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Preface
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 
of research.

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



Contents

Executive Summary .............................................................................................1
Introduction ...........................................................................................................3
Focus 1:  Biogeochemical Interactions and Feedbacks      
  Between Ocean and Atmosphere ..................................................10

Activity 1.1 - Sea-salt Particle Formation and Transformations............................................................... 11
Activity 1.2 - Trace Gas Emissions and Photochemical Feedbacks .......................................................15
Activity 1.3 - Dimethylsulphide and Climate  ...........................................................................................20
Activity 1.4 - Iron and Marine Productivity................................................................................................24
Activity 1.5 - Ocean-Atmosphere Cycling of Nitrogen .............................................................................30

Focus 2:  Exchange Processes at the Air-Sea Interface and
  the Role of Transport and Transformation in the       
  Atmospheric and Oceanic Boundary Layers .................................34

Activity 2.1 - Exchange Across the Air-Sea Interface...............................................................................36
Activity 2.2 - Processes in the Oceanic Boundary Layer.........................................................................42
Activity 2.3 - Processes in the Atmospheric Boundary Layer .................................................................. 46
Integration, Assimilation and Scaling Up in Focus 2: Remote Sensing and Modelling...........................54

Focus 3: Air-Sea Flux of CO2 and Other Long-lived       
  Radiatively Active Gases ...............................................................56

Activity 3.1 - Geographic and  Sub-Decadal Variability of Air-Sea CO2 Fluxes.......................................57
Activity 3.2 - Surface Layer Carbon Transformations in the Oceans: Sensitivity to Global Change....... 62
Activity 3.3 - Air-Sea Flux of N2O and CH4 ..............................................................................................68

Project Organisation and Management.............................................................70
Organisational Structure of SOLAS .........................................................................................................70
Data and Model Output Management......................................................................................................73
Recognition of Research by SOLAS........................................................................................................75
Linkages to Related Programmes and Activities......................................................................................76
Communication.........................................................................................................................................78
Education and Capacity Building..............................................................................................................79

Acronym List .......................................................................................................80
Appendices.........................................................................................................82

I - The International SOLAS website........................................................................................................82
II - National Representatives ....................................................................................................................83

References .........................................................................................................84





Focus 1: Biogeochemical Interactions and 
Feedbacks Between Ocean and Atmosphere

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

Focus 3: Air-Sea Flux of CO2 and Other  
Long-Lived Radiatively Active Gases

Executive Summary





The Goal of SOLAS The SOLAS Approach

Introduction

Figure 1. The scope of SOLAS.



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



The Domain of SOLAS

Figure 3. Vertical scales of processes important for air-sea exchange.



Societal Relevance



SOLAS and the Global Carbon Cycle

•

•

Interdisciplinarity and Integration



Added Value and Legacy

The Structure of the SOLAS Science 
Plan and Implementation Strategy
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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.

Focus 1: Biogeochemical Interactions and   
Feedbacks Between Ocean and Atmosphere



Introduction

State of Present Understanding

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. 



Major Issues that Require Resolution
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Changes in factors that affect and are affected by radiation will alter trace gas fluxes between the ocean 
and atmosphere.

State of Present Understanding

•

•

•

Introduction

Activity 1.2 - Trace Gas Emissions and Photochemical Feedbacks 



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 
1014 BrO molecules cm-2. 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.
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Changes in dimethylsulphide (DMS) production by marine plankton can have a significant effect on  
climate by modifying aerosols and cloud albedo. 

State of Present Understanding

Introduction

Activity 1.3 - Dimethylsulphide and Climate  

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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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

State of Present Understanding

Activity 1.4 - Iron and Marine Productivity
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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) delta18O (a temperature proxy), Fe and MSA (an 
atmospheric oxidation product of DMS) from Antarctic ice 
cores. b) CO2 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.

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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Figure 9. General strategy of SOLAS for the design of manipulative experiments.





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

State of Present Understanding

Activity 1.5 - Ocean-Atmosphere Cycling of Nitrogen 

† Since N2 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 
N2 gas. For simplicity we refer to these collectively as nitrogen.



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).

~
~

Major Issues Requiring Resolution
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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. 

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



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

Activity 2.1

Activity 2.2

Activity 2.3



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.

Figure 12. Key components to be measured to understand and extrapolate air-sea gas transfer to global and regional scales.

Introduction

Activity 2.1 - Exchange Across the Air-Sea Interface



State of Present Understanding
Ocean surface roughness



Microlayer surfactants

Figure 13. Transfer velocity (kw), 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 kw values relative to those obtained for clean 
distilled water (kw(clean)). As the experiment progressed kw 
generally decreased as surfactant material accumulated at or 
near the water surface (Frew, 1997). 

Figure 14. Air-sea gas transfer rates during the develop-
ment of an open ocean algal bloom in IronEx II. Estimates 
of the gas transfer velocity normalised to a Schmidt number 
of 600, k600 (red), plotted against time, together with wind 
speed from the two nearest TAO buoys (blue), chlorophyll 
(green), and phaeophytin (mauve), showing no dependence 
of k600 on increasing algal pigments (Nightingale et al., 
2000a). Reproduced by permission of American Geophysi-
cal Union.

Rain effects

Thermal stability



Radiation mediated effects

Air-sea gas transfer and sea ice

Major Issues that Require Resolution
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Laboratory experiments
Process studies
•

•

•

Figure 15. Transfer velocity (k) determined by eddy cor-
relation (direct covariance) in GasEx-98 and one k mea-
surement obtained using the SF6 - 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.



Development of parameterisations
•

Technology development
•

Field experiments

•

•

•

•

Modelling

•

•

•

•



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 State of Present Understanding
Bubble plume dynamics

Factors controlling surface ocean trace gas 
concentrations

Activity 2.2 - Processes in the Oceanic Boundary Layer
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Upper ocean transport
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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

State of Present Understanding
Atmospheric boundary layer

ζ

ζ

ζ

Activity 2.3 - Processes in the Atmospheric Boundary Layer



Sea-spray production



Deposition to the sea surface



Cloud processes

Atmospheric heterogeneity and entrainment
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Particle flux approaches



Micrometeorological approaches (also see 
Activity 2.1)



Atmospheric inverse modelling approaches

Process study approaches



Numerical weather prediction (NWP) 
approaches



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

Integration, Assimilation and Scaling Up in Focus 2:    
Remote Sensing and Modelling



Modelling for Focus 2



The air-sea CO2 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 N2O and 
to some extent CH4. 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.

Focus 3: Air-Sea Flux of CO2 and Other Long-lived 
Radiatively Active Gases



The oceans contribute significantly to sub-decadal variability in the growth rate of atmospheric pCO2.

Introduction

State of Present Understanding

Activity 3.1 - Geographic and  Sub-Decadal Variability of Air-Sea CO2 Fluxes



Major Issues that Require Resolution
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Figure 16. Global climatology of the annual net air-sea CO2 
flux based on interpolation of air-sea pCO2 differences ref-
erenced to the year 1995 (Takahashi et al., 2002). Reprinted 
with permission from Elsevier Science.
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Carbon transformations within the ocean’s surface layer are sensitive to global environmental changes 
predicted for the next 100 years.

Introduction

~

State of Present Understanding

Warming

Activity 3.2 - Surface Layer Carbon Transformations in the Oceans: 
Sensitivity to Global Change



Buffering changes

Sea ice extent

Fresh water input

Windiness/storminess/climate variability

Biologically mediated processes 

•

•

•



Figure 17. Surface water carbon dioxide fugacity (fCO2) 
during SOIREE (Watson et al., 2000). Reprinted with per-
mission from Nature, Macmillan Magazines Limited.



Figure 18. Equilibrium seawater pH for 
equilibration with various atmospheric 
pCO2 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.

Figure 19. Scanning electron microscope pictures of coccolithophorids grown under low and high CO2 condi-
tions, corresponding to pCO2 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 CO2 levels (Riebesell et al., 2000). Reprinted with permission from Nature, Macmillan Magazines 
Limited.



Major Issues that Require Resolution
8 

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.
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The sea to air fluxes of N2O and CH4 are sensitive to climate forcing, as well as to human-induced 
changes in the coastal zone. 

Introduction

State of Present Understanding

Activity 3.3 - Air-Sea Flux of N2O and CH4
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Project Organisation and Management

Figure 20. The organisational structure of SOLAS.

Organisational Structure of SOLAS



Scientific Steering Committee

International Project Office

•

•

•

•

•

National Contacts and Committees

Implementation Groups and Task 
Teams



Table 2. Nations’ levels of interest in SOLAS activities in 2002. Higher numbers indicate a greater interest in the Activity.



Background and Needs

Data Management Principles

•

•

•

•

•

•

•

Specific Steps Towards Data  
Management

•

•

Data and Model Output Management



•

•

•

•

Data Quality Management

•

•

•



Recognition of Research by SOLAS

Benefits
•

•

•

•

•

•

•

Responsibilities
•

•

•

•

•



Linkages to Related Programmes and Activities

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.





Communication



Education and Capacity Building



Acronym List
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