altered radiation
regimes on trace gas exchange.

As indicated in Activity 1.1, another important effect of
photochemistry in the marine boundary layer is aerosol
formation by gas-to-particle conversion. These particles
usually have diameters smaller than 1 pm. For example,
DMS and organohalogens (O’Dowd et al., 2002) are
oxidised and may produce new particles in the atmo-
sphere. The chemistry of DMS is described in detail
under Activity 1.3.

A related phenomenon is that of “particle bursts” - very
rapid photochemical formation of ultra-fine particles
observed in some coastal areas (Leck and Bigg, 1999;
O’Dowd et al., 2002). Although the global significance
of this effect is unclear, it provides a stringent test for
theories of particle formation. Even ternary systems
(H,O, H,SOy, NHj) appear to be unable to produce
particles at a fast enough rate to explain the observa-
tions, and other condensable, but undetermined, species
have to be invoked.

Major Issues that Require Resolution

» What are the magnitudes of and control-
ling factors for trace gas fluxes between the
surface ocean and the atmosphere?

» How is the oxidation capacity of the atmo-
sphere affected by changes in the source of
reactive halogen species (Cl, Cl,, Br, BrO,
IO, etc.) and the flux of biogenic VOCs from
the ocean? This includes both organic and
inorganic halogen compounds. The nature of
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the halogen release at the ocean-atmosphere and
sea ice-atmosphere interfaces and from sea-salt
aerosol is presently unclear.

Are the sea-surface microlayer, snow-covered
ice and ice surfaces particularly active sites
for photochemical interactions and trace
gas emissions? The microlayer (with enhanced
levels of various materials and microorganisms)
and snow and ice surfaces receive unattenuated
solar radiation that will maximise photochemi-
cal reactions in direct contact with the atmo-
sphere.

Do changing relations between water column
structure, spectral quality and quantity of
solar radiation reaching the ocean (related

to clouds, atmospheric aerosols, etc.) and
resulting penetration depth of radiation
affect photochemical and biogenic trace gas
cycles in the surface ocean? Mixed layer depth,
water transparency and spectral irradiance will
affect cumulative biological exposure and depth
of trace gas production, both important factors
in nutrient exchange dynamics.

Will altered photo-dynamics of marine
CDOM and changes in biological commu-
nity structure affect trace gas cycles through
changes in the inherent and apparent opti-
cal properties in the surface ocean? Photo-
oxidation is the main sink for CDOM in the
surface ocean. In addition, CDOM is the
main absorber of UV radiation, and biological
particles both absorb (via photosynthetic pig-
ments) and scatter (based on biological particle
number, size, and light-scattering properties)
solar radiation in the surface ocean. The quan-
tity and spectral quality of radiation available
for direct photochemical and photobiological
reactions relate to trace gas exchange, where
CDOM photodegradation is a source of trace

gas emissions.

What are the mechanisms producing bursts of
ultrafine particles that are sometimes observed
in coastal and polar areas? These particles (a
few nm in size) are produced in the tidal zone

at low tide by a photochemical mechanism,
although the chemistry (compounds involved)
and the mechanisms are poorly understood.

Specific Goals

I.  Quantify the contribution of reactive halogen
species to the oxidation capacity in the marine
boundary layer.

II. Quantify the relationship between optical prop-
erties of the ocean surface layer, solar radiation
intensity, and photochemical and biogenic cycles
of climatically important trace gases.

III. Develop heterogeneous (photo) chemical reac-
tion mechanisms leading to halogen release at sea
ice or snow surfaces and the sea surface micro-
layer. These mechanisms should be quantified
well enough to establish the scale and magnitude
of likely future atmospheric changes driven by
these reactions.

IV. Identify and parameterise the effect of changing
photo-dynamics of marine CDOM and biologi-

cal community structure on trace gas cycles.

V. Quantify the nucleation and condensational
growth of aerosols due to gas-to-particle con-
version. Determine the relative contribution of
gas-to-particle conversion to the marine aerosol
population.

Promising Approaches and
Implementation Strategy

As described in the Introduction, the general approach in
SOLAS involves field and laboratory measurements which
are then incorporated into and tested within computer
models. There is a large separation of time scales between
climate change issues and photochemistry and photobi-
ology measurements (decades vs. nanoseconds). Conse-
quently, great care must be taken in assigning significance
to any trace gas exchange scenario because of the disparate
time scales that must be critically addressed for all the
approaches listed below. Collaborations with IGAC-II
will be particularly valuable in this area.

To determine their controlling factors, trace gas fluxes
must be measured with a much greater accuracy and
temporal resolution than has been possible for most
compounds to date. The development of chemical sensors
that can operate at 1 Hz or faster is critical to be able to
make direct flux measurements by the eddy correlation
approach. Methods such as chemical ionisation mass
spectrometry, which allow measurement of DMS at 25
Hz, will be needed to enable flux measurements by eddy
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correlation. For compounds for which no fast analyti-
cal method can be developed, eddy accumulation and
gradient approaches should be used. The goal is to
measure fluxes on a time scale of 30 minutes or less, so
that the response of fluxes to changes in the controlling
factors (e.g. wind speed, bubble spectra, wave slope)
can be clearly seen. Understanding of many important
processes is currently limited by the accuracy of our flux
measurements.

Concentration fields of organo-halogen gases (and other
trace gases of interest to SOLAS, e.g. sulphur gases

- Activity 1.3) are not adequately characterised in the sur-
face ocean and lower atmosphere. Many of the halogen
radicals are present at extremely low concentrations, so
the development of sensitive analytical methods is neces-
sary. Many more observations are needed to understand
the spatial and temporal variability of halogen-containing
compounds. Here satellite observations can be of great
help with their ability to study large-scale structures.
Understanding processes will require intensive field
campaigns aimed at determining fluxes, the underlying
physical, chemical and biological controls on them, and
the subsequent atmospheric reactions that lead to oxidant
and aerosol formation. Resources could be used more
effectively by integration of such campaigns into Focus 1.

Continental outflows in the lower atmosphere should be
exploited to study the influence of a changing chemical
environment on the chemistry of the MABL and fluxes
through it. Measuring the vertical profiles of O;, CO,
halogen compounds, VOCs, NH;, and aerosol mass
and size distributions in various regions would show the
extent of the impact of emissions of these compounds
and clarify the mechanisms of such impacts. Satellite
measurements are also useful in estimating the areal
distribution of gases (O3, halogen oxides, NO,, CH,O,
CHy, and CO) in the lower troposphere, allowing us

to test chemical transport models for these compounds
(Figure 5). In addition near real-time data from satellites
can support the planning of measurement campaigns.
In situ measurement campaigns will be needed to cali-
brate these new satellite sensors.

The photochemical reactions of biogenic halocarbons and
other important biogenic trace gases need to be studied in
the laboratory under environmentally relevant conditions,
considering all possible oxidants. Standards for the inter-

comparison and intercalibration of light-normalised rates

and photolysis frequencies should be developed, including
an effort directed at radiation measurement methodology.

Laboratory studies are needed to determine fundamental
photochemical and biological responses to solar radia-
tive flux (especially the determination of photochemical
quantum yields and biological weighting functions for
use in models). These can then be compared with field
studies under varying conditions of ozone depletion and
cloud conditions (e.g. seasonal studies in the polar ocean
areas) to verify and improve ozone depletion models.
Methods for the measurement of CDOM absorbance in
seawater at wavelengths greater than about 350 nm in
the open ocean are needed for these efforts.

In addition, more field and laboratory work is needed
to understand bursts of microparticles. Both chamber
experiments and aerosol mass spectrometry show prom-
ise for improving our understanding of these nucleation
phenomena. It is now known that several systems may
participate in nucleation (sulphuric acid, condens-

able organics, sulphate, ammonium nitrate, and iodine
compounds), so the scope of these studies needs to be
inclusive.

Oceanic Lagrangian and transect studies that contrast
mineral particles (e.g. as enhanced in river plumes) with
biological particles (e.g. as enhanced in phytoplankton
blooms) will provide insight into changing light fields
and ensuing heterogeneous reactions as they affect

the temporal evolution of trace gas processes, biologi-

cal succession and feedbacks. Mesocosms will provide
controlled radiation regimes together with specific mixed
layer depths, particle loads, CDOM concentrations, etc.
for the study of trace gas emissions.

Climate-driven changes in mixed layer depth relative to
the depth of radiation penetration may alter the cumula-
tive radiative exposure of both organisms and chemi-
cal constituents, affecting reactions and rates relevant

to trace gas fluxes. Field sites to quantify the effects of
changing radiation penetration should be located in
areas of strong natural gradients of turbidity, colour

and mixing. These might include river plumes, areas of
ice melt, time series locations spanning storm mixing
events, and longitudinal transects from coastal to open
ocean regions. Conversely, calm marine regions could
be studied over varying radiation regimes. Models based
on these process rates will need to be tested using field
campaigns in a variety of environments (high latitude,
low latitude, oceanic, and coastal) to ensure an overall
improvement in model predictions of future changes in
the climatic effects of trace gas emissions.
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Activity 1.3 - Dimethylsulphide and Climate

Changes in dimethylsulphide (DMS) production by marine plankton can have a significant effect on

climate by modifying aerosols and cloud albedo.

Introduction

In 1987, our understanding of the importance of air-sea
exchange in regulating climate was dramatically changed
by the publication of the CLAW hypothesis (named
after its authors, Charlson, Lovelock, Andreae and
Warren), as illustrated in Figure 6. This landmark paper
postulated a feedback loop involving marine phyto-
plankton, sulphate aerosol formation, and cloud albedo
that might stabilise the Earth’s temperature. An increase
in phytoplankton would cause an increase in DMS
emissions to the atmosphere and raise atmospheric
DMS concentrations, thereby increasing the rate at
which sulphate aerosol (non-sea-salt sulphate - NSS) is
formed. If this also increased the number concentration
of cloud condensation nuclei (CCN), it should make

clouds whiter, reflecting more sunlight back to space and

Figure 6. Mechanism by which marine algae may influence
sulphate aerosol concentrations and the albedo of clouds,
possibly feeding back to stabilise climate (Reprinted from
Andreae, 1990, after Charlson et al., 1987, with permission
from Elsevier Science).
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cooling the Earth. Other sulphur gases emitted from the
oceans (e.g. COS, Activity 1.2) are important sources
of sulphate aerosols in the stratosphere. Understanding
this highly coupled ocean-atmosphere system through
interdisciplinary research is one of the important objec-
tives of SOLAS. Some parts of this work will require
collaboration with projects such as CLIVAR, IGAC-I],
GLOBEC and IMBER.

State of Present Understanding
Whilst some of the CLAW linkages have been demon-

strated, for instance NSS and cloudiness at Cape Grim
correlate with the seasonal cycle of DMS fluxes (Ayers
etal., 1991; Boers et al., 1994), all of the necessary

steps have not been quantified well enough to deter-
mine whether the CLAW feedback loop actually exists.
The palacoclimate record is one of the few means for
testing this overall scheme, but it has yet to produce

a definitive answer (Legrand et al., 1991; Saltzman et
al., 1997), because of uncertainties in the relationship
between marine productivity and ice core MSA (meth-
ane sulphonic acid, a product of DMS oxidation that is
preserved in ice cores). SOLAS activities may, in fact, be
useful in calibrating MSA as a proxy for DMS fluxes and
their relationship to marine productivity. In addition,
the role of sea-salt particles as a source of CCN is largely
unknown (Activity 1.1), and it has been suggested that
the concentration of sea salt was underestimated in the

original CLAW paper (Blanchard and Cipriano, 1987).

Process studies in algal blooms have established a general
linkage between phytoplankton and DMS levels, but
these studies have not quantified the long term natural
variability in DMS concentrations in many marine areas.
While it is clear that some taxonomic groups typically
contain orders of magnitude more of the DMS precur-
sor dimethylsulphoniopropionate (DMSP) than others,
the reasons for these differences are not well understood.
DMS emissions represent a small part of the total food
web cycle of DMSP and further study of this cycle is
required, since small changes in DMSP cycling could
produce disproportionate changes in DMS emissions.
Changes in UV-B radiation that depend on column
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ozone levels in the atmosphere can also affect DMS pro-
duction through ecological shifts (Activity 1.2).

The emission of DMS to the atmosphere depends on
wind speed, temperature, seawater DMS concentrations,
and possibly other factors. DMS concentrations in the
surface ocean reflect the balance of biogenic sources

and losses from ventilation, photolysis, and bacterial
consumption. These interactions are not currently well
quantified. For instance, the two most frequently used
models for estimating DMS ventilation fluxes can differ
by up to a factor of two (Nightingale et al., 2000b).
SOLAS Focus 2 outlines approaches for reducing those

uncertainties.

The atmospheric chemistry of DMS is still poorly
known. It is clear that OH reacts with DMS by both
OH addition and hydrogen-abstraction pathways, and
that SO, and MSA are among the major products.

The relative amounts formed by each mechanism are
believed to be a function of temperature, which may
explain the different product distributions observed in
polar and equatorial regions. However, neither labora-
tory nor field experiments have yet been able to quantify
rate constants for the entire suite of reactions that follow
OH attack (Davis et al., 1999). It is also known that
NOj and halogen radicals (e.g. BrO) can react with
DMS, but the importance of these mechanisms is even
less well known.

Some fraction of the SO, is oxidised homogeneously
by OH (the only pathway that can cause the nucleation
of new particles), while the rest may be dry deposited
back to the ocean’s surface, oxidised on existing particles
in clouds, or oxidised on short lived sea-salt particles.
Changes may be counterintuitive, for example if con-
ditions that create higher DMS concentrations are
accompanied by stronger winds (and thus more airborne
sea salt to consume SO,), it is possible that less new
sulphate aerosol will be formed. On the other hand, as
many global change scenarios currently assume, higher
winds may result in more atmospheric DMS and more

NSS aerosol.

The factors controlling homogeneous nucleation have
been studied extensively since 1987, and significant
progress has resulted. One scenario (Raes, 1995) sug-
gests that new aerosol particles are primarily formed in
the (largely particle-free) free troposphere, after which
they are entrained into the MABL and grow by condens-
ing the products of gas-phase DMS oxidation. However,

measurements near Macquarie Island found growth rates
of nanoparticles to be larger than sulphuric acid conden-
sation could explain (Weber et al., 1998). This prompts
the question “Do condensable organics help embryonic
particles grow large enough to nucleate cloud droplets?”

The relationship between particle number concentration
(CN, or condensation nuclei) and cloud droplet number
concentration (CDN) is also poorly known. The CLAW
authors postulated an increase in CCN (cloud condensa-
tion nuclei, a subset of activatable CN), but thousands of
observations have failed to establish a precise relationship
between CCN and CDN (Chuang et al., 1999). In part,
this is due to our inability to specify updraft velocities in
clouds, but there are more serious problems. Cloud cham-
ber-type CCN instruments may not mimic the kinetics of
activation in clouds, a cloud’s condensable water supply,
or the impact of soluble gases (e.g. HNOj3, MSA, organic
acids); all of which play critical roles in activation of par-
ticles to cloud droplets. This may explain why the range
of observed CDN/CCN ratios spans more than an order
of magnitude.

Finally, although it is well established that clouds with
more particles have a higher albedo, the optical impact of
various types of clouds is still poorly constrained. Higher
droplet concentrations may also change the lifetime and
extent of clouds by reducing precipitation. The observa-
tion of “anomalous absorption” in clouds is another
issue that could limit our ability to predict cloud albedo
and its dependence on aerosols. The ultimate question
is: What would be the impact of these cloud property
changes on phytoplankton and photochemical pro-
cesses (Activity 1.2)? This is the final link that closes the
hypothesised CLAW feedback loop.

Major Issues that Require Resolution

» What factors control the flux of DMS to the
atmosphere? We need to quantify the relation-
ship between different types of plankton, their
growth rates, and DMS production. We also
need to understand DMS loss by biological and
abiotic processes in the surface ocean, and how
the emission of DMS to the atmosphere varies
with changing chemical and physical conditions
(Focus 2), as well as how these processes may
vary in the future. It is essential that we learn
how to use phenomena observable by satellite
for scaling up to the regional and global scales.
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» What fraction of atmospheric DMS will
eventually form SO,, MSA and sulphate
aerosol and will this lead to higher particle
number concentrations? It is particularly
important to know the absolute amount and
size distribution of sulphate aerosol formed
from SO, and DMS, which requires that we
have accurate rates for all the competing reac-
tion pathways including dry loss of SO;. We
are far from a quantitative understanding of the
relationship between sulphate formation and
particle number concentration. There is the
potential for interaction with IGAC-II on this
issue.

» What are the relationships between CN,
CCN and CDN concentrations, and will
changes in CDN have a significant radiative
impact? Our current uncertainty in these rela-
tionships is at least an order of magnitude. An
increase in CDN may both decrease droplet size
and extend cloud lifetime.

Specific Goals

I.  Quantify the impact of competing biotic and
abiotic processes on DMS emissions to the
atmosphere, so that the flux to the atmosphere
under a variety of environmental scenarios can
be calculated.

II.  Quantify the DMS and SO; (from biogenic,
volcanic and anthropogenic sources) reac-
tion pathways so that their relative impacts on
marine particle size and number concentrations
can be modelled.

II. Quantify the relationships between DMS,
CCN, and CDN concentrations well enough to
support the needs of diagnostic climate models.

Promising Approaches and
Implementation Strategy

Integrated studies of both marine and atmospheric
processes will allow confirmation of relationships that
extend beyond either medium. For example, as a phy-
toplankton bloom evolves or wind speed changes, do
these changes produce the expected responses in atmo-
spheric DMS and sulphate aerosol concentrations, and
cloud albedo? SOLAS will quantify the processes from
food-web driven DMS production to cloud albedo using
integrated ocean-atmosphere field experiments. The
WCRP research community is more qualified to address
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the radiation aspects of the atmosphere-to-ocean part of
the feedback loop. SOLAS will work closely with them
on this aspect of the cycle. Similarly, linkage between
SOLAS Activities 1.2 and 1.3 will address feedbacks on
DMS production due to radiation changes. SOLAS will
be responsible for integration of these various com-
ponent activities into assessment of the entire CLAW
hypothesis.

Predicting seawater DMS concentrations requires
models of DMS-plankton relationships, which are still
in their infancy due to the lack of integrated process
understanding, including the interactions among phyto,
z00, bacterio, and viro plankton, and the impacts of
temperature, nutrient supply, light, and other environ-
mental factors (Liss et al., 1997; Gabric et al., 1998).
Collaboration with GLOBEC and IMBER will be
especially useful for this work. Studies at ocean time
series sites will be particularly valuable. Both labora-
tory and field studies in a variety of environments, the
latter using Lagrangian approaches involving patches of
water marked with a tracer, are needed to support the
development of adequate process models. These studies
will often extend beyond DMS to include trace gases
considered within Activities 1.1 and 1.2.

DMS fluxes need to be measured directly by eddy cor-
relation (Focus 2) to improve the parameterisations used
in atmospheric models. Fluxes need to be measured
along gradients of (and simultaneously with) the many
potential controlling factors. Detailed research on the
mechanisms of sea-air gas exchange (the objective of
Activity 2.1) is critical for improving the calculation

of DMS fluxes to the atmosphere. In order to quantify
the long term spatial and temporal variability in DMS
fluxes, it will be useful to identify appropriate proxies for
DMS concentrations that can be sensed from satellites.
This will require specific laboratory work including the
application of molecular biological techniques.

Quantifying the processes by which some fraction of
atmospheric DMS is converted to sulphate acrosol
requires both laboratory kinetic work and precise ambi-
ent time series measurements of atmospheric sulphur
species, oxidants, intermediates, and products. Since
many state of the art instruments cannot be run in

a monitoring mode, intensive process studies will be
required initially in the simplest possible equatorial and
polar regions. (“Simple” here implies both understand-
able boundary layer dynamics and the absence of nearby
anthropogenic sulphur sources).



SOLAS Science Plan and Implementation Strategy

While process models will be essential for integrating the
observations, existing marine sulphur models contain

so many unverified assumptions that modelling alone is
unlikely to improve our understanding. Process studies
that are directed at quantifying the major atmospheric
loss processes for SO, are critical. We need to close the
atmospheric sulphur budget in Lagrangian experiments
(Huebert and Lenschow, 1999) that involve direct eddy
correlation measurements of both DMS and SO, sur-
face fluxes, so that we have as few unconstrained vari-
ables as possible. Conducting these experiments under a
variety of wind and cloud conditions will help quantify
heterogeneous loss to sea-salt particles and cloud drop-
lets. Lagrangian microphysical studies of particle forma-
tion and growth in simple environments are also needed
to resolve the relationship between sulphate formation
and particle number. Studies of air with enhanced SO,
(from volcanic or pollution sources, or deliberately
added) may be useful in revealing particle formation
mechanisms in the troposphere. Many of these tasks
would benefit from close collaboration with IGAC-II.

Extensive laboratory and fieldwork is required to resolve
the relationship between aerosol number and cloud
droplet number concentrations before we can confi-
dently model the change in CDN that will accompany a
change in particle number. Focused in situ microphysi-
cal, optical, and remote satellite measurements will be
needed to quantify the impact on the net radiation
budget of a change in CDN. Intensive studies of natural
(e.g. volcanic plumes or smoke from large fires) or
intentional perturbations could help to achieve process
understanding by generating data sets that can constrain
our integrated models of the SO,-to-albedo parts of the
system. We need to characterise both the CCN upon
which cloud droplets form and the extent to which the
number of CCN is changed as DMS emissions change.
While it is a challenge to design intra programme
experiments, collaboration with GEWEX, CLIVAR and
SPARC will be vital for the cloud physics and radiative
transfer parts of this activity.

It is clear that some multi nation, multi platform experi-
ments will be required to resolve important questions
regarding the fate of DMS. SOLAS is well suited to plan
and coordinate such experiments. To increase the benefit
from the substantial costs of these experiments, they
should be designed to answer questions from several

SOLAS Activities.

Ultimately, coupled marine biological and chemical
transport diagnostic models are the tools that will be
used for predicting regional and global DMS fluxes and
their effects on climate. However, the forecasts of these
models can be no more realistic than the descriptions of
processes in the models. Simultaneous observations from
both air and water are essential to support tests of the
models of this complex set of processes.

Palaeo studies also offer promise for testing our under-
standing of the global ocean-atmosphere system through
changes in climate. The MSA record in ice cores can

be compared to changes in productivity obtained from
ocean sediment records to constrain the long term
changes in DMS fluxes. Thus, our improved under-
standing of DMS exchange will be very useful for chal-
lenging our understanding of marine productivity, ocean
dynamics, and transport related to past climate changes.
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Activity 1.4 - Iron and Marine Productivity

Natural and anthropogenic changes in climate and global biogeochemistry will alter the atmospheric
input of aerosols containing iron and other essential trace metals to the ocean, which may cause
changes in planktonic productivity and food web structure, resulting in altered carbon partitioning and

biogenic air-sea gas fluxes.

Introduction

One of the most significant recent advances in ocean-
ography was the experimental demonstration of the
importance of iron supply in regulating key biogeo-
chemical interactions and feedbacks between the ocean
and atmosphere (Martin et al., 1994; Coale et al., 1996;
Boyd et al., 2000), together with the recognition that

a primary transport path for iron found in the ocean is
through atmospheric mineral aerosol (dust). The limit-
ing role of iron for many classes of pelagic organisms is
at first glance surprising because iron is one of the most
abundant elements in the Earth’s crust. However, the
oxidation conditions of upper ocean seawater and the
inorganic chemistry of iron result in rapid precipitation
of iron, reducing it to very low dissolved concentrations
in surface seawater (Johnson et al., 1997). Recognition
of the scarcity of iron and evaluation of its sources were
dependent on advances in both analytical marine iron
chemistry (Landing and Bruland, 1987) and early global
syntheses of aeolian dust and iron deposition rates (Duce

and Tindale, 1991).

State of Present Understanding

Phytoplankton growth in surface waters is limited by

the supply of light and by the availability of various
nutrients including nitrogen, phosphorus and iron. It

is now clear that iron from terrestrial sources can play

a role in biological activity in all pelagic regions of the
global ocean. Especially in high nutrient, low chlorophyll
(HNLC) regions, such as the sub arctic Pacific Ocean,
the equatorial Pacific Ocean and the Southern Ocean,
iron availability can be the major factor regulating pri-
mary productivity (De Baar and Boyd, 2000). It is also
possible that other trace metals delivered to the oceans
primarily from the atmosphere, such as Mn, Co, and Zn,
may influence primary productivity under some circum-
stances in some regions, and there will be an interaction
with nitrogen deposition (Activity 1.5).

Nitrogen fixation by cyanobacteria in oligotrophic
regions (where N supply is probably limiting production)
may also be limited by iron availability (Falkowski et al.,

24

1998; Berman-Frank et al., 2001), although this is con-
troversial (Tyrrell, 1999) since such cyanobacteria have

a relatively high Fe requirement . This controversy has
important consequences for understanding the ocean’s
past and future roles in regulating the concentration of
atmospheric COj. The relative roles of phosphorus, iron,
and mixed layer physics in the regulation of large-scale
nitrogen fixation in the tropical ocean, and the feedbacks
between these factors, are some of the major unresolved
issues in Earth System Science (see also Activity 1.5).
Recently, several lines of evidence have suggested that
nitrogen fixation in both the subtropical Atlantic and
Pacific oceans has increased in the past two decades. In
the North Pacific Ocean large-scale, low frequency physi-
cal changes in the mixed layer have been proposed as the
causal mechanism (Karl, 1999), while in ocean regions
downwind of major dust-generating areas, such as the
tropical Atlantic Ocean and Caribbean Sea, increased
iron deposition by dust from the African Sahel is thought
to increase nitrogen fixation rates (Falkowski et al.,
1998). An explosion of information about the molecular
biology, photophysiology and distribution of oceanic
N-fixing organisms is taking place. Regional and global
estimates of nitrogen fixation are primarily model-based
(Gruber and Sarmiento, 1997) and suggest that nitrogen
fixation is one of the dominant sources of “new” nitrogen
to the ocean (i.e. that from sources other than internal
recycling within the ocean) (Jickells, 2002).

In general, the highest atmospheric concentrations of
dust over marine areas are found in the Northern Hemi-
sphere e.g. over the tropical North Atlantic Ocean, the
northern Indian Ocean including the Arabian Sea, and
the western North Pacific Ocean (e.g. Duce and Tindale,
1991). However, the pattern and magnitude of delivery
of dust containing iron varies dramatically with season,
vegetation and soil aridity in the source area (Mahowald
etal., 1999). It also depends on natural climate vari-
ability, human land disturbance, local and regional-scale
weather and global atmospheric circulation. Changes

in atmospheric inputs of dust will likely impact phyto-
plankton processes and, thus, in turn alter the exchange
of climatically important trace gases between the atmo-
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sphere and oceans (Activities 1.2 and 1.3), providing
potential climate feedbacks. In addition, an increase of
biogenic particles in surface water may modify the heat
balance between ocean and atmosphere.

Accurate measurement, and even estimation, of dust
deposition to the ocean is very difficult. The total input
of iron to the ocean from the atmosphere has been
estimated at between 15 and 100 Tg yr!, a figure that

is both uncertain and very variable from year to year.
Although this may appear to be a substantial quantity,

it is distributed very unevenly, with lowest deposition

to ocean regions remote from land (these approximately
correspond to the HNLC areas). Further, only a small
fraction (perhaps 0.8-2.1%, Jickells and Spokes, 2001) of
the amount of total deposited iron is soluble in seawater.
The iron is primarily bound in the aluminosilicate matrix
of the mineral aerosol, a form that cannot be utilised

by primary producers. Iron solubility is pH dependent
so interaction with sulphur dioxide, other acidic gases,
and particles from anthropogenic and marine biogenic
sources (see Activities 1.2 and 1.5) may change the
solubility of iron in mineral aerosol. Some studies have
observed soluble Fe(II) in aerosols, and its formation

is postulated to occur via photochemical reduction of
Fe(I1I) hydroxides, probably involving organic matter.
However, details of the chemistry and photochemistry
of iron in aerosols and cloud droplets (Activity 1.2)

are minimal to date (Jickells and Spokes, 2001). High
ionic strength solutions, possibly low pH solutions, and
alternating wet and dry cycles during cloud formation
and evaporation could enhance the solubilisation of iron.
In addition, changes in halogen radical chemistry could
alter the oxidative capacity of the MABL, thus influenc-
ing the speciation of iron. Iron and other trace metals
can catalyse oxidation and halogen cycling reactions in
the atmosphere (Brandt and Van Eldik., 1995; Sadanaga
etal., 2001). These reactions link this activity directly

to Activities 1.1, 1.2 and 1.3 and provide further poten-
tial feedback mechanisms within the CLAW hypothesis
(Activity 1.3) (Zhuang et al., 1992).

We currently know relatively little about the fate of
dissolved iron in the surface ocean. While insoluble
oxide/hydroxide-containing particles likely form with
Fe(III), they may not sink rapidly out of the euphotic
zone. Some iron is scavenged by pre existing surfaces
such as phytoplankton. The remaining dissolved iron can
be measured and is found to occur in the pico to nano-
molar concentration range. These extremely low levels
explain why iron can be a limiting nutrient for micro

organisms (both bacteria and phytoplankton). Of the
measurable iron in seawater, more than 99% is organi-
cally complexed with natural organic ligands that are
part of the dissolved organic material in the oceans (Rue
and Bruland, 1997). However, we know little about the
chemical form, sources or sinks of the ligands (Lefevre
and Watson, 1999), although they are apparently released
by phytoplankton (Boye and Van Den Berg, 2000).
Various ideas have been proposed for how micro organ-
isms acquire the iron they need, including production of
siderophores bound to cell surfaces and photochemical
production of Fe(Il) (Activity 1.2), both of which would
enhance iron transport into the organisms (e.g. Wells et
al., 1994). The ground breaking Fast Repetition Rate
Fluorometer (FRRF) analyses made in the IronEx1 and
2 studies (Martin et al., 1994; Coale et al., 1996) have
established that the ambient pico and nanoplankton
adjust their photochemical efficiency to iron availability
within hours (Kolber et al., 1994). This line of analysis
needs to continue, focusing on the response of individual
functional groups of phytoplankton.

In situ iron addition experiments in two of the HNLC
regions (Martin et al., 1994; Coale et al., 1996; Boyd et
al., 2000) have found that, at least over the short time
scales of the experiments (e.g. Figure 7):

*  variations in the magnitude and pattern of
iron delivery have the potential to change the
absolute level of primary productivity and the
structure of the pelagic food web;

* added iron results in CO, drawdown;

*  added iron results in changes in the aquatic
concentrations of trace gases as a result of
alterations in productivity and phytoplankton
species composition; and

*  there are important feedbacks relating to atmo-
spheric chemistry and climate (Activity 1.3).
Recent modelling efforts have led to significant
new insights into iron supply, cycling and
demand in the ocean (e.g. Archer and Johnson,
2000; Fung et al., 2000).

These pioneering iron addition experiments and water
column analyses in HNLC regions have confirmed that
low iron availability impacts productivity and food web
structure. However, many biogeochemical issues remain
unresolved. Particularly important from the SOLAS per-
spective are those relating to exchange of gases with the
atmosphere (Focus 2, Activities 1.2 and 1.3).
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Figure 7. Measurements during the SOIREE experiment in the Southern Ocean showing dramatic increases in a) chlorophyll in
the iron fertilised area (open circles) compared to the unfertilised area (dark circles); and b) aqueous dimethylsulphide (DMS)
in the iron-fertilised area (open circles) compared with the unfertilised area (dark circles) (Boyd et al., 2000). Reprinted with

permission from Nature, Macmillan Magazines Limited.
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From the historical ice record, significant increases in
dust delivery to the ocean took place during the last
glacial maximum. This appears to be correlated with
reduced atmospheric CO; (Broecker and Henderson,
1998), enhanced concentration of atmospheric sulphur
species, and increased ocean productivity, as shown in
Figure 8 (Turner et al., 1996). Similar palaco signals

of dust fluxes are recorded in marine sediments (Rea,
1994). These observations do not, of course, prove a link
between atmospheric iron supply and climate change,
but they do suggest palaeo records can contribute to
evaluating the significance of altered dust deposition on
ocean biogeochemistry over long time scales. The palaco
record provides valuable information on natural variabil-
ity to be compared and contrasted to more recent records
from time series measurements, i situ process studies
and models. It is expected that future climate change will
impact desert areas and the global wind field, altering
soil moisture, particle size and hence the emission flux
of mineral aerosols. Similarly, atmospheric circulation,
transport pathways and the deposition of aerosol iron

to the ocean will likely be affected, leading to significant
changes of the types outlined above.

In ocean areas close to large dust sources, the high flux
of dust may even act as a scavenging agent for suspended
particles and particle reactive species in seawater, thereby
decreasing rather than increasing iron concentrations

(Jickells, 1995).
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Figure 8. Changes in various ice core and marine sediment
parameters between the Holocene and the end of the last
ice age. a) delta'80 (a temperature proxy), Fe and MSA (an
atmospheric oxidation product of DMS) from Antarctic ice
cores. b) CO, from the Vostok ice core; TOC (total organic
carbon), alkenones and dinosterol (proxies for surface
ocean productivity) in a sediment core from the eastern
tropical Pacific Ocean (Turner et al., 1996). Reprinted with
permission from Nature, Macmillan Magazines Limited.
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Major Issues that Require Resolution

» What are the ecological and physiological
effects of atmospheric iron deposition on
the phytoplankton community in terms of
productivity, nitrogen fixation rates and spe-
cies composition, and what impact do these
effects have on trace gas emissions and CO;
exchange with the ocean? While the impact
of iron on productivity has been recognised,
many issues remain, including the significance
of ecological effects in terms of species response,
community structure, etc., and feedbacks such
as production of DMS and halogenated com-
pounds. The magnitude and controls on nitro-
gen fixation rates are very poorly understood.

» What is the temporal and spatial variability
of the atmospheric transport and deposi-
tion of dust to the ocean, and how are these
altered by climate changes? Understanding
these variabilities is critical for determining the
global importance of iron fluxes to the ocean.

» What controls the chemical transformation
of iron in aerosols and how would anthropo-
genic and natural changes in climate affect
the speciation, solubility and bioavailability
of iron in surface waters? While changes in
aerosol pH, photochemistry, cloud process-
ing etc. can alter the speciation of iron (which
will in turn affect the solubility and availability
of iron and other micronutrients for marine
bacteria and phytoplankton), little is currently
known of the heterogeneous phase chemistry of
mineral aerosols in the atmosphere.

» What is the chemistry and biochemistry
of iron in surface seawater? The chemical
speciation of iron and complexing with organic
ligands in surface seawater are critical to under-
standing its solubility and bioavailability.

Specific Goals

I.  Predict the temporal and spatial patterns of iron
deposition flux to the world oceans and how
this will change in the future.

II.  Quantify bioavailability of iron in mineral par-
ticles after transformations in the atmosphere
and seawater.

III. Predict the change of planktonic composition

and food web structure caused by changing iron
deposition fluxes.

IV. Quantify the effect of iron deposition flux on
the carbon and biogas flux to and from the
ocean.

The sensitivity of marine systems to iron and other
essential trace metals deposition varies considerably.
SOLAS research will identify the most sensitive areas
and work to reduce the uncertainties in those that have
the greatest impact on climate change predictions.

Promising Approaches and
Implementation Strategy

The deposition of dust to the oceans is controlled by

a variety of factors, including wind speed and rainfall
patterns in arid areas thousands of kilometres upwind,
hemispheric-scale atmospheric circulation patterns,
removal and processing by frontal systems and clouds,
etc. Remote sensing from space can now follow dust
plumes from the deserts to the oceans, but it is to date of
limited quantitative value and supplies little information
on the altitudes of dust plumes. Because so much dust
is deposited in inaccessible regions, we must rely heavily
on deposition models that need to be thoroughly tested
against observations. These observations should include
both atmospheric and surface ocean measurements of
mineral mass concentrations, particle size distributions,
iron speciation, mineralogy, and the concentrations of
related compounds (sulphate, nitrate, organics) that
might be involved in solubilisation or complexation
reactions, so that the ability of the models to simulate
each of these can be assessed. Studies of the entire dust
history from its source to its deposition will be required
to resolve the factors controlling dust transport and
deposition and here, IGAC-II, ILEAPS and the new
IGBP Land project will be important partners. Inter-
actions with PAGES will be valuable in these studies
since ice core records of dust provide a key test of the
links between dust and climate, as will interactions with
scientists doing historical GCM runs.

Two types of laboratory studies will be needed to address
the bioavailability and impacts of atmospheric iron and
other biologically essential trace metals. On one hand,
laboratory studies simulating heterogeneous aerosol/gas/
liquid interactions can lead to advances in describing
the cycling and solubilisation of dust aerosol and iron,
while field measurements using new instrumentation
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such as aerosol mass spectrometers will provide details
about the composition of ambient aerosol mineral par-
ticles (Activity 1.1). On the other hand, controlled field
studies, conducted both on land and at sea and involv-
ing interdisciplinary approaches, can provide valuable
information on the chemistry and biochemistry of iron
in seawater and how it is taken up by microorganisms.
Studies of the fundamental physiology of phytoplank-
ton and the role of iron and other trace metals as trace
nutrients for photosynthesis, nitrogen fixation and trace
gas production will be essential.

It should be kept in mind that the upper ocean inor-
ganic and bio-inorganic chemical processes, as well as
the biological responses to iron deposition, are exceed-
ingly complex and difficult to recreate under controlled
laboratory conditions. In recent years, the international
biogeochemical research community has gained consid-
erable experience with natural (Young et al., 1991) and
experimental 7 situ iron (or dust) addition experiments
(Martin et al., 1994; Coale et al., 1996; Boyd et al.,
2000) designed to reproduce the target chemical and bio-
logical interactions and feedbacks. SOLAS, recognising

such in situ work presents logistical, as well as scientific
difficulties, will encourage a mix of both simulated (using
multiple forms of iron) and natural addition experimen-
tal studies that will be followed for longer periods of time
and in larger areas than possible up to now.

A general strategy of SOLAS for designing manipula-
tive experiments would include not only the natural

or imposed forcing on an ecosystem but would also
consider the possible projections of future forcing, as
suggested by regional and global climate models, in its
design. Such a strategy would promote dialogue and
interaction between experimentalists, large-scale observa-
tionalists and modellers (Figure 9).

SOLAS will pay special attention to the impact of dust
deposition on those biological functional groups involved
in trace gas emissions, N fixation and CO; ocean
exchanges. In addition, an obvious impact of enhanced
iron availability will be carbon export from the oce-

anic boundary layer (Activity 3.2) and ultimate carbon
sequestration. The study of these processes will require
close collaboration with IMBER.

Figure 9. General strategy of SOLAS for the design of manipulative experiments.
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Natural dust deposition events can be studied in differ-
ent oceanic regions depending on whether the goal is to
understand dust deposition and dissolution processes
(e.g. N. Atlantic, Mediterranean - frequent events),
and/or the biological consequences of such processes
(e.g. N. Pacific - strong but episodic events in an iron
limited regime). Recent work suggests that using surface
water dissolved aluminium and iron measurements offers
an indirect means of estimating dust deposition to the
remote ocean integrated over relatively long time scales
(Measures and Vink, 2000). Adding proxy atmospheric
observations such as these and enhancing the type of
upper ocean observations at existing time series sites, as
well as increasing the number of such sites in different
biogeochemical provinces, will be critical.

Exploitation of natural dust addition “experiments” is
now feasible. Improved satellite measurements and dust
transport models can be used to direct ships and air-
craft to sites of anticipated atmospheric dust deposition
events, allowing detailed process studies of the ecological
and biological response to them. Ships can measure both
the detailed geochemical and biological processes, while
aircraft measure the variability within the dust event, the
emissions of biogenic gases like DMS, and their impact
on oxidants, aerosols, and clouds. Such experiments
require close collaboration before, during and after the
experiment between experimentalists and modellers.

In addition, marine observing systems such as autono-
mous buoys (Bishop et al., 2002) offer the opportunity
to study the ecological effects of dust inputs that are not
dependent upon serendipitous arrival of ships at the time
of deposition events. It would be necessary to add instru-
mentation that can make observations of dust aerosols,
iron and other relevant parameters to these buoys.

Global dust distributions are best obtained by satellite
observations. However, field campaigns will be required
to more specifically define the spatial and temporal vari-
ability of dust and other aerosol component concentra-
tions, for which land, mooring and ship based studies
will be required. These measurements can be used to
calibrate and test models of dust distributions and to
ground truth satellite observations. Work is also required
on converting atmospheric concentrations into deposi-
tion fluxes, an area of work discussed in Activity 2.3.
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Activity 1.5 - Ocean-Atmosphere Cycling of Nitrogen

Increased atmospheric deposition of fixed nitrogen' species to both pelagic and coastal oceans can sig-
nificantly change phytoplankton activity, resulting in alteration to air-sea fluxes of climatically important

gases and aerosol particles.

Introduction

Significant quantities of nitrogen species are delivered
from the land to the ocean via the atmosphere (Jick-
ells, 2002). Much of this atmospheric nitrogen is from
anthropogenic sources (primarily the combustion of
fuels and the utilisation of fertilisers), and it is subject to
future changes, both in amount and geographical distri-
bution, depending on population and industrial growth
in various regions. Delivery of atmospheric nitrogen to
coastal regions in Europe and North America is esti-
mated to have increased by 50% to 200% during the
past 50 years (Paerl, 1995). This deposition increases
pressure on coastal ecosystems already stressed by a wide
range of other human activities. A comprehensive study
of these interactions will require collaborations between

SOLAS, LOICZ and IGAC-II.

There is also growing concern about the increasing input
of human-derived nitrogen species to regions of the
pelagic ocean where nitrogen is the limiting nutrient,
such as the subtropical gyres of the North and South
Pacific oceans. While estimates suggest that, at present,
atmospheric nitrogen accounts for only a few percent
of the annual new nitrogen delivered to surface waters
in these regions, the atmospheric input to the ocean is
highly episodic, often coming in large pulses extend-
ing over only a few days (e.g. Spokes et al., 2000). Such
pulsed deposition has the potential to create a differ-
ent impact on primary production and phytoplankton
ecology than comparable chronic inputs. Overall, the
deposition of fixed nitrogen from the atmosphere may
increase phytoplankton production in open ocean and
coastal waters, leading to changes in CO; exchange and
the emission of other climatically important trace gases
(see Activities 1.2, 1.3). In nitrogen-poor regions of the
surface ocean, nitrogen fixation by marine bacteria may
act to relieve nitrogen stress. This process requires sig-

t Since N, gas is only utilised by a limited group of specialised
bacteria (Activity 1.4) and is never biolimiting, we exclude it
from consideration here and only consider fixed nitrogen,
meaning all inorganic and organic forms of nitrogen apart from
N> gas. For simplicity we refer to these collectively as nitrogen.
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nificant amounts of iron (Activity 1.4) and is inhibited
by the addition of fixed nitrogen.

State of Present Understanding

Atmospheric wet and dry deposition includes several
familiar biologically active inorganic nitrogen species

— nitrate, nitrite, and ammonium. In addition, atmo-
spheric organic nitrogen deposition may be a substantial
fraction of the total nitrogen flux to the pelagic ocean
(Cornell et al., 1995). This organic nitrogen is known to
be biologically active but its sources and chemical form
are not well known (Cornell et al., 2003).

Atmospheric nitrogen gases emitted as gases from ter-
restrial sources (NO, NO,, NHj) are converted to water
soluble species (e.g. HNOj3) and/or interact with sea-salt
aerosol (Activity 1.1) in coastal areas, a process that
alters deposition rates and releases halogens (Activity
1.2). This makes the coastal zone an area of particularly
dynamic and complex atmospheric nitrogen chemistry
within a region of complex meteorology (Activity 2.3).
Nitrogen fluxes in coastal regions cannot currently be
predicted well enough to provide appropriate advice on
anthropogenic nitrogen emission strategies to envi-
ronmental managers. In addition, there are emissions

of other radiatively important trace gases from coastal
zones, such as DMS, N,O and CHj4 (Activities 1.3 and
3.3), that are also susceptible to anthropogenic perturba-
tions by N deposition.

The air-sea exchange of ammonia in the marine environ-
ment depends on both the atmospheric concentrations
of ammonia and ammonium, and the surface seawater
ammonium concentration and pH. In coastal waters,
the direction of the air-sea flux is uncertain and likely to
vary substantially in space and time. Further offshore it
is believed that the ocean represents a source of ammo-
nia gas to the atmosphere. This ammonia gas acts as an
important base within the atmosphere and couples to
the CLAW hypothesis (Activity 1.3) with the formation

of ammonium sulphate aerosol.

While we have a rudimentary understanding of the
present atmospheric deposition patterns of inorganic
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nitrogen to the ocean, the primary locations and rela-
tive amounts of atmospheric nitrogen inputs to the
ocean may change in the future. Galloway et al. (1994)
have evaluated in a modelling study the fixed nitrogen
generated in 1980 from human activities such as energy
production (primarily as nitrogen oxides) and fertiliser
use, and compared it with the estimated additional fixed
nitrogen that will be produced in 2020 as a result of
human activities. Developed regions of the world are
predicted to show relatively little increase in the fixation
of nitrogen over this time period, while rapidly devel-
oping areas will contribute significantly to increased
human-derived atmospheric fixed nitrogen fluxes. Both
energy production (nitrogen oxides, and ultimately
nitrate) and fertiliser (ammonia, urea) will drive this
increase. For example, Asia is predicted to account for
~40% of the global increase from energy-derived fixed
nitrogen with ~87% of that from fertiliser. Figure 10
shows the ratio of the estimated deposition of oxidised
nitrogen in 2020 to the values for 1980. Increases in
deposition from 1.5 to 3 times, and in some limited
areas up to 4 times, are projected to occur over large
areas of the coastal and pelagic ocean. This estimate does
not include possible changes in ammonia and organic
nitrogen fluxes. These large projected increases lead to
the possibility of regional biogeochemical impacts in
coastal and pelagic ocean areas.

Many nations have set ambitious goals for reducing
coastal eutrophication in order to minimise impacts on
coastal ecosystems arising from changes in the phyto-
plankton abundance and species composition, as a result
of increased nutrient inputs. Such management plans

Figure 10. Ratio of the estimated deposition of reactive
nitrogen to ocean and land surfaces in 2020 to that in 1980
(adapted from Galloway et al., 1994 and Watson, 1997).
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often focus on river inputs, but need to include con-
sideration of atmospheric nitrogen deposition. Societal
emissions of contaminants and nutrients may alter
coastal ecology with large-scale impacts on CO; uptake,
as well as trace gas cycling and related atmospheric
chemistry. Important and sensitive ecosystems such

as coral reefs and intertidal areas may be particularly
vulnerable to these effects when combined with other
aspects of global change.

Major Issues Requiring Resolution

» What impacts will deposition of fixed nitro-
gen (coupled to other factors associated with
global change) have on surface ocean ecosys-
tems and on the emissions of ammonia and
other climatically important gases from the
oceans? Ammonia emissions are particularly
important because they affect the formation
and the acid-base balance of aerosol particles in
the atmosphere. Studies need to recognise that
marine ecosystems respond simultaneously to a
wide variety of nutrients (N, P, Si, Fe, and light)
and contaminants that may be delivered from
the atmosphere or from other sources,

Specific Goals

I.  Quantify the temporal and spatial variability of
atmospheric transport and deposition of fixed
oxidised and reduced nitrogen to marine sys-
tems. To be valuable to marine modellers these
fluxes need to be known to a factor of 2 over
relevant time and space scales. Since iron depo-
sition can alter N fixation rates, these studies

need to be linked to those of Activity 1.4.

II. Determine the atmospheric deposition and (in
the case of organic nitrogen) bioavailability of
nitrogen to the oceans. Deposition rates are
very sensitive to aerosol particle size. Atmo-
spheric reactions significantly alter nitrogen
aerosol particle size and these processes need to
be quantified and incorporated in regional and
global deposition models (Focus 2).

II. Describe the ecological impacts of changes in
the deposition of atmospheric fixed nitrogen on
euphotic zone marine systems and on the resul-
tant air-sea exchange of climatically important
gases. It is likely that the nature of impacts will
be fundamentally different in coastal and open
ocean systems. Even the direction of change
in trace gas emissions is currently uncertain.
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This will require the development of coupled
atmosphere/ocean N models, which will need
to be interfaced with dust transport and deposi-
tion models (Activity 1.4).

In terms of surface ocean biogeochemical carbon
models, the relevant space scales are ocean biogeochemi-
cal provinces, but for coastal environmental manag-

ers spatial resolution on scales of tens of kilometres is
required. Time scales of relevance are days to weeks in
the water column, relevant to phytoplankton growth,
but much shorter in the atmosphere, related to atmo-
spheric reaction rates.

Promising Approaches and
Implementation Strategy

This Activity will need to be supported by laboratory
studies of heterogeneous atmospheric chemical reactions
involving nitrogen compounds in the gas, acrosol and
liquid phases (see Activities 1.1 and 1.2). New instrumenta-
tion such as aerosol mass spectrometers allow much better
characterisation of the size and composition of aerosol
nitrogen species (e.g. the relative importance of ammonium
nitrate, calcium nitrate, sodium nitrate and nitrate held
within mixed aerosols). Organic nitrogen characterisation
will probably require new instrumentation.

It is hard to demonstrate that sampling is representative
when measuring nitrogen wet and dry deposition rates.
This makes determining the controls on deposition par-
ticularly difficult. The first step, then, is to try to quantify
N deposition rates. For wet deposition, this may involve
wet-only collectors on islands, ships or buoys, augmented
with remote sensing of the intensity and distribution of
precipitation, to scale the local collections to a larger area.
For dry deposition, there is a need for the development
of new methods to augment the usual measurement of
size-fractionated concentration distributions that are then
multiplied by estimated dry deposition velocities, plus
extension of the concentration database to describe the
global distribution of fixed nitrogen in the atmosphere.
Coastal regions may receive larger deposition fluxes, but
open ocean studies, possibly in association with those of
iron (Activity 1.4), are still needed. Ice core studies can
help define the pre-industrial atmospheric N deposition
to provide a baseline against which to assess the scale of
human perturbation. Studies of N isotopes (coupled to
the dissolved oxygen distribution in the ocean), can help
to describe the relation between productivity and nitrifica-
tion-denitrification in the ocean to better constrain the N
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cycle and global atmospheric chemistry of N. Studies of N
isotopes in phytoplankton remains in marine sediments in
collaboration with PAGES can then offer a means of recon-
structing changes in the ocean and atmospheric N cycle.

These traditional approaches have large unknowns, how-
ever, so an independent approach is needed for testing
their estimates. Budget approaches such as Lagrangian
experiments provide independent constraints by look-
ing for closure among the apparent source and removal
terms. These can be combined with modelling studies.
The factors controlling deposition can be identified only
after we are able to measure reliably the fluxes on a time
scale of hours or less. Thus again the SOLAS approach
involves laboratory process studies whose results are
incorporated into computer models that are then tested
against field measurements.

SOLAS should encourage a series of both natural and
intentional 7z situ N addition experiments similar to
successful iron addition studies mentioned earlier. These
would be used to determine the biological response in
terms of productivity, species composition, diversity,
export and yield of grazers. Interaction with GLOBEC
and IMBER will be valuable. The nitrogen deposi-

tion experiments will require much larger quantities of
nitrogen to be delivered than the quantities of iron used
in the 77 situ iron experiments. A way to circumvent
this problem will be to use mesocosm bags. With care-
ful attention to potential artefacts from enclosure, this
approach shows promise in requiring less N and offering
greater possibilities for replication of treatments.

The quantification of biogeochemical interactions and
feedbacks such as emission of climatically relevant gases
(Activities 1.2 and 3.3), the impact of pH on NHj3
emissions, and the effect of Fe on N, fixation (Activity
1.4) will also be essential components of such experi-
ments. Many of the concerns and design considerations
of an 7z situ iron addition experiment will apply to such
in situ nitrogen experiments. A variety of inorganic fixed
nitrogen and organic nitrogen compounds will need to
be used in these experiments. Potentially, the ideal venue
for such nitrogen deposition experiments is existing time
series sites that are located in subtropical gyres, where
fixed nitrogen supply is a key limit on primary produc-
tion. There are serious technical issues to be resolved
before mesocosm experiments can be done in the open
ocean. The time series projects have existing logistic
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infrastructure that could be deployed and the time series
records would serve as excellent controls. Resulting from
these studies, new mechanistic understanding will need
to be incorporated into and evaluated within surface
ocean biogeochemical models.

The development of autonomous buoys will greatly aid
in the monitoring of phytoplankton growth parameters
during intentional manipulations or natural nitrogen
deposition events. Development of buoys capable of
aerosol sampling for N species may also be valuable.
These instruments should be used to support the inver-
sion of satellite data and to test models of N deposition.
Satellite observations now provide a viable approach for
studying NO, transport (and its subsequent loss) to the
marine environment that can be used to test chemical
transport model forecasts of anthropogenic nitrogen
deposition patterns. Considerable progress will still

be required in modelling so as to include reactions of
nitrogen species with sea salt (Activity 1.1), as well as
ammonia and organic nitrogen effects on fixed nitrogen
deposition. This combination of laboratory and field
studies, coupled with modelled and remotely sensed
data, should make it possible for full scale “natural
experiments” to be conducted in an area where episodic
nitrogen deposition occurs.

In the case of coastal regions, this activity will require
collaboration with LOICZ scientists in order to com-
prehensively determine the impacts of the deposition of
atmospheric inorganic and organic nitrogen on eco-
system dynamics. As in Activity 1.4, special attention
should be paid to the impact of nitrogen deposition

on those biological functional groups involved in trace
gas emissions, N fixation and CO; ocean exchanges.
Collaboration with IOC/SCOR GEOHARB scientists
will greatly enhance our understanding of the dynamics
of possible harmful and noxious algal blooms resulting
from changes in natural nitrogen deposition.
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Focus 2: Exchange Processes at the Air-Sea Interface
and the Role of Transport and Transformation in the

Atmospheric and Oceanic Boundary Layers

The objective of Focus 2 is to develop quantitative understanding of processes responsible for air-sea
exchange of mass, momentum and energy to permit accurate calculation of regional and global gas and
aerosol fluxes. This requires establishing the dependence of these interfacial transfer mechanisms on
physical, biological and chemical factors within the atmospheric and oceanic boundary layers, and the
horizontal and vertical transport and transformation processes that regulate these exchanges.

Our understanding of mass (gases, liquid and solid
particles) transfer in the ocean-atmosphere system

is less well developed than that for the exchange of
physical quantities (heat, momentum, and moisture).
This discrepancy neatly defines the remit of Focus 2
of SOLAS, i.e. to improve quantitative understanding
of the exchange of gases and particles — an important
component of this advancement being the utilisation
and development of existing understanding of physical
exchanges.

The primary motivation for developing improved
knowledge of mechanisms underlying air-sea exchange
is that it is essential for the interpretation of larger-scale
biogeochemical and physical processes and feedbacks.
Hence, the development of models with credible prog-
nostic capability within the context of changing forcing
is required. The large range of scales associated with

the mechanics of air-sea exchange (from micrometre

to mega metre) necessarily requires such models to be
idealised, so that unresolved processes have to be param-
eterised. The critical issue is that unless these parameter-
isations are adequate and well founded, the models will
have limited skill and predictive capacity with respect

to climate or other environmental change. A primary
milestone in SOLAS will be the development of models
for air-sea fluxes, including the exchange of gases

and aerosol particles, founded on sound physical and
biogeochemical principles. Such improvement requires
quantitative measurements of the exchange (including
wet and dry deposition) of mass (gases, aerosols and
water vapour), momentum, and energy (including heat)
across the air-sea interface, as well as the biogeochemical
and physical parameters that characterise the interface
and drive the processes. Simultaneous study of the phys-
ics and biogeochemistry of the air-sea interface will lead
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to improved understanding of the fluxes of momen-
tum and energy. SOLAS aims to significantly improve
the parameterisation of air-sea exchange processes,
thus allowing, for example within Foci 1 and 3, more
accurate estimations of regional and global flux fields,
including their spatial and temporal variability.

Traditionally, parameterisations of the air-sea fluxes of
momentum, heat and moisture have been based on
dimensionless transfer coefficients (e.g. the drag coeffi-
cient for wind stress), whereas gas flux parameterisations
have been based on vertical transfer velocities. Aerosol
production and dry deposition are generally param-
eterised in terms of wind speed or friction velocity. An
essential objective of the implementation activities of
Focus 2 will be the harmonisation of these approaches,
both in field studies and in theoretical/modelling stud-
ies. For example, Figure 11 depicts the processes that
influence the transfer of gases and aerosols across the
air-sea interface. A strategy of SOLAS is to quantify
all processes controlling air-sea exchanges. The goal

is to accurately measure air-sea fluxes on small spatial
and temporal scales and to extrapolate to regional and
global scales. This will be achieved by air-sea flux stud-
ies, common boundary layer studies and satellite and
modelling activities.

The efforts needed to develop understanding of the
myriad of processes shown in Figure 11 have been
divided into three Activities. Activity 2.1 concentrates
on processes controlling transfers at the air-sea interface,
while Activities 2.2 and 2.3 deal with processes affecting
these exchanges in the oceanic and atmospheric bound-
ary layers, respectively. The list below shows the aspects
of air-sea exchange that are considered in each Activity.
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Activity 2.1

Ocean surface roughness
Microlayer surfactants
Rain effects

Thermal stability
Radiation mediated effects

Air-sea gas transfer and sea ice

Activity 2.2
Bubble plume dynamics

Factors controlling surface ocean trace gas
concentrations

Upper ocean transport

Activity 2.3

Atmospheric boundary layer properties
Sea-spray production

Deposition to the sea surface

Cloud processes

Atmospheric heterogeneity and entrainment

The three Activities of Focus 2 must be developed
within a common strategic framework in order to
maximise the benefit for this Focus and optimise
cooperation and collaboration between oceanographic
and atmospheric studies. An important goal of this
Focus of SOLAS is to learn enough about the exchange
mechanisms so that straightforward measurements of
mean quantities can be used to infer air-sea exchange on
regional and global scales, and to provide the basis for
improved parameterisation of air-sea exchange in models
at these scales. This goal will require a coordinated
programme of comprehensive observations, experiments
and modelling. The modelling should include a focus on
small-scale studies of transport across the air-sea interface.
It should include turbulence resolving models as well as
larger-scale modelling of mesoscale transport extending
throughout both the oceanic and atmospheric boundary
layers, and should extend across the top of the marine
atmospheric boundary layer and the bottom of the
oceanic boundary layer. In the atmosphere, the effects of
boundary-layer clouds on transport, wet deposition, and
chemical transformation also need to be considered.

Figure 11. Processes in the surface ocean and lower atmosphere responsible for the exchange of mass, momentum and heat.

Image: US SOLAS.
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Activity 2.1 - Exchange Across the Air-Sea Interface

Understanding physical and biogeochemical processes near the air-sea interface is critical for predicting
the air-sea exchange of gases and aerosol particles and determining how these processes will affect and

be affected by global change.

Introduction

Material transport across the air-sea interface is viewed
as turbulent transfer across the two fluid boundary layers
and the interface separating them. Rates of transfer
across the coupled boundary layers are controlled by a
myriad of processes (Figure 12). The rate of turbulent
transfer in the atmospheric and oceanic boundary layers
determines the atmospheric transport rates away from

or to the interface, which in turn, are determined by
surface roughness, buoyancy forces and wind speed. In
the surface ocean, vertical transport is also dependent

on turbulence. Close to the surface this turbulence is
intermittent and thought to be greatly enhanced in
the presence of breaking waves. Breaking waves intro-
duce bubbles in the oceanic surface layer that enhance
gas transfer and mediate primary aerosol production.
Organised circulations (Langmuir circulation and
convective motions) contribute to the transfer to and
from the oceanic surface layer, and nocturnal cooling
and mixing can redistribute near-surface properties
downwards over several tens of metres. It is important
to account correctly for the air-sea transfer of heat and
momentum, as these properties are critical to the struc-

Figure 12. Key components to be measured to understand and extrapolate air-sea gas transfer to global and regional scales.
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ture and evolution of the boundary layers, and hence the
transport of mass to and from the interface.

Across the microscale interface, where viscous effects are
important, transfer occurs by molecular or conductive
transport. [z situ (possibly catalysed) chemical reactions
may significantly modify fluxes for some species. The
nature and behaviour of this interface can be affected

by the presence of surface-active chemicals produced by
photochemical and biological processes (Activity 1.2).
Surfactants can significantly dampen waves at high wave
numbers and thus affect wave slope spectra, and at low
wind speeds they can suppress near-surface turbulence.
Thus, the behaviour and properties of these processes
need to be measured and understood for development of
adequate transfer models.

At lower wind speeds, the transfer of heat and water
vapour (buoyancy fluxes) at the sea surface will strongly
influence transport near the interface, and rain impacting
the sea surface generates turbulence, entrains bubbles, and
creates splash droplets. In addition, the thermal anomaly
at the sea surface associated with heat transfer (the “cool
skin effect”) can also influence gas fluxes through the
dependence of gas solubility on temperature.

To help focus research on key aspects of such a wide
ranging topic, simulations that test model sensitivity to
air-sea exchange can be used. For example estimates of
the oceanic CO; uptake can differ by as much as 30 to
50%, assuming the same wind field and different param-
eterisations of the gas exchange as a function of wind
speed (Wanninkhof et al., 2001; Takahashi et al., 2002).
Another example is the variation in radiative forcing that
varies by a factor of three depending on the emission
strength of sea spray (Houghton et al., 2001).

State of Present Understanding

The study of the exchange of physical quantities in the
atmosphere-ocean system has been ongoing for several
decades, and is a mature discipline with many impressive
achievements. The processes by which exchanges take
place are well studied theoretically, in the laboratory and
at sea, and boundary-layer models have been success-
fully deployed. SOLAS will utilise these firm founda-
tions in its continuing studies of the air-sea exchange

of gases and particles. Despite what has been achieved,
there are still many uncertainties in the estimation of
the exchange of physical quantities, particularly so in
high and low wind speed regimes, with implications for

weather prediction and climate applications. Joint efforts
by the physical and mass flux communities should lead
to mutual benefits in resolving such issues and advanc-
ing understanding of gas and particle fluxes across the
sea surface.

Within the SOLAS domain, modelling and formulation
of large-scale gas exchange rates as a function of envi-
ronmental conditions and forcing are not well devel-
oped. The models are generally idealised, heuristic, and
incomplete. A widely used formulation incorporates a
quadratic function of wind speed (Wanninkhof, 1992),
but the empirical underpinning is weak, particularly

at high wind speeds. Field measurements have suffered
from both a high degree of uncertainty and the difficult
challenge of obtaining direct observations near the inter-
face at high sea states, making the evaluation or param-
eterisation of empirical relationships difficult. Moreover,
although gas exchange rates can be correlated with wind
speed, other properties that characterise the degree of
turbulence near the interface more directly might be
better suited for parameterisation of the gas exchange
rate (e.g. mean square wave slope), especially if they can
be measured over large scales.

Basic surface renewal models have provided useful
guidance in determining the quantitative relationship
between fluxes of properties with differing molecular
diffusivity, and have been supported by dual tracer
release experiments (Nightingale et al., 2000b).

Schmidt number (ratio of viscosity to diffusivity) depen-
dence of gas exchange rates has also been determined
under low to medium wind speed conditions. It is not
yet clear how well this formulation works under high
wind conditions in the presence of bubbles.

Ocean surface roughness

There is increasing evidence that the air-sea gas transfer
velocity strongly correlates with ocean surface roughness
or the mean square slope of short wind waves (e.g. Jihne
etal., 1987; Bock et al., 1999). Even in the presence of
surface films the relationship between the transfer veloc-
ity and the surface roughness appears to remain valid,
since the surface films may also reduce roughness.

It is currently unclear why surface roughness correlates
with the gas transfer velocity. It has been shown, both
theoretically and experimentally, that short wind waves
support a significant part of the total momentum flux
as form drag (e.g. Makin and Kudryavtsev, 1999; Uz et
al., 2001). However, it is believed that short wind waves
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do not directly contribute to the air-sea gas flux. Instead,
waves appear to enhance surface renewal and resulting
gas/heat transfer by microscale breaking, wave-current
interaction, and other physical processes (e.g. Melville et
al., 1998; Zappa et al., 2001).

Microlayer surfactants

Laboratory measurements of the role of surfactants have
proven to be more useful in elucidating the fundamen-
tal physicochemical mechanics of gas exchange than for
direct extrapolation to environmental conditions (e.g.
Asher et al., 1996; De Leeuw et al., 2001). Studies in
annular wind tunnels showing a dependence of wave
slope and gas exchange rates on the amount of synthetic
and natural surfactants (e.g. Frew, 1997, Figure 13) have
provided useful insights into underlying processes. How-
ever, field measurements using the dual tracer technique
in the IronEx II study showing no dependence of transfer
velocity on changing algal pigment concentrations (a
proxy for surfactant concentrations) (Figure 14) appear
to contradict these findings (Nightingale et al., 2000a).
More work, both in the laboratory and in the field (e.g.
Bock et al., 1999) is clearly needed to address this issue.

Figure 13. Transfer velocity (k,), a parameter that quantifies
the kinetics of gas exchange, as a function of time measured
in an annular laboratory tank for a series of seawater samples
collected on an inshore (Narragansett, RI - Station A) to off-
shore (Bermuda - Station F) transect. Scale at the right indi-
cates measured k,, values relative to those obtained for clean
distilled water (k,/(clean)). As the experiment progressed k,,
generally decreased as surfactant material accumulated at or
near the water surface (Frew, 1997).
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Figure 14. Air-sea gas transfer rates during the develop-
ment of an open ocean algal bloom in IronEx Il. Estimates
of the gas transfer velocity normalised to a Schmidt number
of 600, kg (red), plotted against time, together with wind
speed from the two nearest TAO buoys (blue), chlorophyll
(green), and phaeophytin (mauve), showing no dependence
of kggg ON increasing algal pigments (Nightingale et al.,
2000a). Reproduced by permission of American Geophysi-
cal Union.
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Rain effects

Laboratory experiments and preliminary field studies
show that raindrops falling on the water surface can
significantly enhance the rate of air-water gas exchange,
which increases systematically with the kinetic energy
flux to the water surface supplied by the raindrops (Ho
etal., 1997; 2000). The enhancement in air-water gas
exchange by rain is dominated by the production of
turbulence and secondary motions, while rain-generated
bubbles contribute a smaller portion (0 to 20%) to the
total gas exchange, depending on rain rate, raindrop size,

and gas solubility.

At low wind speeds and rain rates, rain falling on the
ocean surface is likely to suppress air-sea gas exchange
by creating a layer of lower density that is slowly mixed
with the saline water below. However, at moderate wind
speeds and rain rates, wind-induced mixing is likely to
disperse any potential stratification. At present, a quan-
titative relationship between wind speed and the break-
down of stratification is lacking.

Thermal stability

Thermal stability at the air-sea interface is extremely
important in controlling momentum and heat fluxes
between the ocean and atmosphere, and also plays a
critical role in air-sea gas exchange. Observational stud-
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ies need to be developed with a focus on quantifying the
influence of thermal stability on air-sea gas exchange.
Thermal stability may be especially important at high
latitudes where significant CO; uptake occurs and large
areas of thermal instability exist.

Radiation mediated effects

Radiative transfer, which is affected by atmospheric
composition, plays a role in oceanic heat transport.
There are complicated feedbacks between the radia-

tive transfer and biological and chemical processes in
the surface ocean. For example, the absorption depth
scale of shortwave radiation depends on water transpar-
ency. At lower wind speeds the differential heating of
near-surface water can lead to density-driven stratifica-
tion and, consequently, to higher stability. Increased
biological production leads to decreased transparency,
which further decreases the depth of solar penetration
and increases the magnitude of that thermal stability.
Stabilisation, in turn, inhibits nutrient replenishment via
vertical transport. These conditions might be expected
to favour plankton adapted to high light and low nutri-
ent levels, which may affect trace gas emissions (Activity
1.2 and 1.3). The thermal stratification leads to higher
surface temperatures, which in turn can enhance sensible
and latent heat losses to the atmosphere, a potentially
destabilising feedback. Particularly at high latitudes,
stability can also be affected by haline stratification. At
low latitudes, evaporation can lead to changes in salin-
ity-driven stratification.

Air-sea gas transfer and sea ice

A similarly difficult problem concerns air-sea exchange in
regions covered or under the influence of sea ice. Sea ice
can provide a direct cap for gas exchange, but can also act
more indirectly by altering the wave field and the related
turbulence in the oceanic and atmospheric boundary
layers. Experiments most likely to contribute to the solu-
tion of this latter problem include geochemical balances
and flux measurements in the marginal ice zone and
extending beyond the sea ice edge. Studies in the South-
ern Ocean (Weddell Sea) using dissolved oxygen and 3He
balances (Hohmann et al., 2003) indicate that knowledge
of the gas transfer rates in the presence of sea ice is critical
to correctly estimate gas fluxes in such regions.

Major Issues that Require Resolution

» What is the quantitative dependence of
gas and aerosol air-sea fluxes on such fac-
tors as wind speed, wave state, turbulence

level, stratification, temperature, salinity,
insolation, humidity, precipitation, sea ice
cover, bubble population, the skin effect,
and microlayer surfactants? It is evident that
exchange rates depend on a variety of environ-
mental factors that are not simply related to
wind speed. In the case of gas exchange, this

is illustrated by the fact that the observations
show broad scatter around the most widely
used formulations of gas exchange rates, which
depend on wind speed alone (Liss and Merlivat,
1986; Wanninkhof, 1992). Another example of
uncertainty is our poor knowledge of the trans-
fer rates for wind speeds larger than 15 m s°1.
The situation for primary aerosol is even more
cumbersome, with an uncertainty of an order of
magnitude in the production rate.

» What is the sensitivity of climate and ecolog-
ical models to air-sea gas and aerosol fluxes?
Model simulations that test their sensitivity to
air-sea exchange will help to guide the evolving
experimental activities on these processes within

SOLAS.

Specific Goals

I.  Predict gas and aerosol exchange rates for com-
monly observed environmental conditions. This
requires determination and quantification of
the processes that control mass exchange rates.
The errors of these exchange rate estimates
should be comparable to those for fluxes of
momentum, heat and moisture.

II. Quantify the sensitivity of models used in
SOLAS to a range of gas flux and primary
marine aerosol radiative forcing scenarios span-
ning at least twice the range of uncertainties
determined from known measurements.

Promising Approaches and
Implementation Strategy

Field measurements of gas exchange rates traditionally
have been determined by geochemical mass balance
techniques applied on a variety of scales. These range
from local dye-release experiments, through radon dis-
equilibrium determinations, to global and regional-scale
radiocarbon uptake estimates. Comparison of these mea-
surements remains challenging because of differing scales
and scope, but a successful model of air-sea exchange
must satisfy all these diverse constraints. Moreover, a
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well designed observational programme should span as
broad a range of space and time scales as possible, in
order to provide robust calibration and validation of air-
sea exchange models.

Direct measurement of air-sea fluxes of gases and aerosol
particles is very difficult, especially in the open ocean

at higher wind speeds. Given this difficulty it would
seem especially important that gas and aerosol trans-
port be measured at the same time and with the same
temporal and spatial resolution as the crucial parameters
describing the quantities and processes that mediate the
transport. This requirement suggests the need for more
comprehensively integrated studies than have usually
been attempted or found practical in the past. Impor-
tant steps in this direction have recently been made in
studies in the southern North Sea (Jacobs et al., 2001)
and North Atlantic Ocean (McGillis et al., 2001b,
Figure 15), in which micrometeorological and purpose-
ful tracer approaches have been applied in tandem with
important ancillary measurements. Such experiments
may be viewed as proto-SOLAS studies.

Direct eddy correlation measurements from aircraft of
the air-sea flux of dimethylsulphide (DMS) are now
possible, as has been demonstrated in the DYCOMS-II
programme. The development and testing of analytical
instruments capable of resolving frequencies of

1-10 Hz in biogenic gas concentration measurements in
the atmosphere should be considered a very high prior-
ity (Activity 1.3). These direct flux measurements can be
made on the same time (20-30 min) and spatial (tens of
km) scales as changes in the physical forcing processes.

Direct eddy correlation measurement of aerosol fluxes
has been demonstrated by Nilsson et al. (2001). How-
ever, improvements are required, in particular, for size
resolution and chemical speciation, as a matter of high
priority. Other promising new techniques are aircraft
measurements to establish the role of fetch in aerosol
fluxes (Reid et al., 2001) and application of transport
models (Vignati et al., 2001). Key unifying factors used
for parameterisation of the sea-spray source function
should be based on micrometeorological and oceano-
graphic parameters, which include wind speed and
wind speed variability, thermal stability, wave steepness,
water temperature, bubble concentrations and spectral
shape, and surface tension. Simultaneous measurement
of bubble and sea-spray size distributions, covering a
variety of atmospheric and oceanographic conditions,
in combination with techniques to derive the sea-spray
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Figure 15. Transfer velocity (k) determined by eddy cor-
relation (direct covariance) in GasEx-98 and one k mea-
surement obtained using the SFg - 3He dual tracer pair, all
plotted against wind speed. Also plotted are some widely
used parameterisations of k versus wind speed (McGillis
et al., 2001b). Reprinted with permission from Elsevier
Science.
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source function using methods described above, provide
a promising approach to better parameterise the produc-
tion of sea-salt aerosol.

Implementation of Activity 2.1 should include the fol-
lowing items:

Laboratory experiments
Process studies

* Influence of wave breaking and bubbles involv-
ing a variety of gases with different physi-
cal properties (Schmidt number, solubility)
providing parameterisations of gas transfer rates
and physical insight into the contributions of
various processes (De Leeuw et al., 1999; De
Leeuw et al., 2001).

*  Effects of surfactants on wave breaking, bubble
bursting and consequences for gas transfer and
for the chemical composition of aerosols, with
emphasis on aerosol composition and contribu-
tion of organics.

¢ Detailed studies on bubble-mediated aerosol
production mechanisms from single bubbles
and bubble plumes, including the relative
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importance of film and jet droplet production
and, using visualisation techniques, spume
droplet production by direct tearing. Of special
interest is the production of very small sea-spray
droplets observed both in the field (Nilsson et
al., 2001) and in the laboratory (Martensson et
al., 2003).

Development of parameterisations

*  Effect of breaking wave properties on bubble
plume types and resulting aerosol production.

Technology development

*  Development and testing of instrumentation
and experimental techniques for application
during open ocean deployments.

Field experiments

The following field experiments need to be undertaken
using both proven and innovative methods in a variety
of conditions:

*  Continued development of new methodology
and techniques for direct flux measurements
using (relaxed) eddy correlation measurements
for gases and aerosols, including techniques
providing information on chemical composi-
tion (De Leeuw et al., 2003; Nilsson et al.,
2003).

*  Comprehensive intercomparison of flux mea-
surement techniques in single experiments in
representative environmental conditions.

*  Deployment of geochemical and micrometeoro-
logical techniques for measurement of gas and
aerosol fluxes during campaigns at several loca-
tions selected for characteristic oceanographic,
biological and micrometeorological properties.

*  Long-term measurements of these parameters at
a selected number of well chosen sites, covering
a wide range of environmental (micrometeoro-
logical, oceanographic, biological, geographic)
conditions, to study the various influences as
well as seasonality. This activity will be planned
and carried out cooperatively with ongoing
programmes responsible for long term sustained
observations and where possible will use the
same locations as other parts of SOLAS.

Modelling

Parameterisations of air-sea transfer processes are used in
various kinds of models such as meteorological, climate
(GCM) and local and regional-scale chemical transport
models. For instance, sea-spray source functions are used
in GCMs to estimate the top-of-atmosphere, global-
annual radiative forcing due to sea salt, which amounts
to -1.51 to -5.03 W m2 for low and high emission
values, respectively. This uncertainty will be addressed
by SOLAS studies of the parameterisation of sea-spray
production. The interaction between the modelling
communities (as users of the parameterisations from the
SOLAS air-sea exchange studies) and the experimental-
ists will provide input on the required accuracy and limi-
tations of the results that can be expected from SOLAS
in the next decade.

Important modelling and other numerical activities in
Activity 2.1 include:

*  Parameterisation of transfer velocities and fluxes
across the air-sea interface to provide an opti-
mum description of the various processes for
application in models.

*  Modelling the interface processes for gas trans-
fer and aerosols (e.g. acrosol deposition, spume
droplet production, bubble bursting processes).

* Inverse modelling to determine sources and
sinks at the air-sea interface, using assimilation
of surface observations and satellite derived
data (aerosols, gases, surface characteristics) in
chemical transport models. This activity will
be developed in collaboration with CLIVAR,
WGCM and WGNE.

*  Development of parameterisation of k as a
function of satellite-derived data such as wind
stress and surface roughness (Glover et al.,

2002).
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Activity 2.2 - Processes in the Oceanic Boundary Layer

Understanding upper ocean boundary layer physical and biogeochemical processes that regulate
changes in near surface concentrations and air-sea exchange of gases and materials is critical for deter-
mining how such exchanges and processes will affect and be affected by global change.

Introduction

The upper ocean is intermittently mixed and re-strati-
fied through the combined effects of wind, surface
buoyancy fluxes and penetrating radiation. Mixing
reduces vertical property gradients close to the air-sea
interface. In the oceanic boundary layer, upper ocean
circulations combine with iz situ biogeochemical trans-
formations to control exchanges with the atmosphere.
Wind mixing, wave action and current shear represent

a constantly changing input of kinetic energy in space
and time. Moreover, the temporal response of the upper
ocean to this changing input is also subject to the Earth’s
rotational effects, which introduce additional length
and time scales. Biogeochemical transformations have a
further set of distinctive time scales that are, in general,
not matched to the physical scales. It is the combination
and interaction of these different and interdependent
processes that produce the spatially and temporally vary-
ing properties within the ocean surface layer.

The ocean-atmosphere interface, which exerts a primary,
short-term control over exchange across it, is influenced
by the interaction between processes occurring on short
time scales and longer-term controls that regulate the
nature of the oceanic boundary layer. Transport and
transformation of properties within this layer are impor-
tant determinants of air-sea exchange processes on diur-
nal through seasonal time scales. Moreover, they exert
fundamental controls on the character and overall rates
of biogeochemical processing within the upper layers,
which in turn play a role in modifying the characteristics
of the interface itself. Although the boundary layer is
most conveniently defined in physical (circulation and
mixing layer) or biological (euphotic zone) terms, we are
also concerned with the coupling of the boundary layer
to deeper layers. This coupling is important, particularly
with regard to the return of remineralised nutrients and
the subsequent regulation of biological productivity and
trace gas production. It is through this pathway that
significant climate feedbacks may occur.
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State of Present Understanding
Bubble plume dynamics

At higher wind speeds the interface is disrupted to a
progressively greater extent. In the water, bubbles can be
formed after wave breaking and penetrate some distance
beneath the surface. The downward penetration and
evolution of bubble plumes are controlled by a combina-
tion of wave action, organised fluid motion (circulation
cells and vortices) and turbulence, by the presence of
surfactants and particles and by bubble buoyancy. Thus,
bubble spectra are highly variable and evolve strongly
after the initial wave breaking process (Leifer and De
Leeuw, 2001), which has consequences for the bubble-
mediated processes of gas transfer and sea-spray aerosol
production. Under increasing hydrostatic pressure,

the transfer of gases across the bubble-water interface

is controlled by physico-chemical transport across yet
another interfacial layer, the properties of which evolve
and are modified by surfactants and micro particles. The
gaseous composition of the bubbles therefore evolves in
a complex manner along their individual trajectories.
Depending on sea state and biogeochemical factors,
varying fractions of the bubble population are forced
into solution, whereas the remainder rise to the surface
and escape. Thus, bubbles are a unique and potentially
important extension to the air-sea interface, particularly
for relatively insoluble gases.

Factors controlling surface ocean trace gas
concentrations

The gas concentration in the surface ocean is con-
trolled by physical, chemical, and biological processes.
For a chemically and biologically non reactive gas, the
mixed layer concentration is determined by advection,
entrainment from below, and exchange across the air-sea
interface. Even in this simple case, it is presently difficult
to quantify the effects of air-sea exchange on trace gas
concentrations. This is especially important with high
wind speeds when the air-sea exchange is proportionally
higher. There may also be subsequent supply from below
the mixed layer which also increases under high winds.
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The prominent mesoscale structures visible in satellite
images are a dominant characteristic of ocean variability
and doubtless play a crucial role in material transport.
The formation of mesoscale eddies and fronts is deter-
mined by the response of internal dynamical processes
in the ocean to large-scale wind and buoyancy forcing.
Fronts represent important boundaries between different
water properties and can be associated with significant
cross-isopycnal mixing and vertical motions, producing
enhanced biological response. High resolution numerical
modelling of frontal structures reveals that ageostrophic
motions and associated isopycnal frontal slumping
result in substantial vertical and diapycnal nutrient
exchange, which appear to support enhanced produc-
tion (Mahadevean and Archer, 2000; Nurser and Zhang,
2000). That, in turn, may result in enhanced levels of
trace gases. Mesoscale eddies have also been strongly
implicated as mechanisms for productivity enhancement
by eddy heaving (McGillicuddy et al., 1999). Recent
sub mesoscale biogeochemical modelling of upper-ocean
processes exhibits significant enhancement of biological
production over that in coarser resolution models, indi-
cating the importance of small-scale (~ 1 km) motions.

Upper ocean transport

Horizontal gradients of physical properties in fronts also
feed back to air-sea exchange. For example, differences
in surface water temperature modify atmospheric stabil-
ity and hence create a corresponding wind response,
along with the local surface divergence field that modu-
lates the wave field and resultant air-sea transport.
Different cloud and fog conditions can further modify
the surface buoyancy flux and photosynthetically avail-
able radiation on either side of the front, the latter with
important biological consequences. The presence of
phytoplankton (and other particulate materials) affects
the depths over which penetrating radiation is absorbed,
influencing the thermal stability of the upper ocean.

To the extent that nutrient availability controls the
biological emission of gases, surfactants and certain pri-
mary particles, it is essential to quantify horizontal and
vertical near surface gradients of nutrients. Outside the
tropics, seasonal mixing plays a major role in nutrient
renewal during winter. Wind mixing and surface buoy-
ancy flux tend to dominate the stratification in spring
and summer, providing constraints on the biological
response. It might be expected that reduced wind mixing
over the summer season would limit the nutrient input,
decreasing carbon uptake and air-sea transfer of CO;

and other gases. However, in the subtropics, the summer
time accumulation of photosynthetic oxygen and DMS
and the drawdown of CO,, despite the clear vertical sep-
aration of the nutrient-depleted euphotic zone from the
pycnocline nutrient pool below, belies this simple view.
Geochemical mass balance analyses reveal that a substan-
tial fraction of annual production may occur during this
summer period, indicating that models must include
and delineate between other sources of nutrients, both
from physical processes (e.g. frontal exchanges and eddy
heaving) and from nitrogen fixation by cyanobacteria;
photochemical inhibition of biological degradation may
also play a role.

In the stratified tropics, the reflux of aphotic zone rem-
ineralised nutrients to the euphotic zone must occur via
turbulent mixing across the pycnocline or from wind-
induced upwelling. The former is especially significant
near the equator, where large shears are generated by

the strong zonal currents. Tropical upwelling charac-
teristically results in regions of abnormally high nitrate
concentrations spreading away from the equator, prob-
ably where the micronutrient iron, supplied by the same
processes, has already been used up by the phytoplank-
ton. The biological and biogeochemical characteristics of
such regions may well be unique in their behaviour and
response to change in forcing.

Transport and mixing processes in coastal regions can
differ in many ways from the open ocean. Stratifica-
tion will be enhanced where there is freshwater input
from rivers and may be dominated by salinity rather
than temperature. Tides can greatly enhance mixing
throughout the water column in shallow shelf seas.
Interaction between the surface layer and the seafloor
can lead to significant geochemical effects. The diversity
and range of biological response is far greater in coastal
waters. Moreover, human influence on the ocean is most
extreme in coastal waters, where agricultural and other
pollutants, delivered by surface runoff, atmospheric
inputs, and groundwater discharge, lead to profound
changes in the chemistry, and biological production
and respiration. Although the areal extent of the coastal
ocean is small relative to that of the world ocean, its
importance is disproportionate because of its proximity
to population centres and the magnitude of the changes
that occur in these waters. Thus, the mechanisms that
lead to transport between coastal and offshore areas have
a particular significance for modification of offshore
waters, influencing in turn the air-sea exchange that
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occurs over much larger areas. This is a research topic

where strong interaction with LOICZ will be mutually

beneficial.

Major Issues that Require Resolution

»

»

How do physical transport and biogeochemi-
cal processes in the upper ocean regulate
near-surface concentrations of biogeochemi-
cally important materials (e.g. nutrients, Oy,
CO;, DMS)? Understanding processes control-
ling near-surface concentrations is a central
requirement for determining air-sea exchange.
Determination of near-surface concentrations
may require consideration of the coupling of
the surface layer of the ocean to water masses
below the thermocline, as well as horizontal
gradients caused by processes associated with
mesoscale features such as eddies and fronts.

How does the generation and evolution

of surface ocean bubble fields control the
production of primary marine aerosols and
affect gas transfer? Marine aerosols that are
generated from bubbles will be controlled by
the physical behaviour and chemical composi-
tion of the surface ocean bubbles. Organic
and inorganic materials accumulate on bubble
surfaces. These materials are concentrated in
both film and jet drops of surfacing bubbles.
Gas transfer is augmented by bubbles, causing
unknown degrees of supersaturation and turbu-
lent mixing.

Specific Goals

L.

II.
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Accurately measure gradients of gases within
the upper ocean and their variability. Develop a
dynamic coupled biogeochemical - upper-ocean
mixed layer model with time resolution of less
than 10 minutes and vertical resolution near
the surface of the order of 1 m, capable of inter
alia ‘predicting’ near-surface concentrations and
gradients of salinity, nutrients, O, CO,, DMS,
NH3, DIC, DOC and Fe species, with contem-

porary process formulations.

Develop parameterisations of bubble generation
and subsequent aerosol generation dependent
on wind speed (and sea state, where available).

Promising Approaches and
Implementation Strategy

Biogeochemically important substances including CO,,
DMS, Fe species, and nutrients are taken up, trans-
formed and/or released in the surface ocean on short
time scales by chemical processes (e.g. photochemical
transformation) and by phytoplankton, zooplankton
and bacteria. Because there are many outstanding gaps
in our knowledge of these processes, and it is an active
area of research, it will be essential to focus on specific
material cycles.

The importance of very small-scale processes in driving
upper ocean biogeochemical activity requires the devel-
opment of very high resolution numerical models, and
the concomitant observational programme to design,
parameterise and test them. Numerical experimentation
is an important activity because it reveals the importance
and interrelationship of process scales. Critical tests of
model validation include not only the simulation of
macroscopic behaviour and evolution, but also small-
scale variability and statistics of physical properties and
biogeochemically important species. A number of strate-
gies, some applicable across all SOLAS Foci, need to be
employed.

Consideration should be given to the development of
the next generation of sensors suitable for deployment
on floats, towed devices, autonomous vehicles and
moorings. This requirement cuts across all activities pro-
posed in SOLAS, but is especially important to Focus

2 because of the requirement for sensor response (and
stability) spanning a range of 10! s (10 Hz) to perhaps
108 s (~3 years).

These approaches will benefit from fieldwork such as:

*  Studies of physical forcing (advection, upwell-
ing, vertical exchange within the surface mixed
layer and across the thermocline).

*  Measurement of diagnostic tracers (e.g. 3He,
O,/Ar ratios).

*  Time series measurements (both by repeat
stations and moorings) of biogeochemically
important elements and compounds (nutrients,
oxygen, carbon, sulphur compounds).

*  Optical bubble measuring systems deployed
from buoys.
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*  Remote sensing for regional and global scale
integration, and studies of interannual and
decadal-scale variability (e.g. chlorophyll, bio-

mass, sea surface temperature).

Modelling activities at different levels of complexity are
needed. They should be able to reproduce today’s ocean
dynamics, as well as capture alteration in upper ocean

circulation due to climate change. We need to develop:

*  An idealised and appropriately parameterised
upper ocean boundary layer model that ade-
quately mimics the behaviour of today’s ocean
and is skilful at predicting mass transfer in the
oceanic boundary layer.

* A numerical model that correctly incorpo-
rates the relevant physical and biogeochemical
processes and their dependencies on changing
environmental variables.

At higher wind speeds the challenge of making useful
measurements of near-surface and interfacial processes
increases. Recently, lightly built floating sensors that
follow the surface, even at high wind speeds, have been
used to derive finely resolved temperature profiles,
bubble size distributions and related properties in the
oceanic surface layer. Acoustical methods have proved
especially helpful in the study of wave breaking and

in delineating bubble distributions. High frequency
sonars provide remote detection of bubble distributions.
Bubbles may then be used as tracers of the near-surface
flow field, as they become organised and transported

by Langmuir circulation and other coherent motions.
Sonars may also be used to observe the penetration
depth of bubbles, while acoustic Doppler methods lead
to direct measurement of the velocity field. The sound
radiated by breaking surface waves allows detection of
their presence, breaking intensity and motion across the
ocean surface. Bubbles ring with a high quality factor
at resonance, giving an acoustical signature that can be
used to infer their size distribution. This property is
exploited in sensors that track changes in bubble size
distributions with depth and time. The size distribution
depends on the prior life history of the bubbles, from
their formation in breaking waves, through turbulent
mixing, advection and loss by buoyancy and dissolution.
Measurements of bubble sizes in the context of these
processes provide a sensitive diagnostic basis for explor-
ing the detailed physics of the upper ocean boundary
layer. Optical techniques to measure the evolution of

bubble plumes and the bubble size distributions using
multiple cameras have been explored in wave tanks (De
Leeuw and Leifer, 2001; Leifer and De Leeuw, 2001),
and contrasted with ‘background’ bubble size distribu-
tions that are generally measured in the open ocean.
Oceanic measurements of bubble size distributions show
a wide variety of concentrations and shapes (De Leeuw
and Cohen, 2001).
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Activity 2.3 - Processes in the Atmospheric Boundary Layer

Understanding atmospheric boundary layer physics and biogeochemical processes is critical for predict-
ing the air-sea exchange of gases and particles and in determining how such exchanges and processes

will affect and be affected by global change.

Introduction

The lower atmosphere, specifically the boundary layer,
links processes occurring at the air-sea interface to the
rest of the atmosphere. To quantify the vertical trans-
port and fate of gases and particles in the atmosphere,
it is necessary to understand the physical and chemi-
cal mechanisms involved. In general, the atmospheric
boundary layer is more difficult to observe over water
than over land. Although there are important differ-
ences, model parameterisations often use values derived
from measurements over land. Problems can be expected
particularly in coastal regions due to the change in
surface properties at the land-sea transition. Not sur-
prisingly, the greatest observational difficulties arise at
high wind speeds. Gas and particle transport may be
especially important under these conditions because of
the increased role of sea spray (see Activities 1.1, 1.2
and 1.3). The air-sea transports described here represent
a sensitive part of the coupling between the ocean and
atmosphere. Changes in climate variables, such as tem-
perature or wind speed, will produce feedbacks through
this coupling. Thus, understanding these processes is
essential to the development of reliable predictions of
the effects of global change.

Transport of energy, momentum and mass in the atmo-
spheric boundary layer is achieved through a variety of
processes. Wet and dry deposition, sea-spray dynamics
and atmospheric heterogeneity are all important factors
to consider. Trace species are incorporated into cloud
droplets by condensation and coagulation, and diffu-
sive (Brownian) capture to droplets. Therefore, the size
spectra and associated hygroscopic properties of cloud
condensation nuclei are critical in controlling the micro-
physical, chemical, and optical properties of clouds,
which in turn affect chemical processing, wet deposition
and boundary layer turbulence.

State of Present Understanding
Atmospheric boundary layer

Large-scale atmospheric circulation generates small-
scale motions through shear instability, primarily due to
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frictional drag in the boundary layer. These smaller-scale
motions are described as turbulent eddies that fill the
boundary layer. Their vertical motion dominates the
vertical transport of momentum and scalar properties.
Near the surface, turbulent viscosity varies rapidly with
height. In contrast to the upper ocean boundary layer,
effects due to passage of fronts and storms rarely allow
Ekman spirals to develop. Convective effects, due to
heat transport at the interface, can effectively mix the
boundary layer to mid level, which is therefore com-
monly known as the mixed layer.

A useful concept for explaining boundary layer proper-
ties is the Monin-Obukhov (M-O) similarity theory,
based on the argument that the structure of turbulent
flow in the surface layer is governed by mechanical and
thermal forcing. The balance between these two com-
ponents results in a length scale, the M-O scale (1),
determined by the relative strength of mechanical versus
thermal forcing, with the sign determined by the direc-
tion of the buoyancy flux. The similarity hypothesis is
that the turbulent characteristics, when appropriately
normalised, can be expressed as a universal function
depending on the parameter € = z/L, where z is height
above the surface. This scaling approach has proved suc-
cessful in many atmospheric experiments and is widely
accepted by the atmospheric community.

Under stable stratification (T > 0), vertical transfers are
suppressed and the boundary layer may be very shal-
low (of the order of metres). M-O parameterisation for
this case often gives unsatisfactory results. However, the
more common case over the ocean is that of near neutral
stratification (particularly at higher wind speeds), or
unstable stratification (€ < 0). In this case the boundary
layer can be considered to consist of three layers: a near
surface region or wave boundary layer (of the order of
metres) where wave effects are important, a “constant
flux” layer (of the order of tens of metres), and a mixed
layer (of the order of hundreds of metres to 1-2 km).

The mixed layer may extend upwards to the main inver-
sion and may also be capped by a layer of shallow cumu-
lus or stratocumulus clouds. A typical overall depth for
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the cloud topped marine boundary layer is approxi-
mately 1000 m. A particular feature of the marine
atmospheric boundary layer (compared with that over
land) is that the effects of cloud top evaporation and
cloud radiative processes are of similar or even greater
magnitude to the effects of the surface fluxes. Thus,
the cloud layer may become decoupled from (or only
intermittently coupled to) the near-surface mixed layer,
suppressing vertical transfer into the cloud layer. While
detailed investigation of most of these boundary layer
processes is beyond the scope of SOLAS, their effects on
the exchange of gases and particles must be considered.

Sea-spray production

When bubbles reach the water surface, they burst and
produce two types of drops. Film drops are produced by
the film cap opening and are only produced by bubbles
larger than about 1200 pm. The number of film drops
produced has been reported to be 100-1000 per bubble
(Blanchard, 1963). The opening bubble leaves a hole at
the water surface from which a vertical jet rises. In the
air the jet breaks into up to six droplets that are called jet
drops. The number of jet drops depends on the bubble
size; bubbles larger than 1700 pm produce no jet drops,
the smallest bubbles produce about six jet droplets
(Spiel, 1997). High wind speeds (> 9 m s7!) lead to

the formation of spume drops by direct tearing from
the wave tops (Monahan et al., 1986; Marks, 1990).
This enhances the effective surface area for exchange

of constituents that are transferred across the air-water
interface. Film, jet and spume droplets are collectively
referred to as sea-spray aerosol.

The rate at which the sea surface produces spray droplets
is roughly estimated as the third power of the 10 metre
wind speed, U, . Andreas and DeCosmo (1999) esti-
mated that when U, exceeds 20 m s°1, the surface area
of the airborne spray above a unit area of sea surface is
equal to 10% of that unit area. In other words, at high
winds, spray rapidly increases the effective surface area of
the ocean and, therefore, should enhance the exchange of
any constituent or property normally transferred across
the air-sea interface. A further spray-producing process is
the formation of spume, which creates droplets that are
typically larger than 20 pm. Both rain drops and spume
striking the surface can produce splash droplets (Andreas
etal.,, 1995). Spume droplets account for most of the
spray volume flux but are deposited more rapidly than the
smaller drops typical of bubble bursting. Small droplets
can be dispersed throughout the boundary layer and can
act as cloud condensation nuclei.

Evaporation of spray can influence humidity and tem-
perature profiles because at high wind speed, when the
surface area of sea-spray aerosol is strongly enhanced, the
particles provide a large area for evaporation and heat
transfer as well as chemical reactions. Sea spray will also
carry with it the enhanced concentrations of biologi-
cal and chemical constituents of the air-sea interface,
including gases (Activities 1.1, 1.2 and 1.3). Sea spray
therefore serves as a medium for transporting these
properties up into the boundary layer and ultimately
into the free atmosphere.

Sea spray also plays other roles in the marine boundary
layer. It dehydrates into sea-salt acrosol (a major compo-
nent of marine aerosol) and, thus, contributes to climate
forcing either directly by scattering incoming sunlight
(e.g. Haywood et al., 1999), or indirectly by providing
CCN and thereby affecting the optical properties of
marine clouds (Ghan et al., 1998; Murphy et al., 1998).
Relative to bulk seawater, the bubbles from which most
spray droplets and sea-salt acrosols originate are also
concentrated in marine surfactants and, consequently,
enhance the air-sea fluxes of particulate organic matter
(Blanchard and Syzdek, 1972; Macintyre, 1972; Duce
and Hoffman, 1976; Blanchard, 1983). Spray is known
to influence the transfer of halogens such as chlorine and
bromine from the ocean to the atmosphere where they
undergo chemical reactions that result in gas-phase halo-
gen atom production. Gas-phase Br and Cl may play

a critical role in O3 dynamics in the marine boundary
layer (Sander and Crutzen, 1996; Erickson et al., 1999)
(Activity 1.2). Sea-salt particles are hygroscopic and
provide a large volume of reactive medium in and on
which atmospheric chemical transformations can pro-
ceed. These multiphase chemical processes significantly
impact the cycling of other important atmospheric
constituents including ozone, S and N compounds, and
hydrocarbons (e.g. Sander and Crutzen, 1996; Ravis-
hankara, 1997; Keene et al., 1998; Erickson et al., 1999;
Galbally et al., 2000).

The magnitude of the sea-spray effect as a function

of wind speed, however, is a subject of heated debate.
The main reason that such diverse opinions can exist is
our uncertainty in the so called spray generation func-
tion, which is the rate at which droplets of a given size
are produced per unit area of sea surface. For any given
wind speed and droplet radius, the spray generation
functions available in the literature range over six orders
of magnitude. Since modelled spray effects generally
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correlate linearly with this function, such a range means
that modelled spray effects are fraught with uncertainty.
Andreas (2001) has reviewed the available spray genera-
tion functions to look for some consensus. On applying
theoretical tests and indirect evidence, he discarded as
unrealistic many of the reported spray generation func-
tions and, finally, recommended four as the most plau-
sible. These four agree within half an order of magnitude.
Recent determinations of the sea-spray generation func-
tions, using various techniques based on new approaches,
are within similar uncertainty limits (Schulz et al., 2003).
Andreas and DeCosmo (1999; 2001) used one of these
seemingly reliable functions (Andreas, 1998), to con-
struct a spray signature from the turbulent surface fluxes
of sensible and latent heat measured during HEXOS
(DeCosmo, 1991). In their analysis, the spray-mediated
enthalpy flux could be roughly 10% of the total turbulent
flux for 10 metre winds above 12 m s°1.

Deposition to the sea surface

Atmospheric inputs to the ocean occur via both wet
and dry deposition. The latter includes dry deposition
of aerosols as well as gas exchange (Activity 2.1). To
describe deposition with sufficient accuracy for planned
SOLAS modelling activities, the parameterisation of
both wet and dry deposition needs to be improved.

Atmospheric wet and dry particle deposition is a major
pathway by which trace nutrients such as iron, nitrogen
and phosphorous are delivered to the surface ocean. Con-
sequently, reliable estimates of deposition rates are essen-
tial for predicting the response of marine biota to global
change and associated feedbacks. In addition, atmospheric
deposition rates of species such as 5042', NOg, NH4Jr
and Al provide useful constraints on emission fluxes of
precursors (SO,, NO, NH3, and crustal dust, respec-
tively) in upwind source regions, as well as related infor-
mation concerning transformation rates and atmospheric
lifetimes. Thus, these fluxes (particularly multi year time
series of wet deposition via precipitation) are widely used
to construct budgets and to parameterise and evaluate
global chemical transport and climate models. How-
ever, the limited spatial and temporal extent of available
deposition measurements, coupled with large uncertain-
ties in the magnitudes of these fluxes, seriously constrain
the reliability of existing models. The relative importance
of dry versus wet deposition varies considerably over time
and space, and among species. Furthermore, in some
regions, occult deposition via cloud and fog water could
also contribute significantly to the total flux.
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Reliable quantification of wet deposition requires
accurate measurement of both the chemical composi-
tion of incident precipitation and the precipitation rate.
Using state of the art sampling, storage, and analytical
procedures, many species of interest in precipitation can
be accurately measured. However, reliable, multi year
data records have been generated at relatively few marine
locations (e.g. Galloway et al., 1982; Moody et al.,
1991; Galloway et al., 1993). In contrast to the accurate
measurements of the chemical composition of incident
precipitation, quantification of the amount of precipita-
tion that falls is often uncertain. Precipitation in marine
regions is sampled on islands, in the coastal zones of
continents and from ships at sea. Islands and coastal
locations frequently exhibit strong spatial gradients in
wet deposition owing to local orographic, heat island
and land-sea-breeze effects, and/or other perturbations
of local wind fields. In addition, the motion of ships at
sea generally precludes reliable water flux measurements.
Finally, the water collection efficiencies of gauges vary
somewhat as functions of their inlet geometry and wind
velocity. Consequently, regional wet deposition fluxes
are considerably less certain than corresponding mea-
surements of precipitation composition.

Currently, the most reliable approach for estimating the
dry deposition of particles to the ocean surface requires
measurements of size-resolved aerosol composition (and
inferred density), and the corresponding wind speed,
relative humidity and temperature. Deposition fluxes are
then calculated based on a model originally developed
by Slinn and Slinn (1980), or improved variants thereof
(e.g. Williams, 1982; Hummelshgj et al., 1992), which
consider gravitational settling, impaction, and Brown-
ian diffusion as a function of particle size both above
and within the laminar sublayer at the ocean surface.
The generation of such intensive input data is limited

to short-term field experiments and, consequently, no
long-term data records based on this approach have been
produced. There are currently no techniques for accurate
direct estimation of dry deposition fluxes. Research is
required to improve estimates of dry deposition velocity,
as well as to develop novel techniques for direct estima-
tion of dry fluxes (Activities 1.4 and 1.5).

Alternative approaches have been used to infer dry
deposition rates from measurements of the chemical
composition of aerosol sampled in bulk and “average”
or “representative” deposition velocities. However, the
dry deposition fluxes of many particulate species of
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interest (e.g. NO;~, SO4%, Fe) are typically dominated
by larger aerosol size fractions (e.g. Huebert et al., 1996;
Turekian et al., 2001), which vary greatly over space and
time. Consequently such approaches are very uncertain.
Micrometeorological (e.g. Sievering, 1987) and inferential
(e.g. Meyers et al., 1998) techniques have been employed
to estimate the dry deposition fluxes of finer-fraction

(Iess than 2 mm diameter) aerosol constituents over
continents. To our knowledge, however, such approaches
have not been successfully deployed in marine regions,
nor have they been extended to the larger aerosol size frac-
tions that typically dominate the dry deposition of many
species to the ocean surface. The most reliable estimates of
particulate dry deposition in marine regions are uncertain
by a factor of at least two and probably more.

Cloud processes

Changes in clouds are also a large uncertainty in global
climate predictions, mainly because the relative anthro-
pogenic contribution to the global cloud condensation
nuclei (CCN) budget is unknown. Anthropogenic CCN
increase cloud droplet concentrations and reduce cloud
droplet sizes, compared with natural background CCN
concentrations. Material is further transferred within
clouds by droplet coalescence. Coalescence rates depend
on droplet sizes and concentrations, which are in turn

determined by the CCN spectra.

The increased number and reduced size of cloud drop-
lets associated with anthropogenic CCN reduce the
efficiency of coalescence and thereby reduces precipita-
tion. The resulting increases in cloudiness and associated
albedo have a net cooling effect on global climate. Vari-
ability in cloudiness affects boundary layer processes,
including air-sea mass and heat exchange and surface
ocean photochemistry (Activity 1.2). There is still con-
siderable uncertainty in our understanding of how air-
sea exchange affects the development of CCN, including
the magnitude of the CCN ocean source and the role of
dry and wet CCN deposition.

Within the cloud layer, chemical reactions occur in
association with cloud droplets. CCN derived from the
sea surface modify the cloud droplet concentrations and
hence the cloud albedo, as well as the potential to form
precipitation. Precipitation from boundary layer clouds
(as well as deep convection and higher cloud layers) acts
to scavenge particulates and gases from the sub cloud
layers and return them to the sea (Activity 1.1).

Atmospheric heterogeneity and entrainment

Transfer of particulates and gases from the atmospheric
boundary layer upward to the free troposphere occurs at
atmospheric fronts and in regions of deep convection.
At atmospheric fronts, the entire boundary layer may be
displaced upward by a denser air mass and so become
separated from the sea surface. In deep convection
boundary layers, air may be transported to the upper
troposphere and detrained at the cloud edges. Both pro-
cesses tend to be accompanied by precipitation, which
may remove particulates and gases.

Entrainment at the top of the atmospheric boundary
layer transfers particulates and gases from the free atmo-
sphere downward into the boundary layer. This process
is more efficient for a cloud topped boundary layer.

Several scales of horizontal variability exist in the marine
atmospheric boundary layer (MABL). The primary trans-
port modes that occur in the MABL are thermals and lon-
gitudinal rolls, both of which scale with the depth of the
MABL, which is of the order of a kilometre. Thermals are
the primary response of the MABL to buoyancy excess at
the surface and efficiently mix the MABL through verti-
cally coherent motions that increase in size with height
(Lenschow and Stephens, 1980). Longitudinal rolls,
quasi-2D counter-rotating roll vortices approximately
aligned with the mean wind, are generated by a combina-
tion of buoyancy and shear (Etling and Brown, 1993).
Both of these coherent structures can generate horizontal
variations in the wind vector and scalar concentrations
from a few hundred meters to a few kilometres over a
horizontally homogeneous surface. In addition, there are
mesoscale variations in the MABL generated by a variety
of other processes, such as synoptic (weather) distur-
bances, cloud-driven convection and gravity waves that
can generate variations on scales of kilometres to tens of
kilometres. Clouds are particularly important since they
not only directly generate velocity and scalar fluctuations,
but also indirectly affect air-sea exchange through precipi-
tation, changes in radiation exchange, processing of trace
gases and aerosols by cloud droplets, and efficient venting
of the MABL into the overlying free atmosphere (with
compensating input of overlying air into the MABL).
Non linear interactions in the atmosphere cause forc-

ing introduced at these scales to cascade down into ever
smaller scales giving a spectral continuum down to dis-
sipation scales of a centimetre or less.
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As a result, in order to make direct measurements of
turbulent transport in the MABL, it is necessary to
resolve the turbulent eddies over a wavelength region of
a few metres to several hundred metres near the surface.
For practical flux measurements, this means averaging
lengths of a few kilometres near the surface to a few tens
of kilometres in the middle of the MABL. At the other
end of the spectrum, it is necessary to resolve eddies as
small as a couple of metres near the surface and a couple

of decametres in the middle of the MABL.

Major Issues that Require Resolution

» What is the impact of primary marine aerosol
on the chemical composition and physical
properties of the marine atmospheric bound-
ary layer? Measurements of sea spray remain too
limited to draw definite conclusions, especially
at higher wind speeds. We need to establish the
source function for spray, which is currently very
uncertain (Andreas and DeCosmo, 1999; Schulz
et al., 2003). The most urgent requirement in
this context is improved and more extensive
measurements of sea spray at higher wind speeds.

» What are the important chemical and physi-
cal interactions in the marine atmospheric
boundary layer, such as interaction of par-
ticles and gases with clouds? Acrosols generated
at the sea surface may be transported to such a
height that they provide CCN, leading to the
enhancement of clouds. DMS gas released from
the ocean through the sea surface undergoes both
chemical transformation and physical transport
leading to the enhancement of sulphate aerosol
concentrations and CCN (Activity 1.3).

» What is required to improve parameterisa-
tions of the wave boundary layer? The MABL
differs from its terrestrial counterpart primarily
by the presence of surface waves, making the use
of terrestrial measurements to infer surface fluxes
over the ocean questionable. It is highly desir-
able to attempt flux measurements in the wave
boundary layer to test and improve flux formula-
tions based on observations conducted over land.

»  Are there significant modifications of the
atmospheric boundary layer in coastal
regions? For onshore winds, sea state and wave
breaking may be significantly modified by the
shallow depth and the effects of tidal currents.
Offshore winds may carry particulates and gases
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originating from the land out over the ocean.
The surf zone provides an immediate source for
sea-spray aerosol, available for chemical reac-
tions (Activity 1.1). At the land-ocean interface
there will be a significant change in surface
roughness and T at the coast, and an internal
MABL will form within the advected terrestrial
boundary layer. Such effects will be significant
within the first 10-100 km of the coast, with
the effects of the developing sea state extend-
ing tens of km or more (Geernaert and Astrup,

1999; Zagar et al., 2003)

Specific Goals

I.  Determine a quantitative algorithm describ-
ing the generation of sea spray as a function of
wind speed and sea state to within a factor of
two, up to wind speeds in excess of 20 m s°1.

II. Quantify the DMS flux from the surface ocean
to the atmosphere and the transport of sulphur
compounds through the MABL to permit
modelling of temporally and spatially vary-
ing generation of CCN from DMS outgassing
(with Activity 1.3).

III. Improve atmospheric surface layer models for
gases and conduct coupled ocean-atmospheric
boundary layer studies for gases and material.

IV. Perform studies in the surf zone to an offshore
distance of 10-100 km to estimate gradients
in sea-spray aerosols, surface roughness, and
boundary layer stability. This goal can be
achieved through underway airborne or ship
transects, and/or a series of platforms.

Promising Approaches and
Implementation Strategy

Particle flux approaches

There is still a poor understanding of the mechanism of
production of atmospheric sea-salt particles, their distri-
bution and residence times as a function of wind speed,
and their role in affecting aerosol radiative forcing and the
chemical properties of the marine atmosphere (Activity
1.1). A collection of wind speed dependencies presented
by Gong et al (1997) shows concentrations varying by
more than an order of magnitude. Direct measurements
of fluxes of particles to and from the sea surface are not
possible because there is sea-spray production at the
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surface as well as deposition of particles of other origins,
which current techniques cannot separate with the fre-
quency required for micrometeorological measurements.

Presently used models are based on a combination of
laboratory measurements and empirical relations of
whitecap coverage (Monahan and O’Muircheartaigh,
1986), or evaluation of the balance between production
and removal (Smith et al., 1993), which works only for
super-micron droplets. Promising new techniques are
aircraft measurements of atmospheric column loading
with increasing fetch (Reid et al., 2001), application of
transport models (Vignati et al., 2001), direct covariance
measurements (Nilsson et al., 2001), and parameterisa-
tions based on laboratory experiments (e.g. Mértens-
son et al., 2003). Results from these techniques appear
to converge to within one order of magnitude. This is
similar to bubble size distributions, which are the major
source of sea-spray aerosols at moderate wind speeds.
Existing source function parameterisations are based on
wind speed or friction velocity, with water temperature
and atmospheric stratification effects taken into account
for whitecap cover and water temperature in laboratory
experiments. At elevated wind speeds, production of
spume drops by direct tearing of wave tops is, so far, an
unresolved issue as regards its importance in relation to
bubble-mediated production of sea-salt particles.

Scavenging of atmospheric gases and aerosols to the
liquid phase occurs both within and below clouds. If
their liquid phase turns into precipitation, wet deposi-
tion can occur. The scavenging depends on aerosol size
and type, and water availability. Wet deposition fluxes
can be estimated from knowledge of rainwater concen-
trations and precipitation amounts over the ocean. As
the latter are not well known, SOLAS will work with
GEWEX to improve their estimation. In modelling
studies, wet deposition is usually described by a scaveng-
ing ratio, which attempts to parameterise the scavenging
process. This parameterisation requires improvement

or, alternatively, a more fundamental description within
models.

Micrometeorological approaches (also see
Activity 2.1)

Until recently, only a few atmospheric measurements
have been attempted to directly measure air-sea gas
fluxes. Earlier attempts to apply micrometeorological
techniques to measure air-sea gas flux, particularly CO»,
led to much controversy in estimating even the order of

magnitude of the oceanic flux (Broecker et al., 1986).
Because of the lack of confidence in direct lux measure-
ments, parameterisations for air-sea gas exchange were
based on indirect techniques, leading to the develop-
ment of models combining sea surface measurements
of concentration with parameterisations for the gas
exchange rate. (Liss and Merlivat, 1986; Watson et al.,
1991; Wanninkhof, 1992; Wanninkhof and McGillis,
1999; Nightingale et al., 2000a) However, there are no
data sets that are adequate to confirm a single relation-
ship for air-sea gas exchange.

Several advances in micrometeorological techniques for
gas flux measurements address the concerns related to
oceanic applications (Fairall et al., 2000). Advances in
atmospheric gradient and covariance measurements have
decreased the time scale for flux measurement to sub-
hour; this being particularly true for the ocean-atmo-
sphere direct covariance method for CO; (Donelan and
Drennan, 1995; McGillis et al., 2001b), and the gradi-
ent method (Dacey et al., 1999; McGillis et al., 2001a)
and direct covariance (Mitchell, 2001) for dimeth-
ylsulphide (DMS). Problematic issues for air-sea gas
flux measurements by micrometeorological techniques
include: (1) contamination of the measurements from
motions of mobile measurement platforms such as ships
and aircraft, (2) errors from flow distortion induced by
flow around the measurement platform, and (3) inad-
equate gas sensor sensitivity and frequency response.
Progress has been made in addressing these problems
(Fairall et al., 2000), but considerable work remains.

The most direct method of measuring surface fluxes of
atmospheric gases is by the eddy correlation or covari-
ance technique. The flux is given by the average of

the instantaneous product of the quantity whose flux

is to be measured with the vertical velocity. Although
the covariance technique is the standard for measure-
ment of air-sea physical fluxes, there are limitations to
its applicability. For example, it may not be possible to
measure fluctuations in a trace species with sufficient
time response to resolve all the contributions to the flux.
One alternative is to measure average differences in the
quantity with height, and relate this to the flux by flux-
gradient relationships derived from turbulence similarity
theory. Other similarity relationships relate variances

of scalar quantities to their surface fluxes. A further
refinement is to consider only high frequency variances
and use the inertial subrange hypothesis to estimate
fluxes. This is especially attractive from a ship to obvi-
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ate the need to make corrections for lower frequency
ship motions. These techniques, described, for example,
by Lenschow (1995), rely on empirically determined
formulations to estimate the flux.

Another approach to measuring trace species fluxes is

to use conditional sampling techniques. In these the
species is collected in two or more reservoirs. In the
eddy accumulation technique, the species is collected in
one reservoir if the vertical velocity is positive, and in
another if it is negative, at a rate that is proportional to
the magnitude of the velocity. The flux is proportional
to the difference in mass between the two reservoirs,
divided by the collection time. In relaxed eddy accumu-
lation, the collection rate is held constant, and the flux
is proportional to the standard deviation of the vertical
velocity multiplied by the concentration difference and a
scaling parameter that is empirically determined.

In principle, the above approaches can also be applied

to quantify air-sea exchange of aerosols. However, most
measurement techniques for aerosol composition as a
function of size lack adequate temporal resolution. In
addition, super-micron diameter sea-salt aerosols that
dominate the particulate deposition fluxes of many
species cannot be sampled quantitatively from most
aircraft. Consequently, vertical distributions and deposi-
tion fluxes of particulate material over the ocean are very
poorly constrained.

Atmospheric inverse modelling approaches

Air-sea exchange fluxes of carbon isotopes occur mainly
due to the fact that the carbon isotopic compositions

of surface ocean waters are not in equilibrium with the
atmosphere (surface waters are enriched in !3C in tropical
and mid latitude oceans, but depleted in high latitude
oceans, relative to the atmospheric compositions). The
oceanic isotopic fluxes have previously been estimated
from 77 situ atmospheric and oceanic measurements using
air-sea gas exchange models and monthly average winds
(Wanninkhof, 1992; Wanninkhof and McGillis, 1999;
Gruber and Keeling, 2001), or predicted from ocean
biogeochemistry models (Heimann and Maier-Reimer,
1996; Murnane and Sarmiento, 2000). The regionally
aggregated isotopic fluxes can also be estimated by inverse
modelling of atmospheric observations of 13C/12C ratios
of atmospheric CO», which does not require the use of
an air-sea gas exchange model. The atmospheric inverse
calculations thus provide an independent estimate of the
carbon isotopic fluxes and a check on estimates based on
oceanic measurements or ocean models.
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Atmospheric signals resulting from fine-scale surface
fluxes are dispersed and homogenised by diffusion pro-
cesses (entrainment, synoptic-scale eddies, meridional
circulations). The atmosphere integrates surface fluxes
in space and time, while persistent spatial and tempo-
ral patterns can occur in the atmosphere over a long
period of time (e.g. from 1 hour to a season). Atmo-
spheric measurements of CO; and other trace gases can
be combined with transport (advection and diffusion)
modelling to derive their surface fluxes averaged over
space and time. Observations and inverse modelling of
atmospheric CO; transport yield useful information
related to the global distribution of terrestrial and oce-
anic carbon dioxide sources and sinks.

The spatial resolution of an inverse calculation for air-
surface exchange is presently limited by spatial cover-
age. Oceanic and terrestrial biogeochemistry models
have been used to prescribe the spatial distribution of
surface fluxes at a resolution of about 100 km. The
air-sea gas transfer velocity used in an ocean model thus
represents an average over a horizontal scale of about
100 km. Understanding of the physical and biological
processes controlling air-sea exchange is needed to scale
gas exchange measurements on a tower, ship, or other
platform to a 100 km grid size.

Global inverse calculations are further limited by trans-
port modelling. The strength of the Hadley Circulation
in a GCM, for instance, is dependent on the representa-
tion of diabatic processes including radiative transfer,
deep convection and its drag on zonal winds. A recent
tracer transport model intercomparison revealed that a
major transport error is caused by the parameterisation
of turbulent mixing in the MABL and entrainment of
free tropospheric air into the planetary boundary layer
(Denning et al., 1999). Measurements of transport

are lacking in the MABL. These should be incorpo-
rated into long-term tower or ship based observational
programmes. The combination of surface flux measure-
ments and measurements of the MABL height and
mixed layer thickness has proved to be the most useful
in evaluating planetary boundary layer transport models
at some forest sites on land (Bakwin et al., 1990; Davis
etal., 1997), and should also be applicable over the sea.

Process study approaches

Process studies should include measurements from a
combination of fixed observation sites (e.g. towers)
and mobile platforms (e.g. ships and aircraft). The
advantages of fixed sites are that long time series can
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be obtained over particular locations, corrections for
platform motions are not needed, and there are gener-
ally less stringent sensor time response requirements.
The advantages of mobile platforms are the ability to
measure over many different regimes, including remote
areas, well behaved turbulence statistics can be obtained
in a shorter period of time and averaged over an area,
and, in the case of aircraft, the ability to resolve the
vertical and horizontal structure throughout the atmo-
spheric boundary layer and above.

Field studies should be conducted on the transport of
particulates within the atmospheric boundary layer

to determine the degree of turbulence, and hence, the
extent to which M-O scaling applies. The relationship
between the surface roughness lengths for particulates
and the sea state is still unknown. It is generally consid-
ered to depend on wave age, but other factors, such as
the presence of swell or the mean wave slope, may have
a significant effect and should be explored in the field.
Rather than classifying measurements only on the basis
of the wind speed, it will be important in SOLAS to also
determine roughness length and the sea state.

Process studies are needed on transport in the atmo-
sphere from the air-sea interface through the entire
atmospheric boundary layer, including entrainment
across the boundary layer top, and to cloud-driven
mixing and processing (including aerosol production,
scavenging and heterogeneous reactions). Organised
motions in the MABL, such as longitudinal rolls, cloud-
driven mesoscale circulations, and synoptic-scale varia-
tions, should be investigated. Measurement campaigns
to determine vertical turbulent transports in the atmo-
spheric boundary layer over the ocean should employ
DMS as a convenient tracer, because vertical gradients of
DMS above the immediate surface boundary layer can
now be measured reliably from airplanes (Activity 1.3).

Measurements in high wind speeds should be made
using self contained air-deployed sensor technology.
LIDAR techniques can be used to study formation of
aerosols by breaking waves and surf, and subsequent
transport of the aerosol plume in a developing internal
boundary layer. Measurements should also include the
chemical composition and hygroscopic properties of
marine aerosols as a function of size and altitude.

SOLAS process studies should also be conducted in
the atmospheric boundary layer of coastal regions. The
coastal zone is very heterogeneous and this creates chal-

lenges for sampling its unique physical and biogeochem-
ical properties that SOLAS will need to understand.

Numerical weather prediction (NWP)
approaches

NWP models are tested against observations, and
parameterisations are tuned to give skilful predic-
tions, providing insight into the parameterisation of
air-sea exchange processes. The plans of the European
Centre for Medium-Range Weather Forecasts to extend
NWP to running real time Earth System Models, with
an ocean biogeochemistry component, are a promis-
ing avenue of interdisciplinary research and should

be encouraged. Integrating satellite ocean colour and
aerosol data into NWP is also a key challenge in which
SOLAS would be a willing partner.
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Integration, Assimilation and Scaling Up in Focus 2:

Remote Sensing and Modelling

A major challenge for SOLAS is to integrate and parameterise the small-scale process-oriented studies carried out in
Focus 2, such that they can be applied to larger-scale studies and especially in regional and global models used for
predicting the future behaviour of the Earth System. The key tools by which this scaling up will be accomplished are
remote sensing and modelling for the assimilation and objective mapping of observations to larger scales.

Remote Sensing for Focus 2

Satellite measurements are ideally suited for upscaling
information from integrated process studies. Satellites
presently can provide measurements of a wide variety of
environmental parameters such as precipitation, wind
speed and direction, sea state, sea surface temperature,
chlorophyll concentration, turbidity, atmospheric
aerosols and gases, and eddy energy. Using information
from process studies, derived quantities such as types of
phytoplankton (e.g. harmful algae blooms, coccolitho-
phores), primary and export productivity, and gas trans-
fer velocities can be estimated. However, their resolution
is insufficient to resolve the processes on the smaller
scales that control air-sea exchange. Notwithstanding,

it is probable that the scales of variability influencing
regional gas flux estimates can be captured with satel-
lites. Such satellite measurements also provide a context
for point measurements and are crucial for extrapola-
tion from these to regional and global estimates, either
through coupled models or empirical parameterisations.
Sampling resolution for preferred locations can be
improved significantly by using aircraft, geostationary
platforms or by combining data from several satellites
measuring similar parameters at different overpass times.
The acknowledged limitations in quality of remotely
sensed measurements, such as wind speeds at extreme
low and high values, characterisation of aerosols, depth
penetration of optical measurements, and uncertainty in
atmospheric correction, are offset by the large quantity
of data which allows data assimilation procedures to

be applied so as to strengthen models. Satellite-derived
data products are improving greatly with the develop-
ment of new sensors, improved calibration/validation
efforts, and a better understanding of the retrieved
signals and retrieval techniques. Earth observation with
optical instruments which are limited to cloud-free areas
are augmented with instruments performing similar
measurements with cloud penetration techniques (e.g.
active microwave). Novel uses of the remotely acquired
information may prove more fruitful than simple use of
standard products. New applications are more likely to
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occur if field programmes explicitly incorporate remote
sensing. For instance, it may be possible to develop local,
real time, vicarious calibrations using 7% sizu observations
in conjunction with several satellite data sets to develop
new satellite data products. Additionally, local 7 situ
observations may be of use in characterising the variabil-
ity and biases of the satellite observations, such as winds
or SST, in order to provide a statistical basis for carrying
out sensitivity studies and probability estimates using
remotely sensed data sets.

Remote sensing observations can provide data when

in situ sampling is not feasible. Remote sensing methods
are the only way to sample globally in short time frames.
Similarly, they can be used to supplement temporal sam-
pling efforts at fixed sites by providing a spatial context,
such as regional variability, to local point measurements.
Thus, satellite measurements are critical for extrapolat-
ing to global, regional or basin scale analysis or modelling
efforts, and complement intensive field programmes.

Empirical relationships are not the only result of coinci-
dent field and remote sensing measurements. By using
multi-sensor approaches and/or coincident process stud-
ies, an improved understanding of controlling parameters
and processes is feasible. This results in part from the
advantage of expanding the spatial-temporal sampling
frame. By obtaining measurements from the interdisci-
plinary suite of sea viewing sensors, progress can be made
to compensate for missing field sampling and identify
necessary improvements to the experimental design, as
well as to provide insight into additional remote sensors
that may be developed for future science support.

Ongoing efforts to quantify air-sea exchange of momen-
tum, heat, gases, biological processes and aerosol
distributions using remote sensing measurements should
be integrated with field programmes. While most of the
satellite sensor requirements of SOLAS have been enun-
ciated through the Ocean and Atmospheric Chemistry
Themes of the Integrated Global Observing System
(IGOS), there is a requirement to review these plans
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as implementation planning for Focus 2 become more
detailed. Additionally, it is crucial that communication
between the remote sensing and 77 situ communities
be explicit to maximise progress. This should include
development of potential communication with satellite
downlink facilities for collecting high resolution data
sets during event-driven air-sea flux processes, such as
storms.

Modelling for Focus 2
Modelling specifically for Focus 2 has the dual objectives

of scaling up from small-scale process studies, as well

as improving the boundary parameterisations used in
regional and global-scale coupled climate models. Con-
temporary coupled 3D climate models transfer informa-
tion between the oceanic and atmospheric components
to determine the air-sea fluxes, but process models con-
centrate either on the upper ocean with upper bound-
ary fluxes given, or on the lower atmospheric boundary
layer with SST and sea state given, in order to calculate
air-sea fluxes. Because SOLAS will focus primarily on
small-scale processes, there is a need for process-level
models that will integrate across the MABL and upper
ocean layer. Such models will be used to formulate and
evaluate parameterisations, especially for gas and other
material fluxes, prior to their incorporation into regional

and global 3D models.

The two modelling activities planned specifically for
Focus 2 are:

I. Models for Assimilation of Sparse Observations

Process studies and time series stations are limited in
space and/or time coverage. As in weather forecasting,
assimilative models using satellite and ground observa-
tions can be used for optimal estimation of properties
over space and/or time. These techniques are already
well developed in the WCRP community, but the
SOLAS studies will be required to develop the appropri-
ate correlation length and time scales for each biogeo-
chemical variable to be used in the optimal estimation
schemes.

II. Coupled Boundary Layer Models (CBLMs)

There is a need for intermediate-scale models to bridge
between the process scales of SOLAS observational proj-
ects and the regional and global 3D models. In SOLAS,
we plan to develop ‘test bed” 1D CBLMs, where various
parameterisations of air-sea exchange processes can be

developed and evaluated prior to implementation into
3D regional and global-scale coupled models. These
CBLM models should consist of generalised oceanic
mixed layer models, coupled to atmospheric ‘single
column’ models, extending from the air-sea interface to
a height well above the atmospheric boundary layer so
that cloud effects and mesoscale convective structures
can be included.

A possible oceanic mixed layer module is the Gen-

eral Ocean Turbulence Model (GOTM: heep://
www.gotm.net) developed as a community upper ocean
model (Burchard and Bolding, 2001; Burchard, 2002),
where different oceanic turbulent mixing schemes (e.g.
Mellor-Yamada, PWP, KPP, kappa-epsilon) can be
implemented with a simple software switch. A potential
atmospheric boundary layer module might be a single
column atmospheric model, such as those developed in
collaboration with the U.S. National Center for Atmo-
spheric Research (SCCM) and the Canadian Centre for
Climate Modelling and Analysis, which have identical
(1D) physical processes as in the NCAR CCM and the
CCC AGCM (e.g. Lohmann et al., 1999). The Cana-
dian model includes extensive chemistry of sulphur and
other climatically important substances.

The two modules need to be coupled by two way trans-
fer of information sufficient to calculate the air-sea fluxes
on the time scales required by the exchange processes (of
order 10 minutes for the parameterised processes). The
GOTM modules do not currently contain gas phase
chemistry. So, using CO; as an example, dissolved inor-
ganic carbon chemistry, including alkalinity, would have
to be built into the model. Similarly, gas flux formula-
tions would have to be incorporated into the air-sea flux
transfer module.
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Focus 3: Air-Sea Flux of CO, and Other Long-lived

Radiatively Active Gases

The air-sea CO» flux is a key inter-reservoir exchange within the global carbon cycle. The oceans also
play an important role in the global budgets of other long-lived radiatively active gases including NoO and
to some extent CHy4. The objective of Focus 3 is to characterise the air-sea flux of these gases and the
boundary-layer mechanisms that drive them, in order to assess their sensitivity to variations in environ-

mental forcing.

The ocean acts as a major sink for anthropogenic CO»,
absorbing 25-35% of fossil fuel CO; emissions (Prentice
et al., 2001). The associated net air to sea flux of CO,

is controlled by the solubility of CO; and the rate at
which ‘older’ deep ocean waters are exposed to an atmo-
sphere with elevated partial pressure of carbon dioxide
(pCOy) relative to preindustrial levels. This ‘anthro-
pogenic’ flux is superimposed on a geographically and
temporally varying pattern of large natural exchanges.
These exchanges are determined by a variety of pro-
cesses, including heating and cooling of surface waters,
biological uptake and export of organic carbon from the
surface layer, marine biocalcification, and the upwelling
of carbon-rich deep waters into the surface layer. In the
preindustrial ocean, regions where the net flux of carbon
was from the ocean to the atmosphere (source regions)
were linked to sink regions by carbon transport carried
by sinking particles and ocean circulation. The increas-
ing pCO; of the atmosphere since 1750 has tended

to increase the air to sea flux in COj sink regions and
decrease the sea to air flux in the source regions, leading
to increased carbon storage within the ocean.

The local air-sea CO5 flux can be estimated from
measurements of the partial pressure difference across
the air-sea interface, assuming that gas exchange is well
understood (Activity 2.1). In principle, integration

of such local fluxes permits quantitative estimation of
atmosphere-ocean fluxes on the global scale, and hence
quantification of one of the major inter-reservoir fluxes
in the global carbon cycle. This becomes possible with
the establishment of a global observing network for sea
surface pCO3, plans for which are developing rapidly.
Basic research into the variability of air-sea CO; fluxes is
urgently required to guide both the design of the global
measurement network and the optimal utilization of its
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products. Even in the absence of a global network, char-
acterisation of regional-scale variability when combined
with atmospheric data and models can be used to reduce
uncertainties in both ocean-atmosphere and land-atmo-

sphere CO» fluxes (Activity 3.1).

Future changes in ocean temperatures and circula-
tion, nutrient supply and other alterations in biological
carbon cycling associated with global change have the
potential to alter the anthropogenic and natural com-
ponents of the air-sea CO; flux on regional and global
scales. A prerequisite for the prediction, assessment and
identification of any such change is the characterisation
of the present-day air-sea CO» flux and the processes
responsible for driving it and its variation. Examination
of proxies of surface water pCO5 in the sediment record
can also be used to reveal the sensitivity of air-sea fluxes
to climate variations.

In addition, the ocean plays an important role in the
global budget of at least two other long-lived, radiatively
active gases. Notably, NyO and CHjy are both produced
within the ocean and released to the atmosphere, where
they act as greenhouse gases, as well as participating
actively in tropospheric and stratospheric chemical
cycling. The air-sea flux of these species may be cli-
mate-sensitive, although less field observations exist for
these gases than for CO», and there have been far fewer
process studies that can be used to assess such sensitivity.
Studies of trace gases are particularly lacking in coastal
ecosystems. These areas are extremely diverse, subject to
large exchanges and have extensive zones of very high
N,O and CHy production, often enhanced by anthro-
pogenic activities. An understanding of trace gas fluxes
in these areas is therefore of high importance.
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Activity 3.1 - Geographic and Sub-Decadal Variability of Air-Sea CO» Fluxes

The oceans contribute significantly to sub-decadal variability in the growth rate of atmospheric pCO..

Introduction

The uptake of anthropogenic CO; by the oceans is a
global-scale net perturbation of the ‘natural’ temporal
and geographic variability of air-sea CO; fluxes. Further,
the regional and temporal distribution of CO3 in the
atmosphere is determined by both ocean-atmosphere
and land-atmosphere fluxes. Hence, characterisation of
ocean-atmosphere CO; flux variability is fundamental
to the estimation of net CO; uptake by the oceans and
to the understanding of processes driving atmospheric
CO3 variations.

Increasingly, inverse modelling is being used to infer
unknown regional and temporal distributions of carbon
sources and sinks at the land and sea surfaces, based on
measured atmospheric gradients of the partial pressure
of carbon dioxide (pCO3) and carbon-related proper-
ties (e.g. O, 13C), together with atmospheric transport
models. Geographic and temporal distributions of
atmospheric pCO; (and other carbon-related properties)
arising from known fossil fuel emissions are predicted,
and the magnitude and regional distribution of ocean
and land surface sinks adjusted to match the measured
atmospheric distributions. A major goal of such stud-
ies, driven partly by international attempts to control
carbon emissions, is the characterisation of difficult

to measure net carbon fluxes at the land surface. Such
approaches suffer inevitable limitations arising from
inadequate specification of atmospheric transport and
mixing (e.g. Denning et al., 1999), as well as imperfect
knowledge of atmospheric distributions. Specification of
additional constraints on regional and/or global air-sea
fluxes should allow improved definition of the location
and magnitude of the land-atmosphere fluxes (Tans et
al., 1990; Fan et al., 1998). In order to develop and
apply such constraints, detailed information is required
not only on the mean air-sea fluxes but also their vari-
ability. Specifically, inverse models of atmospheric CO;
and COj-related data will benefit from information
concerning regional and temporal (seasonal to decadal)
variability of the air-sea flux of CO; and carbon-related
properties.

The potential also exists to utilise an increased knowl-
edge of variability in sea surface pCO, and CO; fluxes
to diagnose the sensitivity of coastal and open ocean
carbon fluxes to perturbations such as climate change.
The variability can be either observed directly (e.g. sub-
decadal variability based on time series measurement)

or reconstructed on the basis of palaeo records (e.g. ice
core data or proxy data recorded in ocean sediments).
Presently, there is controversy concerning the relative
magnitude of the interannual variability of land-atmo-
sphere and ocean-atmosphere surface fluxes (Rayner and
Law, 1999). If the relative oceanic and terrestrial con-
tributions to atmospheric CO; , 13C and O, variability
can be resolved, the observed sensitivity of land-atmo-
sphere and air-sea carbon fluxes to climate perturbations
will become a critical test of the ability of global carbon
cycle models to predict future uptake under an altered
climate.

State of Present Understanding

Surface water pCO; measurements collected over three
decades have been extrapolated and interpolated in
space and time (Takahashi et al., 2002) to estimate the
global distribution of the net flux of CO; between the
ocean and the atmosphere (Figure 16). Climatologies of
seasonal surface water oxygen partial pressures have also
been compiled (Najjar and Keeling, 2000). This type
of information can contribute directly to quantitative
understanding of the contemporary global carbon cycle,
including terrestrial biosphere processes, through the
provision of constraints for use in atmospheric inversion
modelling. However, despite considerable effort, the
available surface water pCO; data remain sparse with
respect to geographical and temporal coverage, and are
compromised by variable measurement accuracy among
the archived data sets employed. At present, it is neces-
sary to collapse or normalise all extant surface ocean
data into one ‘virtual year” in order to produce a global
map. Even assuming invariant physical and biological
controls on surface pCO», such a normalisation is non
trivial because atmospheric pCO3 is increasing. The
corresponding surface ocean pCO); increase may either

57



SOLAS Science Plan and Implementation Strategy

parallel, lag behind or even conceivably slightly exceed
(Wallace, 2001) the rate of atmospheric pCO)j increase,
depending on the circulation and mixing dynamics of
the specific ocean region in question. If surface ocean
pCOy, varies significantly from year to year, the produc-
tion of such flux climatologies from sparse data becomes
even more problematic.

Figure 16. Global climatology of the annual net air-sea CO,
flux based on interpolation of air-sea pCO, differences ref-
erenced to the year 1995 (Takahashi et al., 2002). Reprinted
with permission from Elsevier Science.
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Significant interannual variability as large as

2 PgC yr'! has been observed in the overall rate of
increase of atmospheric pCO; over the past 40 years.
These interannual fluctuations in net CO; sinks and
sources are comparable in magnitude to the mean
accumulation rate of fossil fuel-CO; in the atmosphere.
There is major ongoing controversy concerning the
degree to which such interannual variability is caused by
changes in ocean-atmosphere carbon flux, variations in
the land-atmosphere flux, or both. Time series studies in
the equatorial Pacific Ocean have shown strong interan-
nual variability of the air-sea flux of the order of 0.6 PgC
yr'l (Feely et al., 1999). Studies in the Greenland Sea
have also shown large year-to-year variations in air-sea
CO, flux, associated with variable climate forcing and
ice cover changes (Skjelvan et al., 1999). However, there
are few other extant data sets from regions subject to
large net annual air-sea fluxes, including coastal regions,
with which to evaluate such flux variability directly.

Time series measurements of atmospheric CO», 13C and
O2/Nj can, in principle, be used to separate terrestrial
and oceanic sources of variability of atmospheric pCO5.
Analyses of such data (Francey et al., 1995; Keeling
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et al., 1996; Battle et al., 2000) have apportioned this
variability in different ways, but all such studies imply
that variability of the ocean-atmosphere flux contributes
significantly. On the other hand, ocean modelling stud-
ies (Le Quéré et al., 2001) and attempts to extrapolate
air-sea flux variability globally (Lee et al., 1998) and
regionally (Boutin et al., 1999) imply low ocean-atmo-
sphere flux variability. Terrestrial carbon cycle models
appear able to explain all observed atmospheric variabil-
ity by invoking changes to terrestrial productivity only
(Prentice et al., 2001). Resolving such inconsistencies
and imposing stricter constraints on carbon cycle models
will require continued atmospheric time series measure-
ments of such properties, as well as better understanding
of the magnitude and causes of variability in the air-sea
flux of CO; and carbon-related properties, including O,
and 13C.

Despite the impressive global picture shown in

Figure 16, the relative scarcity of oceanic pCO; data,
which it hides, together with uncertainty in the gas
transfer velocity (Activity 2.1), mean that net flux
estimates are currently subject to uncertainties of as
much as 50-75% (Takahashi et al., 1997; 1999; 2002).
The situation for other important carbon-related tracers
(13C, Oy) is no better. A major goal of SOLAS is to
reduce this level of uncertainty through better param-
eterisation of gas exchange (Focus 2) and the collection
of quality high resolution surface ocean and atmospheric
data. Improvements in both global and regional flux
estimates should be pursued; even in the absence of
global coverage, regional flux estimates from key ocean
regions can be of considerable value as constraints on
inverse models.

Major Issues that Require Resolution

» What is the magnitude and temporal vari-
ability (seasonal, interannual and longer)
of the air-sea flux of CO;, O, and 13C on
regional to global scales? Such information
can provide a powerful constraint for carbon
cycle models aimed at identifying the global
distribution of sources and sinks for atmo-

spheric CO,.

» Is this observed variability accurately rep-
resented in carbon cycle models and what
scales of flux variability (space, time) can be
detected from the inversion of fixed point
atmospheric time series? Numerical models
provide an alternative way to estimate regional
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and global-scale air-sea fluxes and their variabil-
ity. Atmospheric time series of carbon-related
properties integrate air-sea flux variability over
large temporal and spatial scales. These scales
must be defined in order to guide interpretation
of time series and optimise the design of future
measurement networks.

Specific Goals

I.  Support the establishment of surface ocean and
atmosphere carbon observing systems (includ-
ing associated data assimilation schemes) suited
to constraining net annual ocean-atmosphere

CO> flux at the scale of an ocean basin to less
than 0.2 PgC yrl.

II. Ciritically evaluate the performance of prognos-
tic carbon cycle models against field observa-
tions of seasonal and interannual variability, in
order to guide model development and gain
insight into the impact of changed forcing.

ITII. Use observation-based estimates of air-sea fluxes
and atmospheric inversion models to improve
determinations of the magnitude and location
of terrestrial carbon sinks.

Promising Approaches and
Implementation Strategy

The accuracy of air-sea CO; flux estimates is critically
dependent on parameterisation of the gas transfer veloc-
ity. However at the same time as an effort is made to
reduce this uncertainty (Activity 2.1 and 2.3), a con-
certed effort should also be made to obtain data suitable
for assessing geographical and temporal variability of the
air-sea CO» flux. This objective is within reach using
currently available technologies and sampling platforms
(see Doney et al., 2002), as well as from the analysis of
palaeo records.

It is not the intention of SOLAS to establish a global-
scale pCO; observing system. Rather, SOLAS will
contribute to the design and support of the measure-
ment infrastructure needed for estimating pCO, fluxes
on basin scales. The basis for such estimates should

be basin-scale surveys of the air-sea pCO; difference
(including measurements in coastal regions). Platforms
that can be used for this purpose include volunteer
observing ships, time series moorings (e.g. tethered
surface buoys and/or sub-surface moorings that are

equipped with near-surface sensor packs) and drift-
ing buoys. The implementation issues associated with
this effort have been worked out in several planning
documents (see links and references to planning docu-
ments at the IOC-SCOR CO; Panel website http:
/lioc.unesco.org/iocweb/co2panelObsProgs.htm#st
rategydocs), including the US-led Large-Scale CO,
Observing Plan (http://www.ogp.noaa.gov/mpe/gcc/
co2/observingplan/). SOLAS will ensure that its efforts
are integrated with other national, regional and global
programs through the International Ocean Carbon
Coordination Project (http://ioc.unesco.org/ioccp).

The logistical demands of such a measurement pro-
gramme, including the need for several streams of
supporting data such as temperature, salinity and meteo-
rological data, implies that this activity should not be
conducted by SOLAS in isolation. Rather SOLAS should,
whenever possible, make use of, and share responsibility
for, basic infrastructure that exists or is planned under
other activities (especially ocean observing system pro-
grammes such as GOOS and GCOS). Of particular sig-
nificance would be linkages to climate and meteorological
observation programmes, for example that of the WMO
and the IOC JCOMM Ship Observations Team. Many
of the supporting parameters required for estimating
CO; fluxes are measured regularly from JCOMM’s global
network. This Team is presently developing a pilot project
to expand the set of measurements to include certain
biogeochemical parameters; SOLAS is a logical partner

in this effort. In addition, regular meridional transits by
Antarctic supply ships provide valuable opportunities to
sample the remote Southern Ocean.

SOLAS can, of course, also establish its own indepen-
dent measurement platforms, in cases where no suitable
sharing of platforms is possible. Any such ‘SOLAS-only’
platforms should be selected carefully in order to:

*  Fill gaps in measurement programmes that are
critical for estimating CO; fluxes.

*  Provide possibilities for synergistic interac-
tions with other SOLAS activities (e.g. support
atmospheric chemistry sampling on volunteer
observing ship lines).

*  Provide a regional and temporal context for

SOLAS process studies and campaigns.

Measurements from all such platforms should include
pCO3 in both surface water and the atmosphere. It
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should be noted that uncertainty in the difference
between bulk mixed layer temperatures and the skin
temperature can lead to significant uncertainty in
estimates of the air-sea CO; flux (Activity 2.1). Hence,
simultaneous measurements of skin temperature will be
of value for refining flux estimates. The GODAE High
Resolution Sea Surface Temperature Pilot Project is
developing this capability. Whenever possible, the atmo-
spheric observations should be of sufficient quality to
enhance the existing atmospheric observation network.
The surveys should also collect data required to calculate
oxygen fluxes and, when possible, carbon isotope fluxes.
The measurements will have to be interpolated between
observing locations and between measurement times.
Remote sensing will be a particularly powerful tool for
the spatial and temporal interpolation of these surface-
layer measurements. Hence, the planned measurement
programme should include key supporting variables that
will prove useful for the extrapolation and interpolation
of pCO;, data using data assimilation modelling and/or
remote sensing (e.g. nutrients, chlorophyll and particu-
late organic carbon).

Understanding of the biological and physical factors
underlying air-sea CO» flux variability has benefited
greatly in recent years from the interpretation of atmo-
spheric and oceanic time series data, as well as the
analysis of palaco records. At present however, there are
few ocean time series located in regions subject to major
air-sea CO; disequilibrium and consequent large fluxes
and, potentially, significant flux variability. SOLAS and
other ocean research projects urgently require additional
oceanic time series in such regions (e.g. high latitude
North Atlantic Ocean, Northern Indian Ocean, South-
ern Ocean, Equatorial Pacific Ocean and coastal envi-
ronments, including upwelling regions). The response
of surface pCO» to large biological and physical forcing
fluctuations is recorded within time series of proxy vari-
ables in ocean sediments. Detailed examination of these
and other palaco archives can be used to examine link-
ages between climate, biological processes and surface
water pCO; over longer time scales. Collaboration with
PAGES will be critical to success in this area.

Finally, time series of atmospheric CO,, O2/N3 and
13C provide valuable alternative, complementary infor-
mation concerning air-sea fluxes. Rapid atmospheric
transport and mixing implies that these time series
integrate the effects of spatially variable fluxes and are,
of course, also affected strongly by exchanges with the
terrestrial biosphere.
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In addition to supporting immediate use of observ-

ing systems based on existing technologies, SOLAS
should pursue technology developments in order to
make observational approaches more efficient, and to
address logistical limitations on improved data coverage
(e.g. use of autonomous instrumentation). Commercial
ships could play a major role in the conduct of SOLAS
as they are excellent platforms for sampling both the
surface ocean and the lower atmosphere. Conducting
science from commercial shipping vessels is not trivial,
however, and requires that measurement systems can

be rapidly installed, easily maintained and not impact
ship’s operations. SOLAS should give high priority to
the development of robust and compact measurement
systems suited for use on volunteer observing ships. This
development programme could extend beyond pCO,
measurement systems to include, for example, compact
mass spectrometry systems for carbon isotope analysis,
biological/bioptical sensors and water sampling devices.
In the longer term, priority should be given to working
with the shipping industry on the design of standardised
installations that can be built into the next generation of
commercial vessels.

The development of improved technologies for fixed
point moored measurements and profiling sensor
platforms should also be supported. Sensors and mea-
surement systems for the autonomous measurement of
near-surface pCO» are already commercially available
but can certainly be improved. Problems exist with the
deployment of such sensors for long periods in the ocean
surface layer. These problems include biofouling, as well
as risks to near-surface sensors and moorings associated
with wave action, ship traffic and ice. SOLAS should
encourage further development of methodologies for
making long-term autonomous measurements in the
oceanic surface layer, and work collaboratively with
CLIVAR and others on the design and deployment of

near-surface moorings.

At least three main classes of models are relevant to this
activity:

I.  Data assimilation into models offers the pos-
sibility to combine surface ocean observations,
as well as remotely sensed data, with informa-
tion derived from the model, to extrapolate/
interpolate sparse pCO> observations in space
and time. In principle, this should provide
a more comprehensive picture of the air-sea
carbon flux distribution. Basic experimental,
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statistical and theoretical work is required to
develop such approaches. Links to operational
oceanography and modelling programmes will
be encouraged.

Inverse modelling of atmospheric observations
will continue to play a major role in improving
our estimates of the contribution of the ocean
to variability of atmospheric CO;. Such model-
ling should explore the sensitivity of inversions
of atmospheric CO;, O2/N; and 13C data to
constraints imposed by observation-based esti-
mates of the air-sea flux.

Understanding of the processes governing the
air-sea carbon flux should be incorporated into
advanced, prognostic, coupled atmosphere-
ocean carbon cycle models. These models will
ultimately permit the analysis of the effects

of future forcing variability on air-sea carbon
fluxes. They can be tested and refined through
direct comparison with observed variability and
against the palaco record, in cooperation with

PAGES.
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Activity 3.2 - Surface Layer Carbon Transformations in the Oceans:

Sensitivity to Global Change

Carbon transformations within the ocean’s surface layer are sensitive to global environmental changes

predicted for the next 100 years.

Introduction

The ocean is a large sink for anthropogenic CO; due to
the partial re-equilibration of surface and interior ocean
waters with the increased atmospheric pCO of the
industrial era. Most studies and models of anthropogenic
CO uptake have treated this uptake as a perturbation
superimposed on top of a steady state, natural oceanic
carbon distribution. With such approaches, the mecha-
nisms and rates of the processes controlling the natural
cycle of carbon in the ocean are assumed to remain
unaffected (e.g. Sarmiento et al., 1992). Future changes
in ocean circulation and stratification, may strongly affect
this anthropogenic perturbation of the air-sea carbon flux
(e.g. Sarmiento and Le Quéré, 1996). It remains an open
question as to what extent the mechanisms and rates of
processes involved in the ocean’s natural carbon cycle
may also alter as a result of future climate change or other
environmental forcing, and whether such changes might
significantly affect atmosphere-ocean carbon partition-
ing. As the coastal oceans are generally net heterotrophic
bodies, future alterations in rates of biological processes
may affect whether these regions will be net sources or

sinks of atmospheric CO,.

That the natural partitioning of carbon between the
atmosphere and the ocean and land is sensitive to climate
is clear; the ice core record of atmospheric pCO» varia-
tion over glacial-interglacial periods shows this unequivo-
cally (Petit et al., 1999). At present, there is no single
agreed-upon and comprehensive explanation for these
changes. An improved understanding of such dramatic
natural changes will help reveal the carbon cycle mecha-
nisms that are sensitive to climate variability, and that
need to be evaluated in the context of future change.

An understanding of the mechanisms underlying past
change is necessary to guide the research required for pre-
diction of carbon cycle behaviour in the future. However,
the future may look quite different from the past. For
example, the global-scale climate forcing associated with
anthropogenic climate change is potentially more rapid
than that which occurred over glacial-interglacial transi-
tions. Further, atmospheric CO has already reached
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levels that are unprecedented for the past 15 million

years (Prentice et al., 2001). Chemically, this implies an
atmosphere-ocean system that is in a state of significantly
reduced buffer capacity. The effect of this on the climate
sensitivity of air-sea carbon partitioning cannot be assessed
straightforwardly. In addition, if climate predictions are
correct, the Earth will become significantly warmer in the
next few centuries than it has been for at least the past
400,000 years. The glacial-interglacial changes of pCO;
(peak to peak change of less than 100 ppmv) reflect transi-
tions into climates cooler than present. The maximum
atmospheric CO; level recorded in ice cores (less than

300 ppmv) are also significantly lower than the present-
day level of ~370 ppmv. Hence there is no recent palaco
analogue for a rapid (i.e. decade to century) transition into
a significantly warmer, high pCO, world.

However, in terms of identifying and understanding the
processes responsible for ocean pCO; changes, these
should be similar now and in the future to those that oper-
ated in the past. Thus, although unprecedented system
changes are in prospect, palaco studies offer an important
means to identify key processes and develop understand-
ing and models of the operative processes.

State of Present Understanding

The potential for future alteration of the large natural
component of the air-sea carbon flux is hard to predict
with our current level of understanding of processes or
from comparisons with the past. Factors that can drive
changes in the partitioning of carbon between the ocean
and the atmosphere can be subdivided into two cat-
egories: physico-chemically mediated and biologically
mediated. The physico-chemical factors are relatively well
understood and can already be parameterised in ocean
models. They include:

Warming

CO;, is less soluble in warmer water. Any global warm-
ing will tend to increase surface water temperatures and
progressively reduce the effectiveness of the ocean sink
for CO;. Temperature changes can also drive biologically
mediated effects (see below).
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Buffering changes

The ability of surface waters to dissolve anthropogenic
CO; tends to decrease as more CO)j is taken up. Future
decreases in ocean buffering, associated with higher CO,
concentrations, will inevitably and significantly decrease the
effectiveness of the ocean sink (e.g. Sarmiento et al., 1995).

Sea ice extent

Changes in sea ice extent in the Southern Ocean are
hypothesised to have caused large changes in atmo-
spheric pCO» over glacial-interglacial time scales
through controls on the rate of air-sea exchange (Ste-
phens and Keeling, 2000). A rectification of the bio-
logically driven air-sea carbon flux has been proposed
for seasonally ice covered regions associated with the
timing of biological production, gas exchange and sea
ice cover (Yager et al., 1995). Large-scale changes in

ice cover are predicted to occur under global warming
scenarios (Houghton et al., 2001) and may even already
be observable in the Arctic (e.g. Parkinson et al., 1999).
Climate-driven changes in sea-ice extent should there-
fore be evaluated for their direct and indirect roles in
altering future air-sea fluxes (Activity 2.1).

Fresh water input

One of the scenarios emerging from global climate
models is that the global water cycle will change consider-
ably both in terms of geographical variations and strength.
In addition, there is expected to be an increased melt
water flux from ice covered areas. These projections will
have a significant effect on ocean circulation, ecosystems
and surface water chemistry. The effect of such projec-
tions needs to be analysed in terms of changes in air-sea

gas exchange. This work will benefit from cooperation
with GEWEX and the use of its global data sets.

Windiness/storminess/climate variability

Storms are important in the open ocean for driving
exchanges across the air-sea interface (e.g. Bates et al.,
2002) and for deepening of near-surface mixed layers.
The latter is associated with entrainment of nutrients as
well as dissolved inorganic carbon into surface waters.
Wind patterns also determine the overall distribution
and strength of Ekman pumping and suction, as well

as coastal upwelling, therefore controlling additional
important vertical transfers of COj, nutrients, etc.,

in and out of the surface mixed layer. To date, climate
model projections of future changes in storminess show
no clear agreement, although there are suggestions that
there may be fewer small extra-tropical storms but a

larger number of larger, stronger storms. Such changes
in the frequency and intensity of storm events will have
consequences for mixed layer ecosystem dynamics,
carbon cycling, and fluxes that should be explored using
biogeochemical models.

Natural modes of climate variability have been shown
to have strong effects on air-sea CO; fluxes (e.g. ENSO
and more recently, the North Atlantic Oscillation).
Future changes in these modes, associated with climate
change, are therefore also likely to impact future atmo-
sphere-ocean fluxes.

Biologically mediated processes

To date, these have generally been viewed as having
played little or no direct role in the uptake of anthropo-
genic CO,. However Falkowski et al. (1998) list three
classes of biologically mediated factors that could alter
the future air-sea flux and carbon partitioning:

*  Changes of nutrient inventories within the ocean;

*  Changes in the utilisation efficiency of major
nutrients at the ocean surface;

*  Changes in the elemental composition of
biogenic material sinking from the surface
ocean (including the organic carbon to calcium
carbonate ‘rain ratio’ of material exported from
the surface layer).

The two main classes of processes operating within the sur-
face ocean that might lead to changes in these factors are:

I.  Changes in the external supply of biologically
limiting nutrients (Fe, Si, N and P; see Activities

1.4 and 1.5).

The potential for short-term control on pCO; has been
dramatically illustrated by iron-enrichment experiments
(Figure 17). Alteration of fixed nitrogen supply from
internal sources and sinks as a result of % sizu nitro-

gen fixation (or denitrification) can also alter nutrient
inventories, carbon export and surface water pCO,.

A relationship between nitrogen fixation and external
inputs of iron has been hypothesised (Falkowski, 1997)
but is contested (Sanudo-Wilhelmy et al., 2001), and
has not been experimentally tested (Activity 1.4). Nitro-
gen fixation in surface waters of the North Pacific Ocean
sub-tropical gyre has been suggested to be climate-sensi-

tive (Karl et al., 1997).
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Figure 17. Surface water carbon dioxide fugacity (fCO,)
during SOIREE (Watson et al., 2000). Reprinted with per-
mission from Nature, Macmillan Magazines Limited.
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II. Changes in surface marine ecosystems can directly
affect air-sea CO, fluxes.

For example, the distribution of calcareous versus
siliceous planktonic organisms may have had significant
consequences for surface water alkalinity, pCO; and
air-sea fluxes in the past (Archer and Maier-Reimer,
1994). Marine ecosystem structure, in turn, is affected
by climate-related factors including temperature, cloudi-
ness, nutrient availability, mixed layer physics and sea
ice extent. Over the next 100 years, at least two direct
forcing changes on surface ocean biogeochemical pro-
cesses should be considered: increased temperature and

decreased pH.

Current IPCC scenarios and coupled atmosphere-ocean
climate models lead to mean predicted increases in
surface air temperatures of 2.2 to 3 °C over the next 100
years. This implies surface water temperature changes

of similar magnitude. In contrast to studies of the
terrestrial biosphere, where the effects of warming on
plant growth and soil respiration have been extensively
studied, there has been remarkably little analysis to date
of the potential consequences of systematic warming

on surface ocean processes. Laws et al. (2000) found
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that the ratio of carbon export to total production in
the ocean surface layers varies inversely with ambient
temperature. This implies that the “export efficiency”
will decrease in response to the expected warming of
surface waters. This is consistent with the finding that
bacterial growth efficiency decreases and bacterial respi-
ration increases with increasing temperature (Rivkin and
Legendre, 2001). Since bacterial respiration represents
a large fraction of community respiration, warming of
surface waters should result in more rapid near-surface
respiration of organic material, consistent with a lower-
ing of export efficiency. Additional research into the
response of surface-layer processes to warming, includ-
ing examination of the response to past climate change
recorded in palaeo records, is warranted.

The dissolution of anthropogenic COj in surface sea-
water since preindustrial times implies that the global
average surface water pH has decreased by 0.12 units. A
further decrease of 0.25 units will occur during the next
century if atmospheric CO; concentration rises to 750
ppmv (Figure 18). This downward shift is comparable in
magnitude to the full present-day range of surface water
pH (7.7 to 8.2). The potential effects on marine ecosys-
tems are not well understood, but are likely to include
deleterious effects on calcite and, particularly, aragonite-
forming organisms, with potential consequences for
surface water alkalinity and pCO,. Recent studies with
corals and coralline macroalgae have shown that calcifi-
cation rates are significantly reduced by changes of this
magnitude (Gattuso et al., 1998; Langdon et al., 2000;
Riebesell et al., 2000). Laboratory experiments carried
out on planktonic calcifying microalgae demonstrate
that biocalcification rates are also very sensitive to pH
changes in these organisms. Initial results suggest that
planktonic calcification could decrease by 16-83% for
an increase of surface water pCO> to 700-800 ppmv
(Figure 19). Such changes would represent potentially
important feedbacks on oceanic uptake of CO», as well
as having significant impacts on oceanic life. Decreases
in pH could also, conceivably, have more complex
effects, such as increased mobilisation of trace nutrients,
with possible implications for biological productivity

(Activity 1.4).

To these relatively direct global-scale forcings of temper-
ature and pH, the effects of altered dust deposition on
iron and nitrogen limitation and surface ocean biologi-
cal production can be added. The effects of these cli-
mate-related forcings on upper ocean carbon cycling are
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discussed in Activities 1.4 and 1.5. There are additional
classes of carbon transformations that may respond to

climate forcing in more subtle ways. One example is

the conversion of dissolved organic carbon (DOC) to

particulate organic carbon (POC) that is mediated by

aggregation on bubbles. On a global scale, this con-

version rate has been estimated to be of the order of

Figure 18. Equilibrium seawater pH for
equilibration with various atmospheric
pCO, levels, including levels character-
istic of glacial periods. The calculations
assume no changes in surface alkalinity.
Also shown are summer time pH values
from the North Atlantic Ocean, calculated
from measurements made during the
Transient Tracers in the Ocean expedi-
tions in the early 1980s (small circles).
Image: D. Wallace.
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2 PgC yr'! (Monahan and Dam, 2001). This physical/
chemical process, which may in turn affect the lifetime

of DOC in the surface ocean and the overall rate of

microbial respiration, is potentially sensitive to the fre-

quency of storms and the process of wave breaking and

bubble formation (Focus 2). The overall significance of

such a process on large-scale carbon cycling is presently
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Figure 19. Scanning electron microscope pictures of coccolithophorids grown under low and high CO, condi-
tions, corresponding to pCO, levels of about 300 ppmv (a-c) and 780-850 ppmv (d-f). Note the difference in
the coccolith structure (including malformations) and in the degree of calcification of cells grown at normal and
elevated CO, levels (Riebesell et al., 2000). Reprinted with permission from Nature, Macmillan Magazines
Limited.
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unclear, implying a need for basic experimentation, but
also a consideration of the role of such small-scale and
intermittent processes at larger scales.

The integrated effect of such mechanisms on the net
air-sea CO» flux and ocean carbon sequestration is a
very complex scientific issue involving many research
areas (e.g. deep ocean circulation, sub-surface remin-
eralisation, top down controls on ecosystem structure,
interactions and biogeochemical dynamics in coastal
zones and global ocean carbon cycle modelling). Many
of these research areas are beyond the scope of SOLAS
alone, as summarised in the statement of its goal and
domains in the Introduction. This implies that study of
the effects of such processes on global carbon budgets,
the associated modelling studies, and other activities
will not necessarily be conducted directly or entirely as
part of SOLAS, but rather under the auspices of or in
association with other projects/programmes. Neverthe-
less, the special focus of SOLAS on the surface ocean

and processes operating therein can be harnessed to
address several key processes (or aspects thereof) that are
relevant to the larger carbon cycle questions. Examples
of potential SOLAS contributions to process-oriented
carbon cycle science are presented in Table 1.

Major Issues that Require Resolution

» What is the sensitivity of surface ocean carbon
cycling and the air-sea carbon flux to the large
changes in carbonate system speciation, tem-
perature, and sea ice cover that are projected
to occur over the next 100 years? Significant
changes in oceanic and coastal biocalcifica-
tion rates, and hence surface alkalinity, appear
possible based on recent experimental findings
and may act as a negative feedback on future
atmospheric CO levels. Possible climate-driven
changes in surface ocean ecosystem processes
are at present poorly understood and quantified.
Basic research into these processes can guide the

Table 1. Key carbon transformations that take place in the ocean surface layer, together with their forcing sensitivity and the
extent to which study of these transformations is compatible with the overall SOLAS goal.

Surface-Layer Carbon Relevant Forcing SOLAS Programme Links

Transformation/Transport Role

Calcification/PIC export pH, temperature, ecosystem Major IMBER, GCP,
LOICZ, PAGES

Air-sea CO, flux

wind/wave, ice

Temperature, pCO,,

IMBER, CLIVAR,
WGSF, WGCM,

Food chain C transfer Ecosystem

CLIC, GCP, LOICZ

Minor IMBER, GLOBEC,

GCP

Carbon fixation, respiration,

export river, circulation

Temperature, ice, dust, ecosystem,

Shared IMBER, GLOBEC,

CLIVAR, GCP, LOICZ

POC-DOC conversion Wind/wave, aggregation, Shared IMBER, GCP, LOICZ
ecosystem

Continental shelf C cycling

Wind, atmospheric deposition,

Shared LOICZ, IMBER, GCP

temperature, [O,], ice, ecosystem,
riverine input, upwelling
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development of parameterisations of such effects
for use in ocean carbon cycle models.

Specific Goals

I.  Design and conduct experiments (in coopera-
tion with Activities 1.4 and 1.5) to address the
effect of altered atmospheric dust supply on
surface water pCO», Nj-fixation and export
production.

II. Conduct experiments to examine the effect of
future pH changes on surface ocean carbon
cycling, particularly biocalcification.

III. Determine the sensitivity of upper ocean
carbon cycling pathways and net fluxes to
projected changes in surface water temperature
using experimental, field and modelling studies.

IV. Examine, using models and time series field
observations, the effects of projected changes
of fresh water input, wind stress, and ice cover
on upper ocean carbon cycling and air-sea CO»
fluxes.

Promising Approaches and
Implementation Strategy

These important issues need to be tackled by a combi-
nation of field and laboratory experimental studies and
modelling. In many cases, the basic physiological and
mechanistic basis for assessing global change effects is
incomplete. The studies of temperature effects on export
and bacterial respiration cited above illustrate the impor-
tance of the synthesis of experimental and field data.
Some possible experimental approaches have been dis-
cussed in Focus 1. For example, with respect to the role
of iron, there is a need for improved basic understanding
of the effects of iron supply on the physiology of marine
organisms, species succession, etc. This can be attained
through a combined programme of laboratory investiga-
tion and field iron-fertilisation experiments (pulse or
continuous) in key areas (e.g. in oligotrophic or HNLC
areas). Alternatively, plumes of iron-rich waters “down-
stream” of islands located in the deep ocean could, for
example, be exploited as natural laboratories.

With respect to the supply of major nutrients, labora-
tory and field investigations are required into poorly
understood factors such as the magnitude and controls
of N fixation, and the role of B, N and Si limitation in
determining surface ocean ecosystem structure, species

composition, functional types and their respective
C:N:P ratios. A combination of oceanic time series stud-
ies, together with controlled perturbation experiments
in the laboratory (e.g. mesocosms) and the field, has
the potential to advance knowledge in these important
areas. It is highly desirable that CO, measurements are
included in these experiments, particularly in concert
with Activities 1.4 and 1.5, and should also include
consideration of export of carbon out of the bio-reac-
tive zone (sedimentation). Close links to IMBER and
LOICZ will be of value for addressing these questions.

With respect to the effect of decreasing surface ocean
pH, there is a need for additional physiological and
experimental study of the response of key calcifying
species to changes in pH. The possibility that organisms
may be able to adapt to such changes in the longer term
should be investigated. At larger scales, the relationship
between the production and export of organic carbon
and the products of biocalcification must be better
understood. For example, mesocosm experiments can
be used to investigate whether pCO; increases trigger
systematic changes in community composition, includ-
ing changes in the ratio of organic carbon production to
biocalcification. It may even be possible to conduct such
studies at larger scales in the open ocean by, for example,
deliberately manipulating the surface ocean pH within
an eddy through CO; or acid addition. It may be pos-
sible to utilise coastal upwelling regions that have a large
pCO; range (200-700 ppmv) as natural laboratories in
this context.

The general approach is to encourage small-scale pro-
cess studies and experiments in laboratories or/and in
mesocosms, and link these studies to larger scales by
modelling and field-scale experimentation. The com-
bined approach should allow us to assess potentially
important feedbacks on atmospheric CO; and provide
a basis for modelling such effects in order to assess their
global significance. SOLAS can be of particular value by
promoting 1) coordination and guidance of small-scale
experimental teams; and 2) multi investigator experi-
ments in mMesocosms.

Understanding of processes gained in such laboratory and
field studies should be translated whenever possible into
parameterisations suited to incorporation into numeri-
cal models. In this way knowledge gained from SOLAS
experimental research can be used to assess the magnitude
of effects of surface ocean process changes on overall
within-ocean and atmosphere-ocean carbon cycling.
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Activity 3.3 - Air-Sea Flux of NoO and CHg

The sea to air fluxes of No,O and CH, are sensitive to climate forcing, as well as to human-induced

changes in the coastal zone.

Introduction

Nitrous oxide (N,O) significantly influences, both
directly and indirectly, the Earth’s climate. In the tro-
posphere it acts as a major greenhouse gas, and in the
stratosphere it is also the main source for NO radicals,
which are involved in ozone reaction cycles. Present

day as well as palaco records of tropospheric NyO show
significant long and short term variability that is not yet

fully explained (e.g. Fliickiger et al., 1999).

Atmospheric methane (CHy) is a major greenhouse

gas that also plays an important role in controlling the
abundance of the hydroxyl radical. Ocean surface waters
are generally supersaturated with CHy, for reasons that
are still not well understood. Presently, the world ocean
appears to be a relatively modest natural source of CHy4
to the atmosphere (Lelieveld et al., 1998).

State of Present Understanding

Source estimates indicate that the ocean plays a sig-
nificant role in the global budget of atmospheric N,O
(Khalil and Rasmussen, 1992; Bouwman et al., 1995;
Nevison et al., 1995). Of the global oceanic source, estu-
aries, coastal upwelling regions and continental shelves
cover only a small part of the ocean area yet are assigned
15-60% of oceanic NO emissions in various studies
(Bange et al., 1996; Seitzinger and Kroeze, 1998; Naqvi
et al., 2000). Additionally, NoO emissions from the
Southern Ocean might have been considerably underes-
timated in previous studies, as suggested by Bouwman
etal. (1995). Hence, estimates of even the long-term
mean N>O source from the ocean are still considerably
uncertain in spatial and temporal terms (Bouwman et

al., 1995).

The pathways of formation and consumption of N7O in
the oxygenated ocean and their sensitivity to changes in
environmental forcing also remain poorly understood.
Sources of N»O in the water column include shallow
sources (e.g. base of the euphotic zone) associated with
bacterial nitrification (Dore and Karl, 1996; Dore et al.,
1998), as well as deeper sources associated with nitrifica-
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tion and (in proximity to suboxic waters) denitrification
(Codispoti et al., 1992). The two formation mechanisms
may differ with respect to their sensitivity to climate
perturbations. Karl (1999) has recently suggested that
the effects of climate variability on the ecosystem of

the North Pacific Ocean subtropical gyre might lead to
enhanced N7O emissions, thus suggesting a conceptual
framework for an open ocean-atmosphere feedback
mediated by N»O. The air-sea flux of N>O from coastal
waters, estuaries and marginal seas may also be climate
sensitive, conceivably via changes in nitrification and
denitrification pathways. In this regard, climate change
impacts may be particularly strong in coastal systems
associated with changes in several compounding vari-
ables (sea level rise, changes in riverine inputs, storms
and other episodic events). To this should be added the
idea that human intervention, through sewage and other
discharges to coastal waters has already increased NoO
production (e.g. along the western seaboard of India,
Nagyi et al., 2000); an effect that is certain to increase in
future with further coastal urbanisation.

A particularly powerful tool in resolving issues concern-
ing the tropospheric budget of N, O is its stable isotope
composition (Kim and Craig, 1990), including, most
recently, its “isotopomeric” composition (i.e. the intra-
molecular position of 15N in the linear NNO molecule,
Yoshida and Toyoda, 2000). Such tools have the poten-
tial to resolve ocean, terrestrial and stratospheric contri-
butions to global budgets, as well as, within the ocean,
to help identify the specific mechanisms responsible for
N,O production.

With respect to CHy, less productive open ocean areas
presently make a small contribution to overall oceanic
emissions, whereas biologically productive regions (e.g.
estuaries and coastal areas) appear responsible for approxi-
mately 75% of the total oceanic CH4 emissions (Bange
etal., 1994; Bates et al., 1996; Upstill-Goddard et al.,
2000). Despite microbial CH4 production (i.e. metha-
nogenesis) being possible only under anoxic conditions,
the results of several studies have indicated that the

well oxygenated surface layer of the open ocean can be
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enriched considerably with dissolved CHy (see overview
by Bange et al., 1994). Diffusion and mixing processes
could generally be excluded as CHy sources, and various
in situ CHy4 production mechanisms have been proposed,
such as CH4 formation during zooplankton grazing (De
Angelis and Lee, 1994), or CH4 formation in anoxic
microenvironments within particles (Karl and Tilbrook,
1994). However, no mechanism is yet able to fully explain
the so called “oceanic methane paradox” of CH4 accumu-
lation in the fully oxygenated ocean surface layer.

In summary, basic information required to resolve the
tropospheric budgets of both of these gases is lacking.
Further, the controls on N,O and CHy surface water
concentrations remain poorly understood. A close interac-
tion is required between Activity 1.5 and this Activity.

Major Issues that Require Resolution

» What are the key factors determining the
abundance and variability of N,O and CHy4
in the ocean surface layer and hence their sea
to air fluxes? It will be necessary to resolve the
relative roles of physico-chemical processes (e.g.
solubility changes, diffusion, mixing, air-sea
exchange) and biological processes (e.g. nitrifica-
tion, denitrification, methanogenesis, methane
oxidation, species composition changes). Are
there additional, presently unrecognised, pro-
cesses that may contribute to NyO and CHy for-
mation or consumption in the surface ocean (e.g.
assimilatory nitrate reduction, N fixation)? Such
considerations will allow the possibility of sig-
nificant ocean-atmosphere feedback mechanisms
operating via NyO exchanges to be assessed.

» What are the effects of eutrophication and
other human-induced changes in the coastal
zone on the emissions of N;O and CH4? This
is an area of growing concern in highly devel-
oped coastal regions (Naqvi et al., 2000). Specific
attention should focus on whether coastal envi-
ronments are adequately represented in current
global budgets of N»O, including whether the
stable isotopic composition of N,O in coastal
waters matches that of the open ocean surface
layer.

Specific Goals

I.  Determine the contribution of oceanic emis-
sions, particularly from coastal regimes, to the

global N>O budget.

II.  Improve understanding of factors regulating surface
saturation of N»O and CHy, including assessment
of sensitivity to climate change and anthropogenic
riverine input.

Promising Approaches and
Implementation Strategy

SOLAS should utilise a mixture of time series studies,

in situ rate measurements and experimental investigations
in order to examine the key factors controlling the air-

sea flux of these compounds. The application of modern
biological methods, including molecular techniques, as well
as advances in isotope geochemistry has the potential to
provide considerable new insight.

Specifically, Activity 3.3 will be focused on studies in coastal
regions (in collaboration with LOICZ) where upwelling
occurs and well developed O, minimum zones are reach-
ing the point of anoxia. Other major regions where N>O is
released are in open ocean upwelling systems. In order to get
a complete global budget of fluxes of N>O and CHj4 and the
mechanism that control release of these components into the
atmosphere from the ocean, SOLAS should collaborate with
the IMBER and GLOBEC projects for studies on deep open
ocean denitrification regions down to the required depth,
normally 1000 metres.

Within the context of these time series studies, research into
processes and metabolism should be conducted to identify
and quantitatively characterise production and removal
processes, including identification of the organisms and
metabolisms involved. Use of molecular probes will help in
identifying the role of specific microorganisms in the cycling
of such gases in the ocean. As described for previous Activi-
ties, in addition to field-based process studies, controlled
laboratory and mesocosm experiments can be used to evalu-
ate the influence of specific environmental factors on rates of
N;O and CHy4 production and degradation.

Considerable information concerning budgets and
production/removal processes can be extracted from the
stable isotope composition of N2O and CHy. Hence, when-
ever possible, the i situ and experimental studies should
include measurements of stable isotope signatures. In the
case of N7O, the isotopomeric composition should be char-
acterised. In support of such isotopic studies there is likely to
be a need for additional basic experimental characterisation
of fractionation factors as well as reference materials and
inter calibration of stable isotope measurements.
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Project Organisation and Management

Organisational Structure of SOLAS

Figure 20. The organisational structure of SOLAS.
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Scientific Steering Committee
The SOLAS Scientific Steering Committee (SSC) is

responsible for providing scientific guidance to, and
overseeing the development, planning and implementa-
tion of the SOLAS project, including communication of
ongoing SOLAS activities and fostering the publication
and dissemination of SOLAS results. The SOLAS SSC
will encourage national governments, and regional and
international funding agencies to support the implemen-
tation of core research and the achievement of SOLAS
goals through the provision of adequate support at
national, regional and international levels. The SSC will
also encourage collaboration between SOLAS research
and relevant activities of the sponsors and others, includ-
ing integration with adjacent IGBP, SCOR, CACGP
and WCRP projects.

International Project Office

The International Project Office (IPO) serves as the
secretariat for SOLAS, and administers the project on a
day to day basis. The IPO is responsible for assisting the
SSC in all aspects of its work, and collates and commu-
nicates information related to national and international
SOLAS research. The IPO works with the sponsors to
secure resources for SOLAS as an umbrella organisation.
It also ensures effective coordination with other activities
of the sponsors and supports a data management and
archiving system for the project. It is considering the
possibility of a shared data management system with
other projects.

The IPO will also keep a record of SOLAS products,
namely:

*  Synthesis and review papers

*  Workshop reports

*  Books

*  Special journal editions

*  Data and model output and code

These will be made freely available on the SOLAS web-

site, wherever possible.

The IPO is located in the UK and is funded by the

Natural Environment Research Council.

National Contacts and Committees

SOLAS National Contacts and Committees have an
important role to play in planning and facilitating the
research of the programme. They can coordinate the sci-
entific and communication activities within their coun-
tries, as well as acting as the interface between the
SOLAS SSC and the scientists and funders in individual
nations. For example, a meeting of national representa-
tives was held in Amsterdam 11-12 June 2002 to enable
them to participate in the production of this SOLAS
Science Plan and Implementation Strategy.

The meeting was attended by representatives of 19
countries, with each nation submitting a written report.
Updated national reports are available on the SOLAS
website. At the meeting, an informal questionnaire
recorded each nation’s level of interest in the various
SOLAS Activities. The results for 19 country represen-
tatives are shown in Table 2. This information should
be treated as indicative rather than conclusive, since it
reflects the situation at that time and will go out of date
rather rapidly, as well as being the assessment of only a
small number of people (in some cases only one) from
each nation. However, it proved useful at the meeting
in identifying areas of SOLAS research where there was
good potential coverage globally and, more importantly,
activities where resources are currently lacking. It is the
intention of the SOLAS SSC to encourage regular two
way communication with national committees and con-
tact information is provided on the SOLAS website.

SOLAS national representatives will be appointed in col-
laboration with the national committees of the sponsors,
where appropriate. The IPO should be contacted for
further details.

Implementation Groups and Task
Teams

Implementation of much of the research described in
this Plan will be done through a number of Task Teams
and Implementation Groups, for shorter and longer-
term activities, respectively.

Task teams will be established on particular topics for
which there is a clear need for international coordina-
tion. They will often be established jointly with other
projects to allow the full scope of the topic to be covered.
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SOLAS Implementation Groups will be the key way in SOLAS will also play a full role in the WCRP work-

which SOLAS will coordinate and plan the implemen- ing group on surface fluxes (WGSF). This is in part
tation of the science described in this document. The a continuation of the previous SCOR/WCRP group
Implementation Groups will produce detailed Imple- on air-sea fluxes of physical quantities (energy, heat,
mentation Plans that will be updated and revised peri- momentum), but with the inclusion of mass fluxes
odically. Each group will work closely with the SOLAS (gases, sea salt, particles, precipitation). Its work will
Data Management Task Team (DMTT) to enunciate its support the research in SOLAS Focus 2 particularly, but
needs in terms of data management and quality assur- also in other parts of the programme, as well as several
ance and control. The membership of these groups will activities of WCRP.

contain modelling and data management expertise, as
well as links to partner projects of SOLAS.

Table 2. Nations’ levels of interest in SOLAS activities in 2002. Higher numbers indicate a greater interest in the Activity.
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Data and Model Output Management

Background and Needs

The implementation of SOLAS will involve the collec-
tion of large quantities of environmental data by both
nationally and internationally organised projects. These
data will be collected from process studies and experi-
ments (field and laboratory), time series studies, and
large-scale surveys. Similarly, SOLAS will make use of
a hierarchy of different modelling approaches. In most
cases, the utility of the models and data involved in
these projects will extend beyond the projects themselves
and be of interest to other investigators. Further, many
SOLAS data will be more useful when combined with,
or compared against, other data and models, including
non-SOLAS data. Scientific findings and conclusions
derived from SOLAS projects should be available for
assessment by independent scientists: this implies that
the underlying data and/or models must be readily
accessible.

Increasingly, key management issues are based on model
results as well as data. Model-derived results are also
used extensively as input for other models, for scientific
planning and for policy decisions. SOLAS must there-
fore ensure that the models developed and/or used in
SOLAS research, as well as the data collected, are docu-
mented sufficiently to allow independent evaluation
and be readily accessible to the scientific community for
assessment and interpretative purposes.

Data and model management are therefore critical logis-
tical tasks for SOLAS and we recognise that there are
significant challenges ahead: effective data management
is a global problem and SOLAS will make strenuous
efforts to adopt best practice and learn from past experi-

ences (e.g. WOCE, JGOES etc.).

SOLAS science will involve collection of complex and
sophisticated data sets. This will include difficult, error-
prone measurement of biological, physical and chemical
parameters. Because SOLAS is an international, multi
investigator programme, such measurements will be
made all over the world, at different times, by different
groups, often using different equipment and techniques.

Attention to data quality management will be critical for
the scientific integrity and success of SOLAS.

Data Management Principles

Certain basic principles should guide the development
of data management procedures in SOLAS:

* Do not ‘reinvent the wheel’; use existing knowl-
edge and infrastructure, wherever appropriate.

*  Use internationally agreed standards and pro-
tocols (e.g. those of ISO, W3C, IOC/ICES),

wherever possible.

*  Work with other projects towards an integrated
data management system and policy.

*  Plan ahead for rapid data assembly.
*  Data managers should support data gatherers.

e SOLAS should reward excellence in data collec-
tion and data release.

*  Participation in SOLAS research requires sub-
mission of data to a SOLAS-approved database

or centre.

Specific Steps Towards Data
Management

SOLAS will establish an international data management
task team with at least one staff member. This team

should:

*  Evaluate and document the likely data needs
of SOLAS (data types, quantities and sources,
metadata requirements).

*  Conduct a review and have intense discus-
sions with the WCRP (WOCE/CLIVAR) and
IGBP/SCOR (JGOFS, IMBER, GLOBEC,
LOICZ, GEOHAB) data management com-
munities concerning lessons learned and present
data management policies, problems and solu-
tions. Identify the potential for SOLAS data
management within existing structures and
programmes.
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*  Host a workshop for the modelling community
in order to develop and write a practical model
management and documentation plan.

*  Evaluate together with other programmes the
feasibility and benefits of establishing a peer
reviewed ‘Journal of Global Change Data’ and
participate in constructing the IGBP Global
Change Atlas.

*  Write a detailed SOLAS data management
policy. This policy is to include time limits,
enforcement procedures, access rights, meta-
data requirements, reporting requirements and
procedures, data quality and archiving, and
linkages to data agencies. Potentially, this docu-
ment will include guides to model description
and data organisation.

* Initiate negotiations with data centres about
possibilities for their direct support of indi-
vidual PIs with respect to data management
procedures and tools.

Data Quality Management

In addition to establishing clear guidelines for data man-
agement, SOLAS must also establish procedures for
assessing and controlling data quality. Once again, les-
sons learned during WOCE and JGOEFS can be used to

help address such issues.

Data quality management should be addressed by the
Data Management Task Team by:

* establishing clear quality targets for SOLAS
data;

*  documenting recommended protocols for ‘stan-

dard’ SOLAS measurements;

*  providing support for technical workshops,
training sessions and calibration and intercali-
bration activities.
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Recognition of Research by SOLAS

The aim of SOLAS is to provide a framework to encour- Principle Investigators and national/regional groups can

submit their projects for approval by the SOLAS SSC

age the fullest participation of multi national, regional,

and national efforts in its scientific activities. It does not

impose a rigid template on the nature of these efforts.

However, some recognition procedure (often called

“endorsement”) is necessary so that (1) the SOLAS

SSC knows what research is being conducted under the
SOLAS label, (2) research carrying the SOLAS label is
within the science areas defined in the SOLAS Science

Plan and Implementation Strategy, and (3) such research
conforms to the scientific principles outlined in this plan.

Benefits

Provides the opportunity for participation
in the development, planning and imple-

mentation of a collaborative international
science programme.

Adds to the scientific value of planned work
by providing complementary information;
for example, by widening the range of stud-
ies and extending their spatial and temporal
coverage.

Promotes rapid communication of ideas
and results through meetings and publica-
tions.

Develops and tests standard methods and

protocols for measuring variables, thereby
facilitating quality control and meaningful
data sharing,.

Makes available data sets collected in
component studies and develops a common
data policy.

Enables close working links with other
relevant international programmes and
studies.

Gives the opportunity for participation in
model intercomparisons.

on the SOLAS website.

Flowing from recognition as a SOLAS project are

the following benefits and responsibilities; they are
only intended as a guide and are not a set of regula-

tions. They have been adapted from the practice of the
GLOBEC SSC.

Responsibilities

Acceptance of general principles and goals
outlined in the SOLAS Science Plan and
Implementation Strategy.

Carry out a programme in general accor-
dance with relevant aspects of the SOLAS
Science Plan and Implementation Strategy.

Participation in the activities of the pro-
gramme through its management bodies,
and by assisting in its planning and devel-
opment as a whole.

Make data collected within the programme
available to the wider community, in accor-

dance with the SOLAS data policy.

Acknowledge links with SOLAS in the
products of the project (e.g. acknowledg-
ment in scientific papers).
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Linkages to Related Programmes and Activities

SOLAS is presently sponsored by IGBP, SCOR,
CACGP and WCREP It is being conducted in the
context of ongoing and new projects sponsored by these
organisations, within which SOLAS will develop coop-
erative activities to take advantage of the unique exper-
tise of the different groups and to avoid unnecessary
duplication. SOLAS will collaborate with other projects
focussing on ocean, atmosphere, and land subsystems
and their interfaces, as well as the whole Earth System.

In the area of biogeochemistry, the activities of SOLAS

will be coordinated, and wherever appropriate, inte-
grated with the activities of IGAC-II, ILEAPS, the new

IGBP LAND project, GLOBEC, IMBER and LOICZ.
It will also participate in the IGBP Fast Track projects
(e.g. on Iron and Nitrogen). In the physical aspects of
its work, SOLAS will collaborate and integrate with
CliC, CLIVAR, GEWEX and WGSE SOLAS will

also collaborate with PAGES (especially IMAGES) in
the use of palacoceanographic records. SOLAS will
contribute to Earth System modelling in collaboration
with GAIM. The Global Carbon Project will promote
the coordination and synthesis of carbon research and
results between SOLAS and other relevant projects of
IGBD, IHDP and WCRP, to address questions of global
sustainability related to carbon. With respect to plan-

Figure 21. Links between SOLAS and other projects of its sponsors. Links to operational programmes are not shown. An

explanation of the acronyms can be found in the acronym list.
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ning remote sensing and observing systems, SOLAS will
work with CEOS, GOOS, GCOS, GAW, WWW and
JCOMM. SOLAS will also work with START, IAI and
APN to involve broad participation in its activities and
develop the capacity of scientists within all regions to
carry out research within the scope of SOLAS. In this
the National Committees of the sponsors will also have
a role to play. Societal impacts of SOLAS will be dealt
with in collaboration with IHDP (see “Societal Rel-
evance” section in Introduction).

SCOR currently sponsors several activities that are rel-
evant to SOLAS implementation, including the SCOR-
IOC Advisory Panel on Ocean Carbon Dioxide, SCOR
Working Group 120 on Marine Phytoplankton and
Global Climate Regulation, and the SCOR-IOC Global
Ecology and Oceanography of Harmful Algal Blooms
(GEOHAB) programme. Relevant collaboration will be
established with these groups. IOC also has a declared
interest in SOLAS research, in particular the CO> stud-
ies being conducted in Focus 3.

SOLAS may form joint activities with related projects and
activities of the sponsors and others to support implemen-
tation of SOLAS research. Specific potential interactions
with other projects are detailed under the implementation
strategy sections for individual Activities.
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Communication

Communication within the SOLAS scientific commu-
nity and to other groups, both scientific and beyond,
will be an important aspect of SOLAS. The interna-
tional SOLAS website (www.solas-int.org) will be a
central source of information, including the Science
Plan and Implementation Strategy, science highlights,
publications, contacts, internal SOLAS documentation
and details of activities. The site will also be a gateway
to national SOLAS websites and data centres. Commu-
nication within the international SOLAS community
and interested scientists will be facilitated through email
bulletins and newsletters.

Planning, implementation and synthesis of SOLAS
research will be carried out through workshops, field
studies and scientific symposia worldwide. The phi-
losophy of SOLAS is to encourage broad national
representation in all activities, and to hold its meetings
within the regions that contribute to SOLAS, to enable
wide participation. National Committees and regional
networks will be a vital component of the communica-
tion effort.

The results of SOLAS will primarily be published as
scientific papers in international journals. In addition to
the scientific literature, synthesis documents, including
visually rich, easy to understand reports, will be pro-
duced periodically and widely distributed. Thus, SOLAS
research output will be accessible to a broad audience, in
particular the policy and resource management com-
munities, as well as to interested members of the public.
Other outreach activities (e.g. press releases, publications
in the popular press, contributions to the public under-
standing of science, educational activities, etc.) will be
encouraged.
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Education and Capacity Building

As remarked elsewhere in the document, SOLAS has a
particular educational role to play in that it not only brings
together a range of academic disciplines (e.g. chemistry,
biology, physics, etc.), but must also involve scientists
working in both atmospheric and oceanic domains in
integrated studies. Such multi/interdisciplinarity provides
large educational challenges. The communication strategy
outlined above will play an important role in this educa-
tional process.

Capacity building will be initiated in developing regions
through a variety of workshops, both actual and virtual.
The SOLAS SSC will strongly encourage intensive courses
for graduate students and other younger workers, taught by
world experts and held worldwide. Specific initiatives such
as the SOLAS Summer School are already in place. The
Summer School took place for the first time in summer
2003 in Corsica (further details on the SOLAS website).

It is intended for Ph.D. students from any country work-
ing on specialised topics of SOLAS science, with the aim
of providing a comprehensive overview of air-sea interac-
tive biogeochemistry. This enables them to appreciate how
their doctoral work fits into the larger canvas of SOLAS
science. We will collaborate with START; IAI, and APN, so
that their Fellowship schemes and other mechanisms can
be used for capacity development, as well as with similar
programmes of the National Committees of the sponsors.

The SSC will encourage workshop and other training
approaches, including distance learning (via the World
Wide Web), for the introduction of new technologies and
techniques valuable for SOLAS research to the widest pos-
sible audience of relevant scientists.

Funding will be sought from a wide range of sources to
maximise participation from across the globe in these
activities.
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Acronym List

ACE 1,2
AGCM

APN

ASTEX

CACGP

CBLM
CCC
CCN
CDN
CDOM

CEOS

CEC
CLAW
CliC
CLIVAR

CN
DIC
DMS
DMSP
DMTT
DNA
DOAS

DOC
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Aerosol Characterization Experiments

Atmospheric General Circulation

Model

The Asia- Pacific Network for Global
Change Research

Atlantic Stratocumulus Transition
Experiment

Commission on Atmospheric

Chemistry and Global Pollution
Coupled Boundary Layer Model
Canadian Climate Centre
Cloud Condensation Nuclei
Cloud Droplet Number

Chromophoric (Coloured) Dissolved
Organic Matter

Committee on Earth Observing
Satellites

Chlorofluorocarbon
Charlson, Lovelock, Andreae, Warren
Climate and Cryosphere

Climate Variability and Prediction
Research Programme

Condensation Nuclei
Dissolved Inorganic Carbon
Dimethylsulphide
Dimethylsulphoniopropionate
Data Management Task Team
Deoxyribonucleic Acid

Differential Optical Absorption

Spectrometry

Dissolved Organic Carbon

DYCOMS-II

ENSO
ERS1,2
FRRF
GAIM

GCOS
GCP
GEOHAB

GLOBEC

GEWEX

GOME
GODAE

GOOS
GOTM
HEXOS
HNLC
IAI

ICES

ICSU
IGAC

IGBP

IGOS

The Dynamics and Chemistry of
Marine Stratocumulus. Phase II:
Entrainment Studies

El Nifo-Southern Oscillation
European Remote Sensing Satellite

Fast Repetition Rate Fluorometer

Global Analysis, Integration and
Modelling Task Force

Global Climate Observing System
Global Carbon Project

Global Ecology and Oceanography of
Harmful Algal Blooms

Global Ocean Ecosystem Dynamics
Project

Global Energy and Water Cycle
Experiment

Global Ozone Monitoring Experiment

Global Ocean Data Assimilation
Experiment

Global Ocean Observing System

General Ocean Turbulence Model
Humidity Exchange Over the Sea
High Nutrient - Low Chlorophyll

Inter-American Institute for

Global Change Research

International Council for the
Exploration of the Sea

International Council for Science

International Global Atmospheric
Chemistry Project

International Geosphere-Biosphere
Programme

Integrated Global Observing System



INDOEX

IHDP

ILEAPS

IMAGES

IMBER

I0C

ISO

IPCC

IPO
IR
JCOMM

JGOES
LIDAR
LOICZ

MABL
MLD
M-O
MSA
NASA

NCAR CCM

NSS Sulphate
NERC

NSF
NWP
OCMIP
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Indian Ocean Experiment
International Human Dimensions
Programme on Global Environmental

Change

Integrated Land Ecosystem -
Atmosphere Processes Study

International Marine Global Changes
Study

Integrated Marine Biogeochemistry
and Ecosystem Research Project

Intergovernmental Oceanographic
Commission

International Organization for
Standardization

Intergovernmental Panel for

Climate Change

International Project Office
Infrared

The Joint WMO-IOC Technical

Commission for Oceanography and
Marine Meteorology

Joint Global Ocean Flux Study
Light Detection and Ranging

Land-Ocean Interactions in the
Coastal Zone Project

Marine Atmospheric Boundary Layer
Mixed Layer Depth
Monin-Obukhov

Methane Aulphonic Acid

National Aeronautics and
Space Administration (USA)

National Center for Atmospheric
Research Community Climate Model

Non-Sea-Salt Sulphate

Natural Environment Research

Council (UK)
National Science Foundation (USA)
Numerical Weather Prediction

Ocean Carbon Model

Intercomparison Project

PAGES
PI

PgC
POC
PIC
POP
ppmv
SAR
SCCM

SSC
SCOR

SOIREE

SOLAS

SST
START

TOC

VOC
WCRP
TOPEX
USGS
W3C
WGCM

WGNE

WGSF
WMO
WOCE

Past Global Changes Project
Principle Investigator
Petagrams of Carbon
Particulate Organic Carbon
Particulate Inorganic Carbon
Persistent Organic Pollutant
Parts per million by volume
Synthetic Aperture Radar

Single-column Community Climate

Model
Scientific Steering Committee

Scientific Committee on Oceanic
Research

Southern Ocean Iron Enrichment
Experiment

Surface Ocean - Lower Atmosphere
Study

Sea Surface Temperature

Global Change System for Analysis,
Research and Training

Total Organic Carbon

Ultra Violet

Volatile Organic Compound

World Climate Research Programme
Ocean Surface Topography Satellite
US Geological Survey

World Wide Web Consortium

JSC/CLIVAR Working Group on
Coupled Modelling

Working Group on Numerical

Experimentation

Working Group on Surface Fluxes
World Meteorological Organization
World Ocean Circulation Experiment

World Weather Watch
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Appendices

| - The International SOLAS website

The international SOLAS website (www.solas-int.org)
contains, nter alia, pages on:

*  The structure of SOLAS and its various groups
and committees

*  SOLAS research (provides the ability to submit
research for SOLAS endorsement)

*  Upcoming meetings and other events that are

relevant to SOLAS

*  How to get involved with SOLAS (including
joining the email list, nominating a member of
a group or task team)

*  The latest news and progress of SOLAS
*  Science highlights
*  National contacts and reports

*  The SOLAS Science Plan & Implementation
Strategy

®  Products that can be downloaded (SOLAS

poster, graphics, presentation, etc.)

*  Links to related projects and organisations
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Il - National Representatives

Contact Details (2003)

Neil Tindale n.tindale @bom.gov.au

Belgium Christiane Lancelot lancelot@ulb.ac.be
Canada Maurice Levasseur maurice.levasseur @bio.ulaval.ca
China (Beijing) Guang-Yu Shi shigy @ mail.iap.ac.cn
Denmark Seren E. Larsen soeren.larsen @risoe.dk
France Catherine Goyet cgoyet @ univ-perp.fr

Remi Losno losno@lisa.univ-paris12.fr
Germany Doug Wallace dwallace @ifm.uni-kiel.de
Italy Maurizio Ribera d'Alcala maurizio @alpha.szn.it
Japan Mitsuo Uematsu uematsu @ ori.u-tokyo.ac.jp
Netherlands Hein de Baar debaar@nioz.nl
Norway Truls Johannessen truls.johannessen @dfi.uib.no
Spain Emilio Fernandez esuarez@uvigo.es
United Kingdom Philip Newton ppn@nerc.ac.uk
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