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Summary 
The Surface Ocean - Lower Atmosphere Study (SOLAS) project is an international research initiative 
aiming to understand the key biogeochemical-physical interactions and feedbacks between the ocean 
and atmosphere. It is co-sponsored by SCOR and Future Earth who initiated this routine periodic review 
of SOLAS in early 2021. These sponsors assembled a review panel of experienced scientists independent 
of the current SOLAS Scientific Steering Committee (SSC) who were asked to evaluate SOLAS’s major 
achievements in the last five years, and to consider its plans to the end of 2025. 

The review panel began work in March2021, agreeing to its terms of reference in a video call. It then 
asked the SOLAS SSC for a report on its major achievements and plans, and also initiated a survey of the 
SOLAS community to understand their perceptions of the project’s achievements. The review panel 
evaluated both the SOLAS SSC’s report, and also the SOLAS community survey responses and then 
prepared this report for SCOR and Future Earth which was submitted in September 2021.  

Overall, the review panel believes the SOLAS project continues to make a substantial and important 
contribution to scientific research, research community integration, capacity building and 



3 
 

communication with wider society and policy makers in the air-sea exchange field, which is a key 
component of the Earth System. The review panel go on to make some recommendations including 
improving the diversity of participation in the SSC, enhancing communications within the SOLAS 
community, as well as strengthening  national SOLAS networks and SOLAS’s links to other major 
research projects. 

1. Introduction 
The Scientific Committee on Oceanic Research (SCOR), which is a member of the International Science 
Council (ISC), follows ISC policy to periodically review its programs. SCOR and Future Earth financially co-
sponsor SOLAS and are therefore conducting this joint review of the SOLAS program with invited 
representatives of the World Climate Research Program (WCRP) and the international Commission on 
Atmospheric Chemistry and Global Pollution (iCACGP), the other two co-sponsor organizations. The 
main purpose of the review is to (1) evaluate SOLAS’s major achievements in the last five years, and (2) 
to stimulate SOLAS to plan for its major activities that will take place between now and the end of 2025, 
when SCOR support for its work will end. 

The review panel members were assembled by SCOR and Future Earth in February-March 2021. The 
Review Panel includes 5 men and 7 women from Europe, North America, Australia, Africa, Asia and New 
Zealand; members were selected to have appropriate expertise to review the SOLAS program, while not 
being currently directly involved in its operation.  The review panel included 2 representatives of SOLAS 
co-sponsor organizations (WCRP and the iCACGP) (Appendix 1). 

A video conference amongst the panel members was held on March 18 to consider the objectives as set 
out by SCOR and Future Earth as to: 

·       Determine SOLAS’s success in achieving its goals and objectives. 

·       Evaluate SOLAS’s major accomplishments and products. 

·       Evaluate the topics covered by SOLAS and learn about the completion plans for the next 

       phase. 

·       Assess the appropriateness of SOLAS Scientific Steering Committee for SOLAS’s tasks. 

·       Recommend, as appropriate, areas for improvement. 

These objectives were accepted by the review panel and expanded slightly to the form below: 

1. Determine SOLAS’s success in achieving its goals and objectives. 
2. Evaluate SOLAS’s major accomplishments (including less tangible metrics such as, for example, 

how many new collaborations have been nurtured, how many new areas have been developed, 
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how many SOLAS-derived activities have been launched and funded internationally, etc.) under 
the following themes and topics: 

• T1  Greenhouse gases and the ocean 
• T2  Air sea interface and fluxes of mass and energy 
• T3  Atmospheric deposition and ocean biogeochemistry 
• T4  Interconnections between clouds, aerosols and marine ecosystems 
• T5  Ocean biogeochemical control on atmospheric chemistry 

Integrated Topics 

A. Indian Ocean, Polar Ocean and Upwelling 

B. Climate intervention 

C. Science and Society 

3. Evaluate SOLAS’s major products. 

4. Evaluate SOLAS’s success in building capacity. 

5. Evaluate SOLAS’s success in networking with other large projects. 

6. Evaluate the topics covered by SOLAS and learn about the completion plans for the next               
phase. 

7. Assess the appropriateness of SOLAS Scientific Steering Committee for SOLAS’s tasks 

8. Recommend, as appropriate, areas for improvement. 

During this video conference the review panel members agreed to a timetable for the progress of the 
review with the aim of delivering its report to SCOR and Future Earth by September 2021, with a chance 
for the SOLAS SSC to check its accuracy before submission. The review panel also decided to follow the 
example of the SCOR GEOTRACES review panel and conduct a survey of the scientists involved in SOLAS. 
The aim of the survey was to understand more about the participants in the SOLAS program and their 
experience of SOLAS. The survey questions were agreed by the review panel. The SOLAS Scientific 
Steering Committee (SSC) were also consulted about this and invited to include questions in the survey. 
It was agreed from the outset that the survey results would be shared with the SOLAS SSC. The 
questionnaire is included in the appendices. The survey was distributed in May and June via the SOLAS 
email lists using a Google form, with alternative arrangements provided for SOLAS participants in China 
where access to Google forms is not straightforward. 
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2. Background to SOLAS 
SOLAS is an international initiative, co-sponsored by Future Earth, iCACGP, SCOR and WCRP, with a 
primary objective to achieve quantitative understanding of the key biogeochemical-physical interactions 
and feedbacks between the ocean and the atmosphere, and how this coupled system affects and is 
affected by climate and environmental change. It was formally initiated in 2004. It is run by a volunteer 
SSC which provides scientific leadership and is supported by the SOLAS International Project Office (IPO). 
The IPO is a dual IPO hosted at the GEOMAR Helmholtz Centre for Ocean Research Kiel (GEOMAR) in 
Germany and the State Key Laboratory of Marine Environmental Science (MEL) at Xiamen University in 
China. Further details of the organisation of SOLAS are included in the report provided to the review 
panel by the SOLAS SSC (Appendix 2).  

3. Comments on the responses to the 
questionnaire of the SOLAS 
community 

The questionnaire (Appendix 3) and a summary of the results obtained (Appendix 4) are provided in the 
appendices. We thank Prof. Eduardo Klein for his help with the collation and presentation of the survey 
results.  This questionnaire was not conducted with particular rigor in terms of social science survey 
techniques, so the results need to be treated with some caution. Nevertheless, they provide the review 
panel and the SOLAS SSC with some useful insights into the SOLAS community and how they view the 
SOLAS project.  The survey was sent to 1052 people on the SOLAS email list and 1978 on the SCOR list 
(which includes a very small overlap between the two lists). In total there were 109 responses. While 
this is a low response rate (3%), it does include responses from a wide range of countries (>20). The 
efforts to reach the Chinese SOLAS community were particularly successful with more than 40 
responses. Apart from the Chinese group, the responses were dominated by scientists in Europe and 
North America. 

A key feature of the SOLAS program is that it is designed to bridge between marine and atmospheric 
sciences researchers and those working on the exchanges between the ocean and atmosphere.  It is 
therefore gratifying to see that the expertise of the responders, as they self-report, includes a large 
community identifying as atmospheric and ocean scientists, as well as a community identifying as 
focusing on air-sea exchange and biogeochemistry research fields which both effectively bridge this air-
sea interface. The word cloud description of SOLAS created from the responses within the questionnaire 
is consistent with this view that the SOLAS community does cover this interface well. The development 
of such a community of scientists working across this key Earth system interface is one of the main 
achievements of SOLAS. 
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The community responding to the questionnaire was dominated by senior scientists (identifying as 
professor or equivalent) but did also include a substantial proportion of the total responses coming from 
scientists identifying as early career researchers. Almost 20% of the responders have been involved with 
the management of SOLAS at a national or international level.  It is gratifying to see that about half of 
the responders have been involved with SOLAS capacity building activities, since these are an important 
component of the SOLAS portfolio of activities. This community of responders are therefore well 
informed and strongly involved in SOLAS activities, as might be expected in such a self- selecting group 
replying to this questionnaire. SOLAS identifies 5 main science themes and the responders to the 
questionnaire were quite evenly distributed amongst these themes, with fewer responders involved in 
the cross-cutting activities and newer themes.  The responding community, in general, see themselves 
becoming more involved in all the activities into the future, which suggests a strong commitment to 
SOLAS going forward. 

The responders main involvement with SOLAS was via the conferences and workshops that SOLAS 
sponsored, followed by SOLAS sponsored field work and summer schools.  The SOLAS activity most 
valued was again led by conferences and workshops, but field work, summer schools and synthesis 
activities were also very highly rated. These activities were also listed as areas where SOLAS activities 
could be improved. 

Responses to the questionnaire indicate that SOLAS is seen as making an important contribution to the 
UN Decade of Ocean Science for Sustainable Development. The responses also suggested SOLAS is well 
engaged with a wide variety of other international scientific research organizations, although the large 
number of “don’t know” responses suggests that SOLAS, and indeed many of these other international 
research projects, could do more, particularly in the context of the aspirations of Future Earth for such 
integration across Earth System science.  The questionnaire responses also suggested that SOLAS has 
helped to encourage research (and funding for that research) in air-sea exchange in the countries for 
many of those responding. 

The questionnaire elicited a wide range of suggestions for additional activities which SOLAS might 
consider, and these have all been passed on to the SOLAS SSC to consider. 

The responses to questions in the questionnaire about communication suggest that most of those 
replying felt moderately or well informed about SOLAS activities. However, given that the community 
responding probably represents the community most closely associated with SOLAS who would be 
expected to be very familiar with SOLAS communications, more could be done in this area. Interestingly, 
most of the responders reported that they receive their information from traditional media 
(newsletters, emails and colleagues) rather than social media. 

Around three quarters of the respondents were aware of the SOLAS national networks, with half 
regarding these national networks as being useful and with a quarter neutral on this. The responders 
were as noted above dominated by North America, Europe and China and developing SOLAS 
participation and national networks beyond these areas is clearly desirable. The recommendations from 
the survey for what more SOLAS can do in this area will be passed on to the SSC, but it is notable that 
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those responding see that SOLAS can focus additional effort, where it has the resources, most usefully to 
support mentoring and training, particularly via the SOLAS summer school and also by linking to policy 
makers. 

4.    Evaluation of the SOLAS project 

4.1.Evaluation of  SOLAS’s major accomplishments 
(Objective 1) 
Overall, the review panel believes SOLAS has delivered several major accomplishments as described in 
detail in the next section. SOLAS has over its operations built a very successful community focused on 
research across the air-sea interface and demonstrated the critical importance of this interface within 
the Earth System. Its research has thereby made a major contribution to our understanding of the way 
the Earth System works and the way human activity is perturbing the system. The recent developments 
of cross cutting themes have focused research activities in some key regions of global change such as 
high latitude regions and ocean upwelling areas. SOLAS has worked well with other major international 
research programs to foster Earth System science that develops societal responses to global change 
pressures. SOLAS is making a valuable contribution to the UN Ocean Decade. 

SOLAS has worked hard to broaden its participation to include global representation and to have an 
impact across the world. Its Summer School remains a major success which has developed scientific 
expertise amongst young scientists and also helped their career development through the networks of 
contacts they build at these events. 

SOLAS has recently successfully developed research themes that include social science and directly 
address issues of global policy relevance, such as the issue of deliberate climate interventions to manage 
climate change. These efforts, together with some of the data sets SOLAS has helped create, have made 
important contributions to societal understanding of, and planned responses to, climate change. 

4.2.Evaluation of SOLAS’s Major accomplishments, 
products and future plans (Objectives 2, 3 and 6). 
Traditionally, SOLAS’s accomplishments were broken into five themes (T1-5) Greenhouse gases and the 
ocean, Air sea interface and fluxes of mass and energy, Atmospheric deposition and ocean 
biogeochemistry, Interconnections between clouds, aerosols and marine ecosystems, and Ocean 
biogeochemical control on atmospheric chemistry. In addition, three integrated topics are addressed 
within SOLAS: Upwelling systems, Indian Ocean, and Polar Ocean. Finally, two newer themes have been 
added based on more recently identified needs: Climate intervention and Science and society. Below, 
we outline the major accomplishments within each theme and integrated topic as well as future plans. 
We note that for some themes and integrated topics, the SOLAS progress report did not provide specific 
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future plans. Moreover, the 2020 Implementation Plan includes activities that have been postponed due 
to the Pandemic, but only extends to the end of 2021, and there is no published implementation plan 
for activities beyond this time. 

Subsquently the SOLAS SSC has clarified that SOLAS revisits its implementation plan every two years. The 
activities in 2022/2023 will be included in the 2022 Implementation Plan, which is scheduled to be released in 
October-November 2022.  

In addition, there is no discussion for how many of the Themes will participate in the UN Ocean Decade. 
The SOLAS progress report includes a section on this, so we encourage SOLAS to revise the 2020 
Implementation Plan and include the specific involvement of more themes into the UN Ocean Decade. 

In this evaluation of the SOLAS major accomplishments, we highlight in bold some areas specific to 
particular research themes where the review group feel that SOLAS consider particular developments. 
More general recommendations are summarized at the end of this report.  

4.2.1.T1 Greenhouse gases (GHG) and the ocean 

Four research questions along with 5 main priorities have been identified in Theme 1 of the 2020 
Implementation Strategy. The priorities include the developed and enhanced use of new technology and 
methods for observing, modeling and data integration, and detailed regional analyses of the Southern 
Ocean, coastal and marginal seas, and oxygen minimum zones. 

A primary aim of this Theme is to add to the value chain of climatically active marine greenhouse gases.  
On-going support of the SOCAT (Surface Ocean CO2 Atlas) has allowed reassessment of the ocean carbon 
sink and its variability, contributed to the Global Carbon Budget, as well as being applied to the fields of 
ocean acidification and climate models. SOCAT is an important part of the value chain linking surface 
ocean CO2 measurements to data products used by policy makers and other end users.  SOCAT is an 
international initiative, largely led by the research community, and relying on scientists to contribute to 
the quality-control and project management process. Currently, efforts are underway, which include 
SOLAS, to put the surface marine carbon end-to-end process on a more secure footing, particularly with 
respect to coordination and project management. The increased volume and spatio-temporal coverage 
of the data now allow scientists to identify key oceanic processes for GHG cycling including their 
previously uncertain sources and sinks at both regional and global scales. 

International coordination activities by the SOLAS community have also increased the quality and 
interoperability of methane and nitrous oxide observations in the marine environment.  This has been 
achieved through facilitating a series of international intercomparison exercises, development of best 
practice guides and workshops, and OceanObs’19 Community White Papers.  Data continues to be 
added to the MEMENTO database for nitrous oxide and methane. 

The report of the IOC Working Group on Integrated Ocean Carbon Research, co-sponsored by SOLAS, 
identifies current gaps in ocean carbon research and suggests future research questions which are 
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priorities for the carbon community. This report will likely influence marine carbon research and funding 
opportunities for many countries and regions in the next few years. 

SOLAS co-sponsors (with IMBER) the SI-Ocean Acidification advisory group who works with the OA- 
International Coordination Centre based at IAEA in Monaco. This coordination centre plays a vital role in 
communication, capacity building, best practices, facilitation and coordination activities for the 
international ocean acidification community, including support of the UN Sustainable Development Goal 
14.3, and the UN Community of Ocean Action on Ocean Acidification. 

For the future, important steps forward include 1) increased data coverage in space and time, which 
could benefit our understanding of the GHGs cycling in the Southern Ocean and coastal/marginal 
regions, 2) the seamless and connected global-scale assessments of coastal and open oceans, and 3) 
incorporations of the key GHGs (hence including CH4 and N2O) in Earth System Models where the 
feedbacks and interactions can be assessed, and strategies to combine the observations with the Earth 
System Models. 

  

4.2.2.T2 Air sea interface and fluxes of mass and energy 

Five research questions along with 3 main priorities have been identified in Theme 2 of the 2020 
Implementation Strategy. The priorities include coordinated flux measurements to compare methods, 
instruments and processes, the development of remote sensing tools to determine features of sampling 
sites as well as to aid in interpreting the results, and to establish a network of SOLAS Time Series 
Stations with long-term observing systems. 

The Theme 2 subject overlaps with other themes, as the air-sea exchange of gases and materials should 
all pass through the interface between the air and the ocean. By elucidating key air-sea exchange 
processes at the interface (e.g., turbulence and diffusion), Theme 2 aims to increase a mechanistic 
understanding of the air-sea exchange processes, and to validate and improve methods by which the 
large scale air-sea exchange processes can be better formulated and/or parameterized based on readily 
available measurements. The progress report focuses on activities exploiting remote satellite techniques 
for air-sea exchange and using remotely sensed data as a way to provide the readily available 
measurements on large spatial and long temporal scales. SOLAS has been successful in collaborating 
with NASA and ESA to co-host workshops and conference sessions and to bring together remote-sensing 
scientists from around the world to address a broad range of challenging issues. The number of joint 
meetings and the special journal issue described in the report were not only part of the collaborative 
research outcomes from the SOLAS community, but also catalyzed collaborative accomplishments. The 
ESA-funded Greenhouse Gases projects highlighted in Theme 2 point to a synergistic development with 
Theme 5, which is an encouraging trend as there is a cohort of researchers working on both Themes.  

Providing global-scale continuous observations of high accuracy can be a key step towards addressing 
the questions tackled in this theme. Coordinated future activities for this theme include further remote 
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sensing-based work, SOLAS time series stations, direct observations (e.g., eddy covariance estimates), 
and numerical modeling. These activities can also help validate the remote sensing based estimates and 
also help to address the feedbacks between air-sea exchange processes and climate change. In this 
context, the role of energy exchange should be further emphasized, given the importance of 
understanding the growing Earth energy imbalance. Future plans also include developing more 
coordination with SCOR WG 162 on Observing Air-Sea Interactions Strategy (OASIS) and Theme 5, 
both of which are a sensible step going forward. This integration would contribute to further balance 
the focus on both mass and energy exchanges, which is currently dedicated mostly to mass exchanges. 

  

 4.2.3.T3 Atmospheric deposition and ocean biogeochemistry 

Three research questions along with 4 main priorities have been identified in Theme 3 of the 2020 
Implementation Strategy. The priorities include focussing on key regions where atmospheric depositions 
and their impacts are important to marine primary production and biogeochemistry, encouraging the 
setup and maintenance of time series sampling stations to monitor and accurately estimate atmospheric 
deposition and fluxes of bio-available nutrients, supporting comparative studies on the budgets of bio-
available nutrients in the surface waters, the use of new and improved tools such as isotope tracers and 
molecular biology techniques as well as remote sensing to effectively study the impacts of atmospheric 
deposition on ocean biogeochemistry. 

The SOLAS survey highlights this theme as an important component of SOLAS activities and the expertise 
and word cloud demonstrate that activity involves scientists working on both sides of the air-sea 
interface.  Over the timescale of SOLAS, the importance of atmospheric nutrient inputs in influencing 
ocean primary productivity has become widely accepted and integrated campaigns and modelling 
linking atmospheric deposition and ocean biogeochemical responses are now becoming more common. 
SOLAS has played a key role in catalyzing these developments via its meetings and synthesis work. 

SOLAS’s research on iron deposition has made important contributions to identifying new sources of 
iron, additional impact regions, and quantifying the impacts of anthropogenic iron on ocean 
productivity. In particular, iron from anthropogenic sources may be more important for atmospherically 
transported iron fluxes to the ocean than previously believed.  This information is derived from SOLAS 
scientists, SCOR WG 151, and a GESAMP workshop. Several SOLAS investigators found that pyrogenic 
iron from both natural and anthropogenic combustion sources is more soluble (and thus apparently 
more available as a nutrient) than iron from mineral dust – including bushfire sources. Iron deposition is 
now found to be more important in more productive regions of the ocean than had earlier been 
thought. 

SOLAS has also made contributions to deposition of plastics and atmospheric deposition from ship 
emissions.  In addition, important advances in understanding nitrogen deposition rates, sources and 
impacts in global oceans have been made, although a considerable part of that work was prior to 2016. 
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SOLAS plans to continue and expand its work on atmospheric deposition sources and impacts 
particularly for nutrients and iron, using new or improved tools.  They will build on existing time series 
stations, increase a focus on previously under-sampled regions, facilitate international coordination, and 
advance understanding of major processes that are poorly characterized in models. With respect to the 
latter, they list a wide range of phenomena (transport scales of mineral dust to storm event frequency, 
deposition areas, chemical speciation and reactivity, natural and perturbed conditions, etc.) which taken 
together seem like a very major effort.  

Manipulation experiments and observations during natural perturbations are also planned to better 
understand proximal controls of plankton composition and process rates. These experiments should 
target a variety of environments (or “natural laboratories”), and it is recommended that SOLAS 
undertake an analysis of cost benefits and a selection of these environments to ensure a direct return 
on the limited resources available.  

Continued collaboration is planned with GEOTRACES on nutrients including iron deposition and oceanic 
responses.  A goal of the continued focus on iron is improved quantitative understanding of the relative 
importance of different iron sources to the ocean, including consequences of global warming. The links 
to GEOTRACES here are important and could be strengthened and made more visible to both 
communities and possibly extended to other themes of SOLAS work such as that under T4 on marine 
aerosol sources.  

The plans for future work on atmospheric deposition and its impact on ocean biogeochemistry look 
exciting and embrace novel technologies with activities planned around the world, including in some 
regions identified as particularly important, such as the Indian Ocean. Inevitably the SOLAS leadership 
and synthesis activity planned will both encourage this work and ensure it reaches the widest scientific 
and policy maker audience. 

 4.2.4.T4 Interconnections between clouds, aerosols, and marine 
ecosystems 

Theme 4 focuses on the interconnections between aerosols, derived from marine ecosystems, and 
clouds, with the overall goal to reduce the related climate uncertainties. Five research questions and six 
priorities have been identified in the 2020 Implementation strategy. The priorities include conducting 
coordinated oceanic  and atmospheric measurements to constrain and model the biological and 
environmental drivers of biogenic aerosols, assessing the chemical and biological properties of the 
ocean surface microlayer, developing and maintaining a dedicated network of SOLAS Time Series 
Stations to facilitate an assessment of variations in primary and secondary ocean aerosol 
production/emission and their impacts, acquiring high-quality and high-resolution measurements of the 
physical, chemical, and biological properties of the surface ocean mixed layer and the atmospheric 
marine boundary layer to decouple ocean-biogeochemical aerosol effects on marine clouds from 
physical effects, connecting with the remote sensing community to develop new platforms, drones, and 
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sensors, and work to inform the SOLAS community on remote sensing potentials, developing high-
resolution numerical models to integrate cloud microphysics into small-scale process dynamics. 

According to the SOLAS progress report, SOLAS’s primary role in building on the inter-connection 
between clouds, aerosols and marine ecosystems is the determination of the preindustrial fluxes of 
aerosols from the oceans to the atmosphere. Results from several field campaigns were discussed at 
two SOLAS-sponsored workshops with the goal of linking these projects to build a more global 
perspective of the marine sources of aerosols. SOLAS (together with IGAC) funds the Cryosphere and 
Atmospheric Chemistry (CATCH) project which focuses on atmospheric chemistry and cryosphere 
interactions in polar regions and how changes in polar sea ice and snow impact atmospheric chemistry 
(and aerosols). 

Future plans include trying to build the expertise within SOLAS of cloud dynamics, which is still lacking. 
SOLAS hope to promote state of the art DNA sequencing to better understand marine aerosol sources 
and a link to GEOTRACES may be possible in this area. They also hope to include more information 
from remote sensing/microphysics of mixed-phase clouds. Better quantification of ice nucleating 
particles (INPs), which have the potential to alter mixed phase clouds, is certainly to be encouraged, as 
this evolving area still needs substantial work beyond polar regions. It may be useful to link with other 
groups studying INPs for this work (e.g. people working within the Committee on Nucleation and 
Atmospheric Aerosols under the International Association of Meteorology and Atmospheric Science 
(IAMAS)). Following discussions already initiated within SOLAS, there still is a need to design research 
cruises and coastal stations that allow an optimal study of ocean-atmosphere exchanges and cause-
effect relationships in this science area. 

4.2.5.T5 Ocean biogeochemical control on atmospheric chemistry 

Theme 5 focuses on the role of marine biogeochemical controls on the release and atmospheric 
chemistry of reactive and climate active gases, and how that will evolve in the changing ocean and 
atmosphere. Four research questions and three priorities have been identified in the 2020 
Implementation strategy. 

Research conducted under the SOLAS umbrella has identified the role that marine halogen emissions 
play in the oxidizing capacity of the atmosphere.  Five SOLAS Endorsed Projects and two SOLAS 
endorsed Time Series Stations are associated with this Theme.  This Theme also contributed to the 
SOLAS sponsored GESAMP WG38 workshop on the impact of ocean acidification on marine sources of 
key climate-active trace gases, and associated report, and the SOLAS sponsored SOAP (Southern Ocean 
Aerosol Production) voyage. 

The SOLAS progress report emphasizes progress in determining halogen-mediated ozone loss, and the 
re-appraisal of emission flux parameterizations. A priority for future research is to better understand 
volatile organic carbon emissions to the atmosphere and their effects as well as feedbacks between 
ocean biogeochemistry and atmospheric chemistry. 
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4.2.6. A. Integrated Topics: Indian Ocean, Polar Ocean, and Upwelling 

SOLAS focuses on three regions (Upwelling, Polar, and Indian Ocean) as integrative topics. 

 Upwelling: Upwelling regions provide an important test for the SOLAS main themes, as marine 
chemistry and ecosystems in those regions are highly sensitive to on-going ocean deoxygenation and 
acidification as well as to climate change. The upwelling regions not only include eastern boundary 
current regions, located right next to highly populated lands, but also open ocean upwelling regions, 
such as equatorial divergent regions and perhaps the Antarctic Circumpolar Current region. 

SOLAS scientists have contributed to the observation and modeling effort within the SCOR WG 155 
which generated a white paper on observational and modelling approaches to monitor and improve 
understanding of the physical and biogeochemical ocean-atmosphere processes in the eastern boundary 
of the major ocean basins (EBUS). SOLAS was instrumental in the development of the Global Ocean 
Oxygen Network of experts, which focusses on deoxygenation and produced an article detailing the 
declining oxygen in the global ocean and coastal waters. SOLAS also established the Variability in the 
Oxycline and its Impacts on the Ecosystem (VOICE) initiative, which creates a roadmap toward 
observation-model syntheses to understand selected oxycline-dependent objectives. 

Critical knowledge gaps that continue to mold future plans include understanding the driving 
mechanisms of ocean upwelling and the connectivity to climate change, the extent and spatiotemporal 
variability of ocean deoxygenation in upwelling systems, and the impacts on marine food webs and 
biogeochemistry. It is also important to understand how land-air-sea interactions control the dynamics 
behind the oxygen minimum zones in the EBUS, and potentially exacerbate deoxygenation. The 
establishment of a new times-series station at Cape Verde is expected to generate new data and insights 
that will help fill these knowledge gaps. 

Polar Ocean: The polar oceans are one of the rapidly changing regions, and thus play important roles in 
influencing global climate and marine ecosystems. Due to harsh conditions and the lack of satellite 
coverage, the polar oceans also represent regions of poor data sampling. For this reason, many 
important processes are under or poorly represented in Earth System Models. The SOLAS sponsored 
BEPSII project has demonstrated the significance of sea ice for polar ocean carbon cycling. Sea ice limits 
gas exchange, with CO2 gas transfer velocity increasing nearly linearly with decreasing sea ice 
concentration, a dynamic that previous Earth System models did not replicate. In the Arctic, seabird-
colony emissions of NH3 and ice melt pond emissions of DMS have been discovered.  A review paper’s 
analysis emphasizes how changes in Arctic sea-ice stimulate cascading impacts throughout the physical 
and biological system of the Arctic Ocean. Arctic studies have also established connections between 
oceanic gas-phase emissions, formation and growth of ultrafine particles, and their influence on cloud 
formation. The SOLAS CATCH project has identified differing sea spray aerosol sources between the two 
polar regions. In the future, the CATCH and BEPSII activities will continue to work towards decreasing 
uncertainties associated with ice-covered oceans. A newly submitted 2021 SCOR proposal (Cice2Cloud) 
tries to bridge between CATCH and BEPSII in an integrative framework from sea ice to cloud. If funded 
and successful, it will help SOLAS achieve its goals for the polar research sub-theme.  
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 BEPSII and CATCH originated from SOLAS and are sponsored by the program. This is commendable 
and should be maintained. However, they only cover two aspects of the air-sea interactions: 
biogeochemical exchanges and cloud-aerosol interactions and SOLAS could work more widely to help 
create a bridge between the community of polar physical scientists and biogeochemical scientists 
working at the interfaces between air-sea ice-ocean 

Indian Ocean: The Indian Ocean represents a new integrated topic within SOLAS developed in 2020. 
SOLAS recognized the need for focused field campaigns and long-term observations along with the 
creation of a public data repository on the observations made in the Indian Ocean. With its proximity to 
land (including many developing countries), and intensive coastal-open ocean and air-sea interactions, 
the Indian Ocean deserves to receive attention from the international research community. In the 
future, key areas of development for these science programs may include 1) high spatial and temporal 
sampling in both coastal and open ocean waters, 2) enhancing modeling capacity for the Indian Ocean 
to integrate observations in a dynamically consistent framework, and also a way to assess the impacts of 
natural variability and anthropogenic stresses. These efforts would be enhanced by strengthening 
national SOLAS networks in this region to enhance the involvement of local scientists. Continuing and 
planned collaborations with other international projects, such as SCOR, IGAC, CLIVAR Ind-OOS, and 
observational campaigns (e.g., IIOE-2), as outlined in the progress report, appear to be a valuable step 
forward.  

4.2.7. B. Climate intervention 

Climate intervention (CI) is a relatively new theme within SOLAS that has been quite active. SOLAS has 
made important contributions to the science and policy of CI since SOLAS began.  A number of 
approaches are being used to advance this theme.  For example, the science requirements for 
evaluating CI have been mapped onto other Core Themes; SOLAS has been involved in the international 
Carbon Dioxide Removal Model Intercomparison Project (CDRMIP) examining the efficacy of ocean 
alkalinity addition; and research requirements for assessing sea-ice geoengineering options have been 
evaluated.  Decision making and governance around CI have been addressed from a number of 
approaches including a commentary identifying the need for governance and robust modelling prior to 
large scale research and deployment, and a workshop that brought together observational scientists, 
modelers, and legal experts  to identify how the SOLAS community could inform decision-making on CI.  
Additional interaction with WCRP and Future Earth is planned. 

In addition to the current activities noted above, SOLAS is involved in a Horizon 2020 project focusing on 
determining how large-scale deployment of ocean based negative emission technology could contribute 
to achieving the goals of the Paris Agreement.  SOLAS continues to develop collaborations to accelerate 
CI research including insights into the efficacy and environmental impacts of CDR. 

 Overall, future plans are appropriately a continuation of what is currently being done, as there is a lot to 
do here and the theme is relatively new. SOLAS has initiated and made progress already on many of the 
planned activities in their Science Plan around CI.  In their Science Plan, they note the need to form clear 
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links with SOLAS Science & Society by providing robust scientific knowledge that can be explored 
through the lenses of societal needs. 

 4.2.8. C. Science and society 

Science and society is a second relatively new theme within SOLAS. In general, the output produced by 
SOLAS and associated projects informs policy via quantitative assessments on regional to global scales, 
thereby contributing to the sustainability of ocean ecosystems and the welfare of human populations 
exposed to hazards driven by the ocean-atmosphere coupled system. However, the uptake and 
application of the findings remains difficult to assess. Recent topics, such as Blue Carbon and Shipping, 
are being explored, and promise to lead to further collaboration and results across disciplines. Science 
cooperation supported by SOLAS is having major outputs used for communication to policy makers, such 
as SOCAT, Flux budgets, and GESAMP working groups. 

SOLAS recognizes that there are clear “linkages between atmospheric deposition and ocean 
biogeochemistry concerns, global and regional pollution issues, health of the ocean, fisheries, ocean 
fertilization, and CO2 sequestration” (Science Plan page 26).  They also make links to issues specific to 
the UN Sustainable Development Goals (SDGs).  There has been a marked increase in recognition of the 
potential contribution of SOLAS science to climate solutions decisions in the past 5-7 years.  SOLAS has 
also generated policy-relevant information within other Core Themes. Engagement with social scientists 
has been a critical development.  

SOLAS has organized a number of workshops (e.g., Blue Carbon, shipping, etc.) bringing together 
scientists and decision/policy makers. There are examples of some of these workshops stimulating new 
research programs in key areas. But more than that, SOLAS science has had an impact on policy by 
providing key information to underpin policy, climate solution decisions, and assessments at multiple 
levels (e.g., UNFCCC, London Protocol, AMAP, Ocean Obs’19 CWPs), in many cases directly engaging 
with policy/decision makers.  

Overall SOLAS seems to have developed real momentum and commitment to contributing to society 
and science-based policy development. The review committee recognizes that it takes considerable 
human and financial resources to engage users with the science produced. Going forward, SOLAS plans 
to further increase the interactions between the traditionally physical scientists of SOLAS, social 
scientists, and policy/decision makers.  SOLAS sees opportunities on a number of topics including Blue 
Carbon, enhancing the air-sea interface in policy-making, microplastics, impacts of human activities in 
the coastal ocean, and impacts of ocean emissions on air quality of the coastal zone.  Additionally key 
topics/opportunities for focus will be: integrated ocean carbon research, contributions to the UN SDGs 
(on which SOLAS potential contributions have been mapped) and the UN Ocean Decade.  They have 
already outlined quite specific plans for some of these activities going forward, but not all and it might 
be useful to map the themes raised at the start of section 2.2 onto the future research plans.    
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The Science and Society/Policy section of the SOLAS review document has some enthusiastic and 
extensive descriptions for current and future activities. Overall SOLAS seems to be developing some 
excellent momentum in its activities in this important area.  

4.3.Evaluation of capacity building within SOLAS 
(objective 4). 
SOLAS has been very successful in this area. The SOLAS Summer School is a big success story, a model 
for many other science summer schools. The success might sometimes be difficult to evaluate 
quantitatively, however many young and senior scientists continue to collaborate afterwards and to 
remain involved in SOLAS. The fact that the most recent school was largely organized by alumni is a 
good indicator of success and long-term sustainability of the model. The Summer School successfully 
implemented gender sensitive actions, and the topics covered allow science that is different from the 
student’s own work to be explored. 

In addition, the open science conference provides a perfect platform to share results with a limited 
number of participants, allowing for close communication. SOLAS also supported other emerging 
scientific initiatives in their capacity building, allowing the science community to benefit from SOLAS 
expertise and promoting information and knowledge transformation into products and services for 
society. The review committee supports the plans to strengthen/expand SOLAS presence in Africa and 
the Small Islands.  

4.4.Evaluation of SOLAS’s success in networking with 
other large projects (Objective 5) 
Large scale environmental science projects, such as SOLAS, are complex organizations nested within a 
wider interconnected landscape of scientific endeavor. There are many important initiatives in the field 
of international science generally, reflecting both the drive of science policy makers and funders to 
create large critical masses of scientific effort in some areas, and also bottom up collaborations driven 
by scientists themselves aiming to strengthen their own research efforts and impacts by wider 
collaboration. Sitting at the interface between the ocean and the atmosphere, SOLAS science can 
benefit greatly from collaborations amongst research groups working both in the atmosphere and ocean 
and more generally across the Earth System sciences. 

Section 2.6 and 3.3 of the SOLAS SSC submission shows that SOLAS has been very active in working with 
other large scientific projects that have interests in the air/sea interface, and that these interactions 
have been very beneficial to both SOLAS and the other research groups. Their report outlines some 
interactions with 9 different organizations, including many other leading Future Earth research 
programs such as IMBER and IGAC.  They also have strong interactions with CLIVAR, one of the 4 parts of 
the World Climate Research Program.  SOLAS has particularly strong interactions with SCOR through 9 
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different SCOR working groups, as well as with the SCOR sponsored research program GEOTRACES, 
among other interactions including collaborations with the Global carbon projects.  Indeed the review 
panel knows from personal experience of additional collaborations with, for example UN GESAMP, that 
are not listed in the SSC response. These collaborations appear to be working quite effectively and 
productively, with evidence in the SOLAS SSC submission of joint activities such as meetings and co-
sponsorship of other initiatives.  There is always more that can be done in this area, but to some extent 
there must be a balance between developing SOLAS science itself and linking with other organizations 
since there are resource implications in doing both, and resources are necessarily limited. Overall it 
seems SOLAS has done very well in developing collaborations with other international projects, although 
one organization that is not often mentioned in the existing activities is Future Earth itself. 

Looking to the future, in section 3.3 of the report there are many ideas for continuing and extending 
these collaborations, particularly with CLIVAR and WCRP, as well as a range of activities planned with 
GEOTRACES. There are also some welcome specific suggestions of potential collaborations with Future 
Earth which seem very appropriate and which it might be useful for Future Earth itself to directly 
support and encourage. 

As noted in the analysis of the questionnaire of the SOLAS community, the extent and value of these 
interactions between SOLAS and other international science programs, seems not to be particularly well 
known and appreciated by all the SOLAS community, and perhaps this should be more widely publicized.  

4.5.Evaluation of the topics covered by SOLAS and about 
the completion plans for the next phase (Objective 6; see 
also section under the evaluation of SOLAS’s Major 
accomplishments, products and future plans). 
As discussed under Objective 2, SOLAS’s research agenda very effectively covers the research areas 
under its broad remit of the air-sea interface. Its recent extended focus on specific key regions is 
welcomed along with its increased focus on interactions with the theme of science and society. Thus the 
SOLAS report does document a wide range of exciting initiatives planned in the future, which is 
particularly commendable given the challenges posed in recent years by COVID. 

In terms of completion plans for the next phase of SOLAS, the 2020 Implementation Plan only extends to 
the end of 2021, and there is no published implementation plan for activities beyond this nor for how 
many of the Themes will participate in the UN Ocean Decade. However, the SOLAS SSC has subsequently 
clarified that SOLAS revisits its implementation plan every two years. The activities in 2022/2023 will be 
included in the 2022 Implementation Plan, which is scheduled to be released in October-November 2022. 
The SOLAS progress report provided to this review group does include a substantial section on the UN 
Ocean Decade, so we encourage the involvement of more themes into the UN Ocean Decade and then 
the incorporation of this involvement into the SOLAS Implementation Plan. 
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5. Assessment of the appropriateness 
of SOLAS Scientific Steering 
Committee for SOLAS’s tasks 
(Objective 7) 

The volunteer Scientific Steering Committee is responsible for providing scientific direction to and 
overseeing the planning, development, and implementation of the SOLAS project, including research, 
communications, networking and dissemination of SOLAS sciences. The current SSC consists of 18 
members (7 female + 1 female ex officio and 10 male) from 15 different nations. It represents a broad 
spectrum of disciplines, nationalities, and career stages. 

The SOLAS scientific steering committee is well positioned in terms of technical expertise covering all 
the main research themes and integrated topics across the SOLAS research agenda. It is very good to see 
the involvement of past summer school participants and young researchers in general in the SOLAS SSC, 
ensuring collaboration and cooperation between different cohorts of scientists. The steering committee 
does appear therefore well balanced in terms of experience, expertise, and gender. It is also quite well 
balanced in terms of geography. There is less African and South American involvement in the SSC than 
other regions, and this is also true of the responses to the questionnaire. In the future, it would be good 
to see increased participation from women and improved representation of African and South American 
countries. It is good to see that capacity building in Africa is mentioned in the future plans. Further, the 
SSC might consider adding representation of regional networks on the SSC to facilitate interregional 
collaboration. 

It is not clear from the submitted report if the SSC has a written Terms of Reference (ToR) which include 
a mechanism for assessing gaps of expertise on the SSC, procedures for recruiting new members and 
appointing co-Chairs, and a term of service for both SSC members and co-Chairs.  Subsequently the 
SOLAS SSC has provided the ToR for the appointment of the SSC and this does indeed address these 
issues. 

  

6. General Recommendations 
(Objective 8) 
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Overall, the review panel believes the SOLAS project continues to make a substantial and important 
contribution to scientific research, research community integration, capacity building and 
communication with wider society and policy makers in the air-sea exchange field which is a key 
component of the Earth System. 

There are some specific recommendations related to science areas highlighted within the report above; 
here we focus on broader recommendations. 

Broaden SOLAS SSC membership in terms of geography and continue to ensure fair gender 
representation and early career representation. Consider involving regional networks in the SSC. 

Strengthen and extend SOLAS national networks and enhance their visibility to SOLAS scientists 

Strengthen SOLAS’s communications with its participants further and ensure that these highlight to 
participants the linkages between SOLAS, other international research programs and also the SOLAS 
links with SCOR and Future Earth. 

The 2020 Implementation Plan only extends to the end of 2021, and there is no published 
implementation plan for activities beyond this nor for how many of the Themes will participate in the 
UN Ocean Decade. The SOLAS Implementation Plan will be updated in 2022. The SOLAS progress report 
includes a section on the UN Ocean Decade, and we encourage the involvement of more themes in this 
and then the incorporation of this involvement into the Implementation Plan. 

Given that the contribution of knowledge generated by SOLAS to improve the ocean-atmosphere 
exchange representation in Earth System Models appears in the outlined priorities of several themes, 
the SSC could consider launching a Modeling initiative/topic to foster on tool sharing, knowledge 
exchange and integration.  
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7. Appendices 
7.1.Appendix 1. Members of the Panel Review for SOLAS (2021) 

Name / webpage Country Institution Expertise 

Joyce Penner (Co-
chair/SCOR) 

Webpage 

USA University of Michigan Cloud and aerosol interactions 
and cloud microphysics, climate 
and climate change, global 
tropospheric chemistry and 
budgets, model development 
and interpretation 

Tim Jickells (Co-
chair/Future Earth) 

Webpage 

UK The University of East 
Anglia 

Marine and atmospheric science 

Kim Currie 

Webpage 

New 
Zealand 

National Institute of 
Water and Atmospheric 
Research (NIWA) 

Ocean acidification, marine 
carbon chemistry 

Robert Duce 

Webpage 

USA Texas A&M Atmospheric chemistry; air/sea 
interaction; air/sea chemical 
exchange; trace elements; long-
range atmospheric transport; 
mineral dust; atmospheric 
organic nitrogen; atmospheric 
global elemental cycles 

https://clasp.engin.umich.edu/people/penner-joyce-e/
https://people.uea.ac.uk/t_jickells
https://niwa.co.nz/people/kim-currie
https://ocean.tamu.edu/people/profiles/emeritus-faculty/ducerobert.html
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Kirsten Isensee 

Webpage 

France Ocean Sciences Section- 
Intergovernmental 
Oceanographic 
Commission 
(IOC)/UNESCO 

Ocean carbon, sources, and sinks 

Melita Keywood 
(iCACGP 
representative) 

Webpage 

Australia CSIRO Oceans & 
Atmosphere 

Chemical and microphysical 
properties of atmospheric 
aerosol 

Eun Young Kwon 

Webpage 

Korea IBS Center for Climate 
Physics 

Biogeochemical modeler, Ocean 
dynamics, Climate-marine 
ecosystem feedbacks 

Patricia Matrai 

Webpage 

USA Bigelow Laboratory for 
Ocean Sciences 

(Paty Matrai is from Chile) 

Ocean and atmosphere 
interactions: biological 
production and cycling of organic 
sulfur compounds and primary 
organic aerosols, physiological 
ecology of phytoplankton as a 
source (aquatic respiration) and 
a sink (primary production) of 
CO2 

Rafel Simó 

Webpage 

Spain Institut de Ciencies del 
Mar (ICM) – CSIC 

Marine biogeochemistry and 
ocean biosphere-atmosphere 
interactions, production of 
primary and secondary aerosols 
and their effects on clouds and 
climate 

Sybil Seitzinger 

Webpage 

Canada University of Victoria Nutrient biochemistry, 
atmospheric chemistry 

https://oceanexpert.org/expert/25317
https://people.csiro.au/K/M/Melita-Keywood
https://ibsclimate.org/people/eun-young-kwon/
https://www.bigelow.org/about/people/pmatrai.html
https://www.icm.csic.es/en/staff/rafel-simo-martorell-255
https://www.uvic.ca/socialsciences/environmental/people/faculty/seitzingersybil.php
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Marcello Vichi 

Webpage 

South Africa Marine and Antarctic 
Research centre on 
Innovation and 
Sustainability (MARIS), 
University of Cape Town 

Coupled 
Physical/Biogeochemical 
Modelling, Earth System 
Modelling, Climate Impacts on 
Marine Ecosystems, Polar 
oceanography and 
biogeochemistry 

Lisan Yu (WCRP 
representative) 

Webpage 

USA Woods Hole 
Oceanographic Institution 

Remote sensing for ocean 
applications, ocean salinity and 
the water cycle, climate data 
record of global air-sea 
momentum, heat, and moisture 
fluxes, air-sea interaction from 
meso to basin scalea. 

   

Appendix 2. Surface Ocean - Lower Atmosphere Study (SOLAS) / 2016-2020 Review. Report submitted 
to SCOR and Future Earth in June 2021. 

Appendix 3. Online survey questions 

Appendix 4. Survey data report (combining global with Chinese versions) 
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