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1

Summary

New observational and computational technologies are 
transforming the ability of scientists to study the global ocean 
with a more integrated and dynamic approach. This enhanced 
understanding of the ocean is becoming ever more important 
in our economically and geopolitically connected world, 
enabling informed decisions on vital ocean policy matters. 

In the United States, the National Science Foundation 
(NSF) is the primary funder of the basic research that under-
lies advances in our understanding of the ocean. This study 
addresses the strategic investments necessary at NSF to en-
sure a robust ocean scienti�c enterprise over the next decade.

SCIENTIFIC ADVANCES FROM OCEAN RESEARCH

The ocean science community has undertaken the chal-
lenge of exploring the ocean domain and over the past few 
decades has produced a remarkable surge in understand-
ing the physics, biology, and chemistry of the ocean, and 
the geology and geophysics at and beneath the sea�oor. 
Technological advances have fueled much of the increase 
in knowledge, as ocean scientists have rapidly adopted, 
developed, and employed new computational and modeling 
capabilities, robotics, and technological innovations such as 
genomics. Satellites and autonomous sensor systems have 
revealed a dynamic global ocean system on unprecedented 
temporal and spatial scales; chemists have detected signi�-
cant declines in ocean pH, and biologists have studied the 
impact of this change in ocean chemistry on marine species 
and ecosystems. Geologists have documented eruptions on 
the deep sea�oor and discovered microbial communities 
beneath the sea�oor. Also, ocean research has improved 
scienti�c understanding of global climate change, one of the 
de�ning issues of the 21st century.

These exciting developments in ocean science have been 
made possible by investments in a portfolio of funds for 
research, development and application of new technologies, 
and oceanographic infrastructure such as ships, gliders, and 
submersibles; in situ and remote observing systems; and oth-

er facilities such as marine laboratories, cyberinfrastructure, 
and sample and data repositories. In addition, substantial 
advances have arisen from programs that cut across tradi-
tional disciplinary boundaries, bringing together scientists 
from many �elds, federal agencies, and other countries. 
Such programs have yielded insights into the global ocean 
and have informed policy makers, the private sector, and the 
general public about both the future opportunities and limits 
of the ocean as a resource. 

OCEAN SCIENCES AT THE NATIONAL SCIENCE 
FOUNDATION

Although many other federal agencies contribute to 
ocean science and technology, the Division of Ocean Sci-
ences (OCE) at NSF provides the broadest base of support 
for the �eld, including funding for research in physical, 
biological, and chemical oceanography and marine geology 
and geophysics, and the development, implementation, and 
operational support for ocean research infrastructure. Within 
NSF, OCE encompasses a broad portfolio of diverse interests 
and activities. Managing this enterprise has been made more 
challenging with the continued increase in operations and 
maintenance costs for the ocean research facilities, espe-
cially the academic research �eet, scienti�c ocean drilling 
through the International Ocean Discovery Program (IODP 
[2013-2018]), and the launch of the Ocean Observatories 
Initiative (OOI). Infrastructure expenses have risen over the 
past decade (about 18% in 2014 dollars) even as the total 
NSF OCE budget fell by more than 10%. With no signi�cant 
budget increases anticipated by NSF in the near future, stra-
tegic decisions are required to ensure that key programmatic 
elements are supported to maintain the overall health of the 
ocean sciences community. 

 Traditionally, NSF seeks community input on long-
range research priorities and strategies to optimize scienti�c 
investments. A decadal survey process that establishes re-
search priorities, and then identi�es the investments nec-
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2 SEA CHANGE: 2015-2025 DECADAL SURVEY OF OCEAN SCIENCES

essary to achieve those priorities, has been used by sev-
eral scienti�c disciplines and science agencies to develop 
community-based plans. In 2013, OCE asked the National 
Research Council’s (NRC’s) Ocean Studies Board to un-
dertake a decadal survey of ocean sciences to provide guid-
ance from the ocean sciences community on research and 
facilities priorities for the coming decade. OCE requested 
this guidance to address the community’s priorities in the 
context of funding constraints imposed by the current trend 
of �at or declining budgets. The research portfolio includes 
investments in infrastructure, individual investigator-based 
science, multi-investigator large research programs, and 
cross-directorate initiatives like NSF’s Science, Engineering, 
and Education for Sustainability. The study committee was 
asked to place NSF’s ocean science activities in the context 
of activities undertaken by other federal ocean agencies. The 
committee also examined the role of international coopera-
tion and collaboration in advancing ocean science. The full 
statement of task for the study is provided in Box I-1.

PRIORITY SCIENCE QUESTIONS AND 
INFRASTRUCTURE FOR THE NEXT DECADE OF 
OCEAN RESEARCH

Selection of Priority Science Questions 

The committee was asked to select no more than 10 
ocean science priorities with the goal “to identify areas of 
strategic investment with the highest potential payoff” for the 
coming decade (2015-2025). NSF, the Ocean Studies Board, 
and this committee viewed community involvement as an es-
sential element in the process of identifying priorities. To en-
courage participation, the committee held town hall meetings 
at the 2013 American Geophysical Union Fall Meeting (San 
Francisco, California) and the 2014 Ocean Sciences Meet-
ing (Honolulu, Hawaii). In addition, the committee solicited 
input through a web-based Virtual Town Hall that collected 
over 400 responses from November 2013 to March 2014. 
The community responses were supplemented with research 
topics identi�ed in more than 30 reports and publications, 
presentations by scientists from both academic and govern-
ment institutions, letters from institutions, and discussions 
with colleagues. Additionally, the committee actively sought 
out opinions from early career scientists whose futures will 
be in�uenced by decisions made over the next decade. 

The committee devoted a major effort to distill the many 
topics gathered through these sources down to 10 or fewer 
priorities. The process began with sorting the input into three 
dozen diverse, high-level, disciplinary and interdisciplinary 
scienti�c questions. Similar questions were then clustered 
to yield high-level scienti�c questions, to which four cri-
teria—transformative research potential, societal impact, 
readiness, and partnership potential—were applied, listed 
in order of relative importance. These criteria were derived 
from previous NRC and interagency reports related to ocean 

science research priorities, and from suggestions by NSF 
program managers. 

Eight priority science questions emerged from this pro-
cess, each representing an integrative and strategic research 
area. The questions cover topics appropriate for OCE core 
programs, cross-cutting NSF programs, or in partnership 
with other federal agencies or international programs. A syn-
opsis of the eight priorities is provided below, ordered from 
the ocean surface, through the water column, to the sea�oor: 

�� What are the rates, mechanisms, impacts, and 
geographic variability of sea level change?

�  How are the coastal and estuarine ocean and 
their ecosystems in�uenced by the global hy-
drologic cycle, land use, and upwelling from 
the deep ocean? 

�  How have ocean biogeochemical and physical 
processes contributed to today’s climate and 
its variability, and how will this system change 
over the next century? 

�  What is the role of biodiversity in the resil-
ience of marine ecosystems and how will it 
be affected by natural and anthropogenic 
changes? 

�  How different will marine food webs be at 
mid-century? In the next 100 years?

�  What are the processes that control the forma-
tion and evolution of ocean basins?

�  How can risk be better characterized and 
the ability to forecast geohazards like mega-
earthquakes, tsunamis, undersea landslides, 
and volcanic eruptions be improved? 

�  What is the geophysical, chemical, and biolog-
ical character of the subsea�oor environment 
and how does it affect global elemental cycles 
and understanding of the origin and evolution 
of life?

Each of these high-level questions encompasses many 
subtopics that are described in much greater detail in the 
report. Most of the questions will require interdisciplinary 
research across the subdisciplines of ocean science as they 
are managed within OCE, within the disciplines of the Di-
rectorate for Geosciences, and across directorates. Because 
interdisciplinary research across the sub�elds of ocean sci-
ence will be essential to achieve many of the decadal science 
priorities, it is particularly important that the ocean science 
community does not encounter or perceive barriers to obtain-
ing funding for interdisciplinary research.

The OCE core programs will likely address many 
aspects of the scienti�c priorities identi�ed above, but the 
committee recognizes that it would be counterproductive 
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SUMMARY 3

to constrain the core programs to fund only those proposals 
directly related to these priorities. To advance ocean science 
and technology, the core programs require a high degree of 
�exibility to fund basic research and promising new ideas 
and approaches, respond to infrequent events that present 
opportunities to understand key phenomena, incorporate 
advances from other areas of science and technology, and 
encourage the training and professional development of the 
next generation of scientists. 

Because the eight priority questions have broad rel-
evance to societal issues, other federal agencies may also be 
interested in devoting resources to addressing these research 
topics. Collaborations between U.S. basic research and mis-
sion agencies could hasten both research advancements and 
transition to operational products by taking advantage of 
complementary skills, resources, and expertise among orga-
nizations. Industry, foundations, international organizations, 
and nongovernmental organizations could also be engaged to 
assist in addressing these questions, due to their global reach. 

Alignment of Infrastructure to the Priority Science 
Questions

One purpose of identifying priorities in this report is to 
ensure alignment between the next decade’s foremost topics 
in ocean science and NSF’s investments in ocean research 
infrastructure. The committee assessed how well the current 
portfolio of NSF-supported ocean research infrastructure 
matched the decadal science priorities and focused on three 
major infrastructure assets—the academic research �eet, 
IODP, and OOI—which together comprise over 50% of the 
total OCE budget and over 90% of the infrastructure budget. 
In addition, the committee evaluated a few smaller facilities 
and programs supported by OCE, such as the National Deep 
Submergence Facility (NDSF) and �eld stations.

The committee identi�ed categories of alignment be-
tween infrastructure and each decadal science question. 
Critical refers to infrastructure assets without which the 
science priority question cannot be addressed effectively and 
important infrastructure is useful but not essential to address 
the question.

Academic Research Fleet

The strongest match between current infrastructure and 
the decadal science priorities is the academic research �eet. 
Research vessels, especially Global class ships, support a 
broad swath of oceanographic activities and are essential 
to achieve all of the science priorities. Global class ships 
have greater deck loading, berthing, and sea state capacities 
and are critical to or important for the multidisciplinary, 
multi-investigator types of research identi�ed in all of the 
science priorities. Regional class ships strongly contribute 
to societally relevant questions in coastal environments, be-
ing critical to or important for topics such as sea level rise 
and biodiversity of marine ecosystems. Ice-capable ships 

are requisite for answering a number of questions related to 
understanding climate change, ocean-ice interactions, and 
polar marine food webs. 

NSF is currently considering the acquisition of up to 
three new Regional class research vessels (RCRVs). Under 
current plans, the new RCRVs will have a length and berthing 
capacity comparable to the larger Intermediate class and are 
expected to have day rates that are substantially higher than 
the Regional ships that are being replaced. This expansion 
in capability and cost, combined with the restricted geo-
graphical range and days at sea associated with the RCRV’s 
regional status, raises the question of whether the current de-
sign and estimated day rates of the RCRVs are well matched 
for expected future use.

Scienti�c Ocean Drilling

Based on the committee’s analysis, scienti�c ocean 
drilling facilities and analysis of core collections are criti -
cal for the decadal science priorities related to subsea�oor 
exploration, geohazards, and formation and evolution of the 
ocean basins. They are also important for issues related to 
climate and sea level variability. Scienti�c ocean drilling has 
also proven to be an effective vehicle for science diplomacy 
through building long-term international partnerships. 

NSF has supported an ocean drilling program for over 
45 years and, as part of IODP (2013-2018), currently covers 
the majority of costs for the JOIDES Resolution drill ship. 
Although scienti�c ocean drilling is necessarily an “infra-
structure-heavy” undertaking, requiring a high proportion of 
funding for operations relative to research, IODP has imple-
mented many cost-savings measures in recent years to de-
crease operating costs and improve ef�ciency. Nevertheless, 
the United States still carries a heavier �nancial burden than 
many of the other contributing countries to cover scienti�c 
ocean drilling facilities and operations costs. Moreover, the 
international community as a whole appears overextended 
in scienti�c ocean drilling facilities. NSF has the ability to 
renegotiate its contribution to the IODP consortium and is 
strongly urged to pursue a more cost-effective partnership. 
If additional revenue cannot be found, one budget solution 
could include a reduction in the total number of platforms 
operated by members of the consortium, which would al-
low more ef�cient utilization of the remaining assets. NSF 
plans to fund IODP (2013-2018) at a total of $250 million 
over the next 5 years, providing for four JOIDES Resolution 
expeditions annually. 

Ocean Observatories Initiative

The different OOI components—global moorings, 
coastal arrays, and the regional cabled observatory—are not 
all at the same level of alignment with the science priorities. 
The coastal arrays are important for sea level rise, coastal 
processes, and climate variability; the global moorings are 
important for climate variability. The regional cabled obser-
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vatory is important for solid earth and subsea�oor biosphere 
questions.

Because OOI has not yet entered full operation, it lacks 
both a robust user community and a record of research ac-
complishments. Therefore, the committee determined that 
it was premature to make strong statements about potential 
success, failure, or the possibility for transformational re-
search. However, comments from the Virtual Town Hall and 
additional discussions with both early career and established 
scientists suggest a lack of broad community support for this 
initiative, exacerbated by an apparent absence of scienti�c 
oversight during the construction process. OOI is an expen-
sive new piece of infrastructure; estimated operational costs 
are at least $55 to $59 million per year for the next 5 years. 

COURSE CORRECTIONS

NSF asked the committee to “recommend a strategy to 
optimize investments that will advance knowledge in the 
most critical and/or opportune areas of investigation while 
also continuing to support core disciplinary science and 
infrastructure” and provide “guidance on the most effective 
portfolio of investments achievable at the current funding 
level that will support both the research infrastructure and 
programmatic science necessary to address the most signi�-
cant priorities.”

The committee undertook this assignment by �rst de-
veloping a vision for the ocean sciences in the next decade:

The ocean science community will undertake research 
and pursue discoveries that advance our understand-
ing of the oceans, sea�oor, coasts, and their ecosys-
tems; foster stewardship of the ocean; reduce society’s 
vulnerability to ocean hazards; and nurture and exploit 
the integration of the disciplines. A diverse and tal-
ented community of researchers will develop new tech-
nologies to study the ocean in novel and cost-effective 
ways and create innovative educational programs that 
will engage and inspire the next generation. Partner-
ships will be fostered across funding agencies, national 
borders, and the private sector to provide the greatest 
value for the nation’s investment in ocean science. 

With this vision in mind, the committee considered 
the balance of investments in ocean science funding and 
the research infrastructure. Since 1970, the total budget at 
OCE has seen an annual growth rate of roughly $3 million 
per year (2014 dollars), punctuated by spurts of growth and 
shrinkage in spending power. Over the past decade the OCE 
budget has declined by more than 10% (in�ation-adjusted,1 
see Figure S-1). During times of budget increases, OCE was 

1 In�ation adjustments were based on the U.S. Bureau of Labor Statistics 
Consumer Price Index annual average, with the exception of 2014, which 
was based on an average of January-November values.

able to initiate new technologies and sustain research facili-
ties in addition to maintaining a diverse research portfolio 
that took advantage of the new capabilities.

Since 2000, there has been a shift in investment from the 
core research programs to the operations and maintenance 
costs of infrastructure (Figure S-1). In the past 4 years (2011-
2014) the overall budget has not grown; as a consequence, 
the continued increase in infrastructure costs (about 18% 
in 2014 dollars) has resulted in a substantial decline (about 
25% in 2014 dollars) in the amount of funding available 
for the core research programs and therefore less support 
for investigator proposals. The funding for Oceanographic 
Technology and Interdisciplinary Coordination (OTIC), the 
main source of support for technology development within 
OCE, has been particularly hard hit by this decline. 

Since the committee was asked to assume that the OCE 
budget is unlikely to grow signi�cantly over the next decade, 
and given that cost in�ation will continue at recent historical 
rates (~2% per year), the only way to recover funding for 
core science and OTIC is to reduce the amount of money 
spent on infrastructure. Such reductions are not easy and 
will cause disruptions for parts of the ocean science com-
munity. However, restoring the core science budget and 
investing prudently in new technology will promote the 
vision presented above—a diverse community of scientists 
able to undertake research and pursue discoveries that will 
advance ocean science. During the next 5 years, the goal is 
to carry out necessary programmatic changes to prepare for 
full implementation of the vision during the second half of 
the decade.

Recommendation 1: In order to sustain a robust ocean 
science community, holistic �scal planning is necessary to 
maintain a balance of investments between core research 
programs and infrastructure. To maintain a resolute 
focus on sustaining core research programs during �at 
or declining budgets, infrastructure expenses should not 
be allowed to escalate at the expense of core research 
programs.

The committee identi�ed two models to achieve bal-
ance: (1) maintaining a �xed ratio for infrastructure costs 
relative to the total budget and (2) maintaining a consistent 
long-term funding trajectory for core science. The applicabil-
ity of these two approaches depends on the �scal outlook. In 
periods of �at or declining budgets, using a �xed ratio as a 
target for guiding expenditures would ensure that one part of 
the budget does not increase at the expense of the other. In 
times of increasing budgets, maintaining a consistent long-
term funding trajectory for core science, rather than a �xed 
ratio, may provide a better approach to achieve balance. This 
approach accommodates adjustments in the budget fraction 
dedicated to infrastructure costs to re�ect short-term needs or 
long-term changes in the use of existing infrastructure assets, 
as well as development of new technologies and facilities.

Sea Change: 2015-2025 Decadal Survey of Ocean Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/21655


SUMMARY 5

0

50

100

150

200

250

300

350

400

450

2000 2002 2004 2006 2008 2010 2012 2014 2016 2018

U
.S

. D
ol

la
rs

 in
 M

ill
io

n
s 

(N
ot

 A
dj

u
st

ed
 fo

r 
In

�a
ti

on
)

Fiscal Year

Total

Science

Infrastructure

a.

Figure S-1A and 4-1A

FIGURE S-1 NSF investments in core ocean science (blue) and infrastructure (orange) since 2000, shown in (a) current dollars and (b) 2014 
in�ation-adjusted dollars. Total funding for OCE is shown in green. Projections for �scal years 2015-2019 (lighter colors) are based on the 
following assumptions provided by OCE—total future budgets are �at with no in�ationary increases and operations and maintenance costs 
for the academic research �eet, IODP, and OOI are held constant. OCE de�nes “infrastructure” as the academic research �eet, OOI, IODP, 
�eld stations and marine laboratories, the accelerator mass spectrometer facility, and miscellaneous smaller facilities. Facilities held in the 
core programs (shown in Table 3-1) are included in core science, not in infrastructure. Data from NSF, December 2014.
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The committee developed a strategy for improving the 
balance of the OCE budget over the next decade. To restore 
core science funding during these lean budget times, the 
immediate goal is to reverse the trend of increasing infra-
structure spending at the expense of core science in the OCE 
budget. Assuming that OCE has a �at budget over the next 
10 years, roughly 20% (about $40 million in 2014 dollars) 
of the infrastructure operations and maintenance (O&M) 
budget would need to be reallocated to core science (includ-
ing OTIC) to meet this goal. This would return core science 
funding to approximately the budget level in 2011, the last 
year before funding for core science began to decrease 
(Figure S-1).

Recommendation 2: OCE should strive to reduce the 
O&M costs of its major infrastructure (OOI, IODP, and 
the academic research �eet) and restore funding to core 
science and OTIC within the next 5 years. If budgets re-
main �at or have only in�ationary increases, OCE should 
adjust its major infrastructure programs to comprise no 
more than 40-50% of the total annual program budget. 

Recommendation 3: To implement Recommendation 
2, OCE should initiate an immediate 10% reduction in 
major infrastructure costs in its next budget, followed by 
an additional 10-20% decrease over the following 5 years. 
Cost savings should be applied directly to strengthening 
the core science programs, investing in technology devel-
opment, and funding substantive partnerships to address 
the decadal science priorities, with the ultimate goal of 
achieving a rebalancing of major infrastructure costs to 
core science funding within the next 5 years.

There are several options available to reduce infrastruc-
ture costs while sustaining research capabilities. These op-
tions include descoping or terminating activities, lengthening 
the time horizon of programs, delaying the start of new or 
planned programs or facilities, and �nding ways to lower 
costs. Based on the analysis of the infrastructure investment 
alignments with the scienti�c priorities, costs of operation, 
ef�ciencies that could be gained, and likelihood of commu-
nity support, the committee determined that the distribution 
of initial cost reductions between OOI, IODP (2013-2018), 
and the academic research �eet should be weighted.

Recommendation 4: The immediate initial 10% cost 
reduction in major infrastructure should be distributed, 
with the greatest reduction applied to OOI, a moderate 
reduction to IODP (2013-2018), and the smallest reduc-
tion to the academic research �eet. 

A suggested weighting is to initially and immediately 
reduce OOI by 20%, IODP by 10%, and the University-Na-
tional Oceanographic Laboratory System �eet by 5%. OOI is 

recommended for the greatest cost reduction because fewer 
of its components align strongly with the science priorities, 
operation of the program can be scaled to �t the available 
budget, and the separate components of the OOI structure 
provide �exibility to retain those components that align more 
strongly with the decadal science priorities and broad OCE 
research goals. For example, OOI might focus attention on 
one or two of the four global sites to minimize logistic costs 
and to demonstrate proof of concept. A moderate weighted 
cut recommended for the NSF-supported portion of IODP 
(2013-2018) re�ects that IODP is important or critical for 
over half of the decadal science priorities. However, the 
JOIDES Resolution is an expensive facility and cost-sharing 
agreements within the consortium are not evenly distributed. 
The smallest cost reduction is recommended for the aca-
demic research �eet, because essentially all of the science 
priorities require ship-based access to the sea. Even a modest 
cut will require �nding ef�ciencies to reduce the costs of 
the current �eet and to prevent an increase in overall O&M 
expenses with future ship acquisitions.

Recommendation 5: NSF should reconsider whether the 
current RCRV design is aligned with scienti�c needs and 
is cost effective in terms of long-term O&M, and should 
plan to build no more than two RCRVs.

Decision Rules for the Future

The committee established the following strategic 
principles to guide decision making in an uncertain budget 
climate, which when combined with open communication 
and consistent actions will assist NSF in maintaining a bal-
anced portfolio:

Promote a Decadal Budget Planning Outlook

A 10-year budget planning outlook can take into account 
both in�ation and anticipated increased costs of doing busi-
ness, while accounting for risks associated with unexpected 
costs.

Maintain Conservative Infrastructure Investment Strategies

Given the uncertain budget environment, it is prudent 
to assume budget cuts are permanent and increases are 
temporary. Strategies for controlling the overall costs of 
infrastructure have to be identi�ed prior to the addition of 
any new asset. Assumptions that prove to be too conservative 
can be corrected in future budget cycles.

Involve the Community in Setting Goals

Involving the scienti�c community in the development 
of strategic goals and objectives provides a broad base for 
identifying priorities and building community support for 
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the enterprise into the future. The NSF Advisory Committee 
for Geosciences (AC-GEO) could serve as a link with the 
broader community. Involvement of AC-GEO could bolster 
support for dif�cult decisions that need to be made by OCE 
to adhere to the strategic plans. 

Although NSF has undertaken reviews of individual 
programs and has established committees advising OOI, 
IODP, the �eet, and NDSF, at present there is no advisory 
body with broad oversight of major OCE infrastructure that 
can provide advice on the construction, maintenance, and 
operations of facilities in relation to the science priorities.

Recommendation 6: Program reviews for OOI, IODP, 
the academic research �eet, and NDSF should occur 
periodically (nominally every 3-5 years, with a 10-year 
outlook) and should be considered within the context of 
the broader OCE budget environment, rather than inde-
pendently. OCE should consider exit strategies for major 
acquisitions if funding is insuf�cient. OCE should seek 
periodic community input to help ensure infrastructure 
investments align with the science priorities.

Recommendation 7: OCE should initiate a high-level 
standing infrastructure oversight committee to evaluate 
the entire portfolio of OCE-supported infrastructure 
and facilities and to recommend proposed changes. 
The outlook should be for at least 10 years and should 
include discussion of the entire life cycle of construction, 
operations and maintenance, decommissioning, and re-
capitalization. Committee membership should include 
professionals experienced in long-range budgeting and 
strategic planning.

Ocean research inevitably transcends national bound-
aries, with numerous opportunities for interagency and 
international collaboration. Such partnerships can leverage 
resources and maximize progress and are expected to play 
an increasingly strong role for support of large, multidisci-
plinary programs to address complex, high-priority, ocean 
science questions.

Recommendation 8: The committee encourages OCE to 
expand its partnership capabilities with other federal 
agencies, international programs, and other sectors. Such 
partnerships can maximize the value of both research 
and infrastructure investments and may help spread 
the costs of major ocean research infrastructure beyond 
OCE.

Although the contributions of the ocean sciences com-
munity have been invaluable in guiding the work of the 
committee, the conclusions represent the deliberations of its 
members, who recognize the dif�culty of the task and the re-
ality that resolving current budget issues will impact existing 
programs. The committee focused on the long-term health 
of the ocean sciences with the goal of restoring a healthy 
balance among OCE’s funding pro�les and portfolios, while 
preserving the essential elements to sustain the research en-
terprise into the next decade. These strategic issues need to 
be examined regularly to make continued course corrections 
as necessary to steer ocean sciences toward a vibrant future.
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We envision a future in which our understanding of the world ocean, national coasts, coastal watersheds,  
and Great Lakes protects lives, enriches livelihoods, and enhances quality of life. At the same time, the research 

we undertake will help ensure the health and sustainability of our ocean ecosystem for years to come.
—Charting the Course for Ocean Science for the United States for the Next Decade:  

An Ocean Research Priorities Plan and Implementation Strategy  
(NSTC Joint Subcommitte on Ocean Science and Technology, 2007)

Introduction

tion (NSF) has become the principal federal agency funding 
basic ocean science research at academic institutions (NRC, 
2000). Until the late 1960s, the U.S. Navy’s Of�ce of Naval 
Research (ONR) had been the main source of funding for 
academic oceanographers; the exception was biological 
oceanography, which has long received support from NSF 
and the Department of Energy. ONR still plays a vital role in 
oceanographic research, particularly in the development of 
new technologies and funding for academic research vessels. 
However, in the past few decades NSF has assumed a larger 
role both in the support of basic oceanographic research 
and in the provision of oceanographic facilities and support 
for new technologies. While other federal agencies such as 
the National Oceanic and Atmospheric Administration and 
the National Aeronautics and Space Administration play 
essential roles in ocean science advances, especially in sup-
port for monitoring and remote sensing facilities, NSF has 
become the primary funding agency for the U.S. academic 
oceanography research community.

The emergence of NSF as the prime funder of academic 
oceanographic research has been accompanied by an impres-
sive expansion in the capabilities of sea-based platforms 
ranging from ships to autonomous sensors. These innova-
tions have advanced our understanding of the ocean in un-
foreseen ways. Some examples of the advances achieved dur-
ing just the past decade are highlighted in the next chapter. 

Ocean science relies on infrastructure and technology to 
provide access to the ocean and to enable essential observa-
tions of key phenomena. While operating infrastructure is 
part of the cost of doing business in oceanography, it needs 
to be balanced against the cost of supporting scientists, their 

The ocean has been integral to the history of the United 
States—its national security, its economic strength, and the 
well-being and intellectual growth of its people. The nation 
has a long sea-faring history, from early European explorers, 
generations of �shermen, and sailors of the merchant marine 
and Navy. Ocean science has underlain the success of ocean-
going enterprises, such as enhancing the speed and ef�ciency 
of trans-Atlantic trade through mapping ocean currents 
(work begun by Benjamin Franklin); supporting expeditions 
to Antarctica and the Arctic; observing and modeling water 
column properties to outmaneuver Soviet submarines during 
the Cold War; and assessing the abundance and dynamics of 
�sh stocks to manage the nation’s living marine resources. 
In addition to these practical applications, students, poets, 
and artists have been inspired by the mystery, the beauty, and 
the bounty of the sea. With the past as prologue, this report 
outlines strategic directions to ensure a strong future for the 
ocean sciences and, thus, for the nation and its people. Like 
a ship maneuvering through a narrow channel, the �eld of 
ocean science requires careful course adjustments to be well 
positioned for the next decade. With �scal discipline and 
wise research investments now, the next decade and beyond 
could be a time of opportunity and progress in ocean science, 
with advances that bene�t the social and economic goals of 
not only the nation, but also the world.

BACKGROUND

Starting with the International Geophysical Year of 
1957-1958, and maturing during the International Decade 
of Ocean Exploration (1970s), the National Science Founda-

Sea Change: 2015-2025 Decadal Survey of Ocean Sciences

Copyright National Academy of Sciences. All rights reserved.

http://www.nap.edu/21655


10 SEA CHANGE: 2015-2025 DECADAL SURVEY OF OCEAN SCIENCES

research, and training of their students and technical staff. 
For the purpose of this report, a “healthy balance” between 
the two is qualitatively de�ned as supporting suf�cient 
infrastructure to provide access to the ocean and advance 
the science while maintaining suf�cient funds for scientists 
and trainees to conduct research and provide value for the 
infrastructure investment.

The issue today—and a strong motivation for this 
report—is the growing community and agency concern that 
these two portfolio elements are not in balance and that the 
facilities are disproportionately consuming funds and leav-
ing insuf�cient funding for scientists and research activities. 
How to determine, achieve, and maintain the correct balance 
between infrastructure and research is a great challenge and 
needs to be periodically evaluated as the community and 
technologies evolve. This will enable us to make the course 
corrections necessary for steering ocean sciences toward a 
vibrant future.

To help guide future investments in ocean sciences, 
NSF has sought community input on long-range research 
priorities and strategies for optimizing investments. Other 
disciplines within NSF and other federal agencies have con-
ducted decadal surveys for strategic guidance on research 
priorities to maximize the effective use of limited resources. 
Although previous community-based efforts developed 
priorities for various segments of the ocean sciences, they 
were not explicitly constrained by resource availability or 
trade-offs among competing investments and hence did not 
address the broader issue of how to balance the full portfolio 
of NSF’s ocean research investments when constrained by 
realistic budget scenarios and funding uncertainties.

In 2013, NSF’s Division of Ocean Sciences (OCE) asked 
the National Research Council’s (NRC’s) Ocean Studies 
Board to undertake a decadal survey of ocean sciences to 
provide guidance from the ocean sciences community on 
research and infrastructure priorities for the coming decade. 
The request was preceded by extensive discussions between 
OCE and the Ocean Studies Board and consultation with 
members of the ocean sciences community, including other 
federal agencies. 

As stipulated by NSF, the goal for this decadal survey is 
to provide a community-based, regularly recurring approach 
to the visioning and setting of NSF-funded research priorities 
in the ocean sciences within the context of likely available 
resources. The research portfolio includes investments in 
infrastructure, individual investigator-based science, multi-
investigator large research programs, and cross-directorate 
initiatives like NSF’s Science, Engineering, and Educa-
tion for Sustainability (SEES). Infrastructure includes the 
academic �eet (surface and submersible platforms), ocean 
drilling platforms, ocean observing sensors and platforms, 
major shared-use instrumentation, cyberinfrastructure, and 
the development of new technological innovations. The 
geographic context includes all oceans of the world includ-
ing polar regions, the sea�oor, estuaries, the coastal zone, 

and the Great Lakes. Although this report focused primarily 
on OCE, other directorates as well as other divisions within 
the Directorate for Geosciences that support ocean sciences 
research were included. To place the NSF portfolio in the 
context of the full federal investment in ocean science, NSF 
asked for a consideration of the priorities and investments of 
other federal agencies in ocean sciences to identify potential 
areas for cooperation and collaboration. The full statement 
of task is provided in Box I-1. 

COMMITTEE PROCESS

The Committee on Guidance for NSF on National Ocean 
Science Research Priorities: Decadal Survey for Ocean 
Sciences was convened by the NRC at the request of NSF. 
Committee members brought to this task a broad spectrum 
of knowledge and expertise related to ocean sciences; mem-
ber biographies are provided in Appendix A. During the 
study, the committee convened �ve meetings that included 
information-gathering public sessions and two additional 
meetings in closed session to develop this report; public 
meeting agendas are listed in Appendix B. The committee 
actively sought participation from the ocean sciences com-
munity through town halls organized at the 2013 American 
Geophysical Union Fall Meeting (San Francisco, California) 
and 2014 Ocean Sciences Meeting (Honolulu, Hawaii), 
roundtables with early career scientists, and a Virtual Town 
Hall (see Appendix C for the online questionnaire) that 
provided opportunities for individuals to submit their ideas 
on ocean priorities for NSF in 2015-2025. In addition, the 
committee reviewed past reports regarding ocean science 
priorities and infrastructure, heard presentations from NSF 
leadership and staff, interviewed representatives of other 
ocean-related federal agencies, and listened to presentations 
by scientists involved in infrastructure programs. 

Although the contributions of the ocean sciences com-
munity have been invaluable in guiding the work of the 
committee, the conclusions represent the deliberations of 
its members, who recognize the dif�culty of the task and 
the reality that resolving current budget issues will impact 
existing programs. The committee focused on the long-term 
health of the ocean sciences with the goal of restoring a 
healthy balance to OCE’s funding portfolio to sustain the 
ocean research enterprise into the future. Looking ahead, 
the committee developed the following vision for the ocean 
sciences in the next decade:

The ocean science community will undertake research 
and pursue discoveries that advance our understand-
ing of the oceans, sea�oor, coasts, and their ecosys-
tems; foster stewardship of the ocean; reduce society’s 
vulnerability to ocean hazards; and nurture and exploit 
the integration of the disciplines. A diverse and tal-
ented community of researchers will develop new tech-
nologies to study the ocean in novel and cost-effective 
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BOX I-1 
Statement of Task

The committee for the Decadal Survey of Ocean Sciences 2015 (DSOS) will develop a list of the top 
ocean science priorities for the next decade in the context of the current state of knowledge, ongoing 
research activities, and resource availability. The DSOS committee’s report will present a compelling re -
search strategy for increased understanding of the oceans over the decade 2015-2025.

The report will include the following elements:

1.  A review of the current state of knowledge that highlights �ndings and technologies over the past 
decade that have advanced our basic understanding of the oceans, driven new discoveries, created 
new paradigms, or established new societal imperatives. The review should also consider new sci -
ence and technologies emerging from other disciplines that could be applied to the ocean sciences. 

2.  A concise set of compelling, high-level scienti�c questions that will be central to the ocean sciences 
over the coming decade and, if answered, could transform our scienti�c knowledge of the oceans. 
Prioritization may be derived from relevance to societal bene�ts, new technological breakthroughs, 
emerging or underdeveloped yet vital subjects poised for rapid development, or other drivers. The 
scienti�c questions and related priorities need not be all inclusive and should be limited to 10 or 
fewer. The goal is to identify areas of strategic investment with the highest potential payoff. 

3.  An analysis of the research infrastructure needed to address the priority research topics or questions. 
This will include an assessment of the current portfolio of multi-user facilities investments funded by 
NSF and their operational costs (information to be provided by NSF) as well as proposed new facili -
ties. If new facilities are proposed, the committee will provide a range of estimates for the cost (upper 
and lower bounds) and include not only construction but also the full life-cycle costs for operations 
and maintenance. The analysis should also consider capacity to respond to unexpected events. 

4.  An analysis of the current portfolio of investments in ocean science programs at NSF with recommen -
dations for changes necessary, if any, to align resources so as to achieve the priorities established in 
#2. The current portfolio includes programs within the Division of Ocean Sciences and allied program 
areas (e.g., Polar Programs, Biodiversity) as well as NSF-wide cross-divisional/cross-directorate 
initiatives that target highly interdisciplinary themes involving the ocean (e.g., SEES). 

5.  An identi�cation of opportunities for NSF to complement the capabilities, expertise, and strategic 
plans of other federal agencies so as to avoid duplication of effort, encourage collaboration and 
shared use of research assets where appropriate, and maximize the value of NSF investments in the 
ocean sciences. This will be based on a brief survey of major ocean research programs funded by 
other federal agencies.

The �nal report will recommend a strategy to optimize investments that will advance knowledge in the 
most critical and/or opportune areas of investigation while also continuing to support core disciplinary 
science and infrastructure. The recommendations of the committee should include guidance on the most 
effective portfolio of investments achievable at the current funding level that will support both the research 
infrastructure (#3) and programmatic science (#4) necessary to address the most signi�cant priorities. 
This should include assessing trade-offs among options and identifying potential cost-saving mechanisms; 
assessing the impact of new initiatives and/or modi�cation of existing programs on the overall portfolio; 
as well as identifying opportunities for collaboration among the federal agencies that would leverage 
investments, optimize use of infrastructure assets, and foster multidisciplinary research. The report will 
include decision rules on how the program could be adjusted if future funding levels increase or decrease 
relative to the current level.
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ways and create innovative educational programs that 
will engage and inspire the next generation. Partner-
ships will be fostered across funding agencies, national 
borders, and the private sector to provide the greatest 
value for the nation’s investment in ocean science.

The committee’s approach and recommendations are 
guided by this vision, and although the words are from the 
committee, the content and focus derive from those with 
whom the committee spoke, from the Virtual Town Hall, 
from discussions at major ocean science conferences, and 
from presentations at committee meetings. The report begins 
with a retrospective of some of the major accomplishments in 
the �eld since the release of the last OCE decadal planning 
document, Ocean Sciences in the New Millennium (NSF, 
2001). These accomplishments (Chapter 1) illustrate many 
of the strengths of the �eld that the committee highlights in 
the vision statement as being vital for future success. This 
analysis helped to inform the committee’s approach to identi-
fying science priorities for the next decade (Chapter 2). This 
chapter includes a description of the committee’s strategy for 
developing research priorities, provides a short explanation 

of the importance of each priority, and lists examples of spe-
ci�c research questions that fall within them. Next, the report 
provides an overview of the current circumstances of OCE’s 
budget, describes the major research infrastructure and facili-
ties, and assesses the alignment of major infrastructure with 
the identi�ed science priorities (Chapter 3). In Chapter 4, the 
committee provides a path forward, addresses the current �s-
cal challenges facing OCE, recommends guidance for OCE’s 
budget decisions over the next decade, and discusses strate-
gies to ensure a dynamic and productive research enterprise 
in the decades to come.
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The remarkable thing is that although basic research does not begin with a particular practical goal,  
when you look at the results over the years, it ends up being one of the most practical things government does.

—President Ronald Reagan, Radio Address to the Nation on the Federal Role in Scienti�c Research, April 2, 1988

that have yielded rapid increases in knowledge and major 
advances in understanding of the ocean over the past decade. 

THE OCEAN COMPONENT OF CLIMATE VARIABILITY 
AND CHANGE

Sea level rise varies greatly across geographic re-
gions. If the ocean were simply a giant bathtub, sea level 
rise from increasing ocean temperature and additional water 
from melting land ice would occur uniformly. However, a 
variety of physical and geological processes cause water 
levels to increase dramatically in some regions while others 
see little to no change or even declines. Sea level along the 
U.S. eastern seaboard is a striking example—sea level is ris-
ing faster between Cape Hatteras, North Carolina, and Cape 
Cod, Massachusetts, than anywhere else along the East Coast 
(Figure 1-1). This is vital information for coastal engineers, 
planners, and communities.

Arctic summer sea ice volume over the past decade 
has decreased on a trajectory that is steeper than other 
indicators of global change. Unlike many climate change 
signals, the loss of Arctic sea ice has been remarkably 
persistent—its volume has decreased by a factor of 5 in the 
September minimum between 1979 and 2014 (Figure 1-2). 
This ice loss has geopolitical and ecological consequences. 
Increased opportunities for shipping, cruise ship tourism, 
hydrocarbon resource exploitation, and �shing heighten 
the potential for large-scale search-and-rescue missions, oil 
spill response, and international disputes that can increase 
national security concerns. The effect of an ice-free Arctic 
on the global climate system, and in particular mid-latitude 
weather patterns, is still unclear. However, the decreased 
re�ectivity of sunlight (albedo) in an ice-free Arctic points 

The 15 years since the turn of the millennium have 
brought dramatic changes in the collection, analysis, and 
distribution of information across many sectors of society, 
creating tremendous new opportunities in the sciences. In the 
ocean sciences, advances in observational and computational 
capabilities have led to rapid increases in understanding—
from the minutest organisms to the vast expanse of the 
ocean basins. Ocean biologists and biogeochemists applied 
molecular biology techniques to understand the diversity 
and function of marine life, while satellites and autonomous 
sensor systems have revealed a dynamic global ocean on 
unprecedented temporal and spatial scales. Precise measure-
ments of ocean chemistry have shown a decline in ocean 
pH, prompting studies on its potential impact on marine 
organisms and ecosystems. Advances in sea�oor exploration 
have documented eruptions on the deep sea�oor, discovered 
new morphologic features, and uncovered active subsea�oor 
microbial communities. Predictability of the dynamic vari-
ability of ocean and climate systems at all scales has been 
enhanced by new observing technologies and analytical 
strategies, including improved models. 

The accomplishments summarized below represent sig-
ni�cant advancements in ocean research and re�ect support 
and innovations from federal agencies, some foundations, 
and many nations. They were selected from government, 
international, National Research Council, and academic 
reports from roughly the past 15 years; from Division of 
Ocean Science (OCE) highlights provided by National Sci-
ence Foundation (NSF) program of�cers; from the primary 
literature; and from discussions within the committee. While 
no such list can be truly comprehensive, this chapter captures 
some of the most exciting developments in ocean science 
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to further ampli�cation of regional warming, suggesting that 
loss of sea ice could be irreversible.

The �rst sea�oor drilling in the perennially ice-
bound central Arctic showed a transition from a warmer 
“greenhouse” climate ~55 million years ago to a colder 
environment ~45 million years ago that continues to the 
present. Sea�oor sediment cores indicated that surface tem-

FIGURE 1-1 Sea-level rise rate differences for a 60-year time series at tide gauge locations across the East Coast of North America. 
SOURCE: Sallenger et al., 2012.
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FIGURE 1-2 Yearly minimums of Arctic ice volume from 1980 
to 2014 calculated using the Pan-Arctic Ice Ocean Modeling and 
Assimilation System (Zhang and Rothrock, 2003). The red line 
shows the linear trend. Data from the Polar Science Center, Applied 
Physics Laboratory, University of Washington. 

peratures ~55 million years ago were signi�cantly warmer, 
supporting the hypothesis that the earliest Arctic cooling 
occurred at the same time as cooling in Antarctica and that 
climate change was symmetric at the poles. Additionally, the 
cores documented a transition from poorly to fully oxygen-
ated sediments in the Arctic, attributed to the opening of the 
Fram Strait, which permitted deep-water exchange between 
the Arctic and North Atlantic Oceans. The effects of albedo, 
temperature, and oxygen variations determined from these 
cores helped illuminate the history of the Arctic circulation 
regime, which is key to successfully modeling global ther-
mohaline circulation and the global climate system.

Reconstruction of climate patterns from the geologic 
past reveals causes and effects of climate change that are 
relevant for interpreting modern climate patterns. Meth-
odological improvements have increased the chronological 
precision for accelerator mass spectrometry measurements 
and radiocarbon calibration; uranium-series dating of corals, 
speleothems, and lake carbonates; layer counting in sedi-
ments and ice cores; trace gas, O2/N2, and isotopic measure-
ments in ice cores; and zircon U/Pb and 40Ar/39Ar dating. 
This new information reveals event sequences and helps to 
diagnose causes and effects of the dynamically changing 
Earth system and resolves an apparent paradox in climate 
patterns and elevated atmospheric CO2 in the Northern and 
Southern Hemispheres.

Based on more accurate chronologies, the global-scale 
paleotemperature compilation shows that increases in global 
and Northern Hemisphere temperature lag behind the rise in 
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atmospheric CO2 by an amount consistent with the thermal 
inertia of the global ocean-ice system (Figure 1-3). Paradoxi-
cally, high-latitude Southern Hemisphere climate records 
show warming prior to the increase in CO2. New �ndings 
indicate that natural sources and sinks of carbon and dy-
namic controls of regional warming are linked to ocean cir-
culation, providing an explanation for the apparent paradox 
from Southern Hemisphere ice core data. This synthesis of 
information provides compelling evidence from the geologic 
record that greenhouse gases are a powerful force for global 
climate change. 

The ocean’s overturning circulation varies in both 
space and time, with significant variability on time 
scales less than a year and with spatially non-uniform 
upwelling. Recent observations and modeling results have 
challenged the “great ocean conveyor belt” paradigm. For 
decades oceanographers assumed that the overturning cir-
culation changed gradually, that its strength was coherent 
across the entire Atlantic, and that the deep currents were 
concentrated along the western boundaries of the basins. 
Instead, it is now understood that the overturning circulation 
is marked by strong temporal and spatial variability and that 
the deep waters’ equatorward pathways include the ocean 
interior. The Southern Ocean plays a key role in returning 
deep waters to the surface via wind-driven upwelling. This 
more sophisticated view of ocean circulation, which is the 
result of the international observational programs as well as 
the novel use of Lagrangian �oats, opens new avenues for 
understanding ocean heat, freshwater, and carbon transport.

More comprehensive data from the Argo array 
augments 50 years of historical data to measure with 
high certainty the multi-decadal warming of the global 
oceans and changes in ocean salinity patterns. Heating 
rates have been estimated at 0.45 ± 0.15 W/m2, averaged 

over the surface area of the Earth. The increase in ocean heat 
content represents about 90% of the net energy imbalance 
in the total climate system. Most of the present ocean heat 
content increase is in the extratropical Southern Hemisphere. 
Compared with the relatively steady and continuing increase 
in ocean heat content (or vertically averaged temperature), 
the mean surface temperature of the ocean and of the base of 
the marine atmosphere is more variable. For example, data 
[signi�cantly augmented by the Argo program (Box 1-1)] 
show that the recent much-discussed “pause” in warming is 
con�ned to surface temperature data and that upper ocean 
heat content (to 2,000 m depth) has increased unabated. 
Multi-decadal trends in upper ocean salinity indicate that the 
relatively fresh regions of the oceans have become fresher 
and the salty regions saltier, consistent with enhancement of 
the mean patterns of evaporation minus precipitation. Argo is 
a case study of how transformational discoveries result from 
a good alignment of infrastructure with science priorities.

BIOGEOCHEMICAL AND ECOLOGICAL DIMENSIONS 
OF A CHANGING OCEAN 

About one-third of the CO2 released to the atmo-
sphere by human activities has been absorbed by the 
ocean, causing a decline in the pH of upper ocean waters 
(often called “ocean acidi�cation”). Changing ocean pH can 
affect the physiology, behavior, growth, and reproduction 
of marine organisms. The deleterious effect of this altered 
chemistry on the success of organisms that make calcium car-
bonate skeletal material or shells (e.g., corals, mollusks) has 
already been documented. This can have lethal impacts; for 
example, molluscan larvae that fail to produce a suf�ciently 
calci�ed �rst shell that is needed to attach to hard substrate 
for maturation. In some regions, this is causing massive 
hatchery failures for coastal oyster aquaculture. Planktonic 
mollusks that have delicate shells, such as pteropods, are 
important components of oceanic food webs, and signi�cant 
changes in their abundance could impact valuable �sheries 
(e.g., the Paci�c Northwest salmon).

The prevalence of oxygen-depleted waters is 
increasing in many coastal and deeper ocean areas. 
Rivers carrying nitrogen and phosphorus from urban waste 
systems and from agricultural application of fertilizers have 
fundamentally altered many coastal ecosystems, stimulating 
phytoplankton blooms (Figure 1-4). When phytoplankton 
growth exceeds the capacity of zooplankton grazers, the 
excess production sinks and is biodegraded by bacteria 
that consume oxygen. In extreme cases, the bottom waters 
become hypoxic or even anoxic, often referred to as “dead 
zones” because most �sh and other marine life cannot survive 
there. Excess algal growth also reduces the clarity of water 
in shallow coastal areas, blocking sunlight that is necessary 
for maintaining sea grasses and coral reefs, which provide es-
sential habitat for �sh and invertebrates. In some areas on the 
U.S. Paci�c Coast, in�uxes of low-oxygen water have been 

FIGURE 1-3 Global proxy temperature (blue) and Antarctic ice-
core composite temperature (red) during the last deglacial transi-
tion, compared to atmospheric CO2 concentration (yellow circles). 
Abbreviations are as follows: LGM, Last Glacial Maximum; OD, 
Oldest Dryas; B/A, Bølling-Allerød; and YD, Younger Dryas. 
SOURCE: Shakun et al., 2012.
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BOX 1-1 
The Argo Program

As the �rst observing system for the global subsurface ocean, the international global Argo array of over 
3,000 pro�ling �oats has transformed how large-scale ocean processes are studied and has blazed organi -
zational trails that may guide developers of future oceanographic observing infrastructure. Argo is based on 
technology developed under NSF and the Of�ce of Naval Research (ONR), speci�cally designed to study 
ocean properties on basin scales as part of the World Ocean Circulation Experiment. Buoyancy engines were 
added to neutrally buoyant Swallow �oats so they could repetitively pro�le from the subsurface to the surface, 
where they could obtain satellite navigation and relay data. Argo uses improved versions of these �oats to 
report, in real time, subsurface velocity and pro�les of temperature and salinity to 2,000 m depth from across 
the ice-free global ocean.

Arguably more innovative than its technology was the way the Argo program was developed. In the 1990s, 
the World Ocean Circulation Experiment and the Tropical Ocean Global Atmosphere program accelerated 
scienti�c and operational interest in the ocean’s role in climate and in predicting climate variability. By 1999, 
satellite altimetry had revolutionized oceanography by showing that sea surface height was dominated by 
variability patterns like El Niño and by slower global trends. To meet the operational and scienti�c needs for 
complementary subsurface ocean observations, Argo was established by what may be oceanography’s most 
effective international collaboration. U.S. Argo (initially a National Oceanic and Atmospheric Administration 
[NOAA]/ONR National Oceanographic Partnership Program program, now NOAA-funded) and many national 
partners agreed to build Argo as an international collaboration dedicated to providing publicly available, real-
time data for joint scienti�c and operational use.

Technical improvements to �oat reliability and lifespan, aggressive use of ships of opportunity, and an in -
novative internationally coordinated data quality control system led to the program surpassing its goals for �oat 
lifespan, data quality, and speed of data delivery. Today 11,000 pro�les are collected from a uniformly distributed 
global array every month at a cost of $170 per pro�le. In comparison to the 1.2 million pro�les obtained by Argo, 
only about 500,000 temperature/salinity pro�les were collected by ships, mostly in the Northern Hemisphere, 
since the late 1800s. Figure a shows how Argo has supplanted other methods of pro�ling, increasing the rate of 
acquisition of upper ocean temperature and salinity pro�les.  Moreover, the Argo program has achieved almost 
uniform geographic coverage of the ice-free ocean, shown in Figure b. Its greatest scienti�c impact is in tem -
perature/salinity pro�les in the Southern Hemisphere, where Argo has contributed over an order of magnitude 
more samples than have ships.

Argo users include operational centers that typically use near-real-time data for ocean state estimation and 
prediction and researchers that use quality-controlled data (delayed ~1 year) to publish over 1,700 scienti�c 
papers (www.argo.ucsd.edu/Bibliography.html). These systematic ocean observations have proven essential 
to studies of climate and air-sea phenomena including rapid weather events, interannual-to-decadal climate 
variability, water mass formation, and key processes of air-sea exchange and oceanic transport in the global 
hydrologic and heat cycles.

Argo continues to evolve, with a broader observational scope to better describe a range of large-scale phe -
nomena. New �oats will extend Argo coverage to 4,000-6,000 m depth and carry Argo to seasonal ice coverage 
in high latitudes, while coverage in marginal seas and enhanced sampling in western boundary current regions 
is planned. Technologists around the world are working to extend working lifetimes and reduce energy use of 
a wide range of biogeochemical sensors and improve biological sampling methods. This effort will transform 
areas of oceanography that need long-term global water-column observations. Many of these observations will 
be made independently by small groups, but a coordinated effort will be needed to achieve sustained global 
coverage. This new effort should bene�t from what made Argo successful: 
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FIGURE a The mix of ocean observation platforms from 1950 
to the present. The number of ocean pro�les taken per year 
in historical archives is charted by instrument type: XBT, 
expendable bathythermographs; MBT, mechanical bathyther -
mographs; CTD, conductivity-temperature-depth instruments 
deployed from ships; BOT, Nansen and Niskin bottle casts; 
and FLOAT, CTD-equipped pro�ling �oats. SOURCE: Johnson 
and Wijffels, 2011.

FIGURE b Number of temperature/salinity pro�les to at least 1 
km depth per 5° × 5° square collected by (top) Argo through 
2014 and (bottom) all years from the World Ocean Database 
of ship-based pro�ling. SOURCE: Used with permission from 
Dean Roemmich.
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associated with shoaling of deeper water rather than runoff 
of nutrients from land-based sources. The North Paci�c has 
experienced oxygen declines for the past 50 years, possibly 
due to changes in ventilation from increased freshening 
of surface waters and atmospheric warming. Because the 

hypoxic zone in the North Paci�c is the most extensive and 
the shallowest of the major oceans, relatively small oxygen 
decreases in deep water will impact the essential habitat of 
many species in the food web. A decline in the oxygenation 
of the deeper waters may be a result of a warmer, more strati-

FIGURE 1-4 Incidences of dead zones from hypoxic systems in coastal regions, as well as the “human footprint” on land. The human 
footprint is a measure of potential human in�uence on the land surface, determined by population density, land transformation, access, and 
electrical power infrastructure (Sanderson et al., 2002). SOURCE: Diaz and Rosenberg, 2008.

FIGURE 1-5 Shifts in the distribution of marine taxa. Black arrows show the mean shift of surveyed taxa in each region. Inset graphs show 
the mean (black), maximum (blue), and minimum (red) latitude of detection for Paci�c cod (Gadus macrocephalus) in the Gulf of Alaska, 
big skate (Raja binoculata) on the U.S. West Coast, and American lobster (Homarus americanus) in the Northeast as examples. Gray dashed 
lines in insets indicate the range of surveyed latitudes. SOURCE: Pinsky et al., 2013.
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�ed surface layer and, therefore, could be an early manifes-
tation of climate change. A multiple-stressors approach will 
be needed to tackle the effect of concurrent stressors such as 
lower pH and oxygen.

The geographic distribution of ocean life—
including phytoplankton, zooplankton, �sh, and marine 
mammals—is shifting, affecting the structure of marine 
food webs. The ecological effects of global warming include 
poleward shifts in some species distributions (Figures 1-5 
and 1-6) and/or changes in the timing of species migrations. 
These shifts did not occur as a linear effect of ocean warm-
ing; rather they are due to complex interactions of the biota 
with physical oceanographic properties such as currents, 
fronts, and eddies (e.g., some species seek greater depths 
instead of poleward migration to maintain optimal tempera-
ture conditions, especially in semi-enclosed seas). The shift 
of species distributions occurs at different rates, suggesting 
that large-scale population shifts may create new ecosystem 
associations over time. These changes are expected to have 
profound impacts on marine ecosystem productivity, with 
consequences for human communities that depend upon 
them.

BIODIVERSITY, COMPLEXITY, AND DYNAMICS OF 
OCEAN ECOSYSTEMS

Direct sequencing of DNA from the environment 
revealed the vast complexity, physiological capabilities, 
novel biogeochemical pathways, and species interac-
tions of the microbial ocean. Analysis of DNA in seawater 
samples has revealed that the great majority of the microor-
ganisms in the ocean have yet to be cultured or character-
ized. Viruses have been shown to in�uence marine microbial 
populations, from triggering the end of an algal phytoplank-
ton bloom to changing the composition of bacterial commu-
nities. DNA sequencing technology has also contributed to 
efforts to catalog the diversity of larger, multicellular marine 
life through an international program known as the Census 
of Marine Life (Box 1-2).

Over�shing has had profound effects on marine 
species and ecosystems. Marine species are dynamically 
connected, directly and indirectly, such that human interven-
tions—from extractive activities such as �shing to conserva-
tion efforts such as habitat restoration—have the potential 
to affect the ocean’s trophic structure. Research and man-
agement actions have revealed the deep interdependencies 
among ecological, economic, and social systems. Data from 
long-term monitoring programs in large marine ecosystems 
have documented the profound effects of over�shing and 
sequential depletion on the productivity and species compo-
sitions of marine ecosystems, including cascading impacts 
throughout the ecosystem due to the removal of top preda-
tors. Regionally based ecosystem monitoring, such as the 
international program Global Ocean Ecosystem Dynamics 
(GLOBEC) and the California Cooperative Oceanic Fisher-
ies Investigations (CalCOFI), clearly demonstrated the im-
pacts of over�shing, including the functional replacement of 
high-value stocks with less valuable �sh species (Figure 1-7). 
Increased public awareness of the vulnerability of marine 

FIGURE 1-6 Monthly ratio of a warm-water copepod species 
(Calanus helgolandicus) to a cold-water species (Calanus �nmar-
chicus) from 1958 to 2012 as averaged over the North Atlantic. 
Red values indicate dominance of the warm-water species and 
blue values indicate dominance of the cold-water species (0, total 
C. �nmarchicus dominance; 1, total C. helgolandicus dominance). 
SOURCE: Used with permission from David Johns, Sir Alister 
Hardy Foundation for Ocean Science.
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ecosystems to human activities has led to new national and 
international management policies and some successes with 
ecosystem recovery. 

THE SEAFLOOR IS GEOLOGICALLY, PHYSICALLY, 
AND BIOLOGICALLY DYNAMIC

The Hawaiian hotspot is created by mantle upwelling 
beginning more than 1,000 km beneath Earth’s surface. 
The largest ocean bottom seismometer deployment of the 
past decade, the Plume-Lithosphere Undersea Mantle Ex-
periment (PLUME), demonstrated that upwelling beneath 
Hawaii begins in the lower mantle, refuting a hypothesis 
that all volcanic hotspots originate within the upper mantle. 
Combined with petrological studies and geodynamical mod-
eling, experiments like PLUME reveal the pattern of mantle 
convection beneath the plates. Paleomagnetic and age-dating 
studies using samples from the Louisville and Hawaiian 
seamount chains (obtained by scienti�c ocean drilling) have 

shown that mantle convection has caused the two hotspots 
to migrate independently.

Anomalous ridge features and hydrothermal activity 
reveal the �ow of �uids and magma through the ocean 
�oor.  Sea�oor mapping demonstrated the existence of hydro-
thermal activity and pyroclastic volcanic materials at super-
slow-spreading mid-ocean ridges, while other parts of these 
ridges appear to be completely lacking in volcanic activity 
(Figure 1-8). These observations challenge the existing plate 
tectonic paradigm and indicate that mantle melting is not 

BOX 1-2  
A Decade of Discovery of Marine Life

The Census of Marine Life (CoML) was 
a decade-long global effort dedicated to 
discovering new species and habitats in all 
marine realms. Harnessing the efforts of over 
2,700 scientists in more than 80 countries, 
over 500 expeditions were undertaken (http://
www.coml.org/about-census). Results of the 
CoML documented at least 1,200 new spe -
cies, potentially increasing to over 6,000 new 
species once all the data are fully analyzed. 
Not since the Challenger expeditions of the 
1870s was there such a comprehensive effort 
to discover marine life in the global ocean. 
The CoML employed modern sampling and 
genetic techniques to identify species from 
microbes to mammals and established base -
line information regarding the abundance, 
distribution, and diversity of marine life. One 
legacy of the program is the Ocean Biogeo -
graphic Information System, an online reposi -
tory of georeferenced data that can be used 
to study how marine species distribution and 
abundance may be in�uenced by global cli -
mate change. The program was spearheaded 
by the Sloan Foundation, which provided the 
initial funding and helped to leverage a total 
of over $650 million for the program.
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FIGURE 1-7 Illustrative examples of �shing down the food web 
characterized by (a) sequential collapse followed by replacement 
mode and (b) sequential addition mode. Total yearly catch for each 
0.1 trophic-level increment is indicated by the color bar on the right 
(104 kg/year). The mean trophic level (white line) was created by 
using a locally weighted regression smoother. (a) The Scotian Shelf 
ecosystem exhibited a sharp decline in mean trophic level from 
1990 to 2001 owing to the collapse of the cod �shery followed by 
a decline in the herring �shery and then the growth of the northern 
prawn �shery. (b) The mean trophic level of the Patagonian Shelf 
declined from 1980 to 2001, during which time catches for upper-
trophic-level species (Argentinean hake) grew substantially while 
new �sheries for short�n squid developed. SOURCE: Essington 
et al., 2006.
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simply a function of spreading rate but rather has a complex, 
poorly understood relationship. Hydrothermal processes in 
the ridge system in�uence ocean chemistry, contribute to 
mineral deposits, and provide habitats that support novel 
biological communities. 

 Surprising slip behavior is observed in fault zones. 
In some subduction zones, slow magnitude 7 earthquakes 
regularly occur at depths just beyond the zone that produces 
great earthquakes. These events last approximately 2 weeks, 
rather than slipping in a few seconds like typical earthquakes, 
and may be involved in triggering the occasional shallower 
earthquakes. In the great T�Àhoku earthquake seaward of 
Japan in 2011, the huge tsunami was generated in part by 
as much as 50 m of slip on the fault at the trench axis in a 
portion of the subduction zone that was previously expected 
to slip gradually and quietly rather than suddenly. Using 
the Chikyu drillship, an Integrated Ocean Drilling Program 
expedition drilled into the toe of the T�Àhoku fault zone and 

demonstrated that the unusual amount of slip was facilitated 
by a thin, very weak layer of clay. Understanding the controls 
on the nature of the slip along subduction zones could lead to 
better earthquake and tsunami forecasting and reduce the lag 
between event detection and response to major earthquake 
events.

A widespread and diverse microbial biosphere has 
been encountered beneath the ocean �oor, and each new 
discovery produces new implications for global energy 
and carbon cycles. This subsea�oor biosphere derives en-
ergy, in part, from the weathering products of oceanic crust 
and the availability of oxidants through subsurface circula-
tion. The deep biosphere may represent a signi�cant fraction 
of the total living biosphere on Earth, but it remains the least 
explored. Research on the subsea�oor biosphere may have 
the potential for identifying new species, metabolic proper-
ties, and unique biochemical pathways that could be of value 
for biotechnology applications.

FIGURE 1-8 Bathymetry of the Gakkel Ridge overlaid with a range of lithologies recovered by dredge (basalt [red], peridotite [green], gabbro 
[orange], diabase [blue]). The western volcanic zone terminates at the eastern end of panel a. The sparsely magmatic zone continues to the 
eastern end of panel b. The eastern volcanic zone includes the eastern end of panel b as well as panels c and d. SOURCE: Michael et al., 2003.
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