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More than a few years ago, while juggling her young children and her 
career, Carole King sang, “my baby’s in one hand, I’ve a pen in the other.” 
Scientists who have been forced by the COVID-19 pandemic to abandon 
laboratories and classrooms to work and teach from home would surely 
nod in agreement, even if they might tweak the lyric to substitute a key-
board for a pen.

During the pandemic, Oceanography has largely been able to continue 
operations as usual. The magazine was decades ahead of its time in adopt-
ing concepts such as “home office” and “distributed workforce”—before 
those terms even existed—so unlike other enterprises, we didn’t need 
to adjust to working remotely. The commitment of June issue authors, 
reviewers, and guest editors, despite the great disruptions to their lives 
since March, has allowed us to continue publishing, although on a delayed 
schedule. Oceanography has compensated for the delay by putting all of 
the special issue articles on its website as early releases as they were com-
pleted rather than waiting for full publication of the special issue. This 
policy will continue indefinitely.

While the most visible short-term consequence for Oceanography has 
been publication delays for special issues that were already in the works, 
behind the scenes, the development of future special issues is at risk. 
In-person conferences, workshops, and meetings—the venues where 
special issues are often conceived and launched—are being canceled, 
postponed, or conducted virtually. As a result, over the next year or two 
at least, it is possible that we will publish fewer special issues based on 
specific scientific themes or programs, the foundation of the magazine. 
Shortened and/or delayed field seasons may also have an impact on the 
timing of some potential future special issues. The long-term impact for 
Oceanography of publishing fewer special issues is not yet clear.

The news isn’t all bad. There has been a healthy uptick in the number of 
unsolicited manuscripts submitted to our regular issue feature and com-
mentaries sections. Right now, we are particularly interested in sharing 
in Oceanography successful strategies for virtual classroom teaching and 
laboratory activities (in the broadest sense) and for conducting virtual 
workshops and meetings. Please consider submitting a short article to us 
(author guidelines at https://tos.org/oceanography/guidelines). 

I wish everyone good health in these challenging times.

	
El len S .  Kappel ,  Editor
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FROM THE PRESIDENT

Ocean Science During the Corona Virus Pandemic
CHALLENGES AND OPPORTUNITIES

At the beginning of 2020, the World Health Organization 
announced the outbreak of a new corona virus—SARS-Cov-2—
in China. At the time, public health experts issued warnings 
about the possibility of global pandemic and that the virus 
that caused the human disease COVID-19 can lead to serious 
health issues. It was not clear then if the virus outbreak could 
be contained and remain a regional challenge as similar virus 
outbreaks during the last decade have suggested. The oceano-
graphic community did not take much note or prepare itself. In 
late January, I attended the annual meeting of the Partnership 
for Observation of the Global Ocean (POGO) in Qingdao, 
China. Many of us left there worried about the local virus situ-
ation in China, but not really considering that we all would be 
in the middle of it six months later. In early February, the three 
societies that organize the Ocean Sciences Meeting decided to 
waive the registration fees for attendees from China because the 
SARS-Cov-2 outbreak was considered a hardship on the partic-
ipants. However, no measures were taken at the Ocean Sciences 
Meeting in San Diego to prevent the potential spreading of 
the virus. Today, we know that the virus was already spread-
ing throughout the US West Coast by then. No reports of virus 
spreading at the Ocean Sciences Meeting in San Diego reached 
the organizers. We might have just gotten lucky.

In March, the situation changed rapidly in the Western world. 
While Asian countries applied their lessons learned during pre-
vious virus outbreaks, Europe and North America seemed less 
concerned and not well prepared. By mid-March, drastic mea-
sures such as travel bans and social distancing were imple-
mented. Almost all ocean science was taken “online” and moved 
to “work from home” operations. Many oceanographic labora-
tories were closed to visitors, and only essential services were 
retained. Research vessels around the globe could not exchange 
crews in foreign ports, and most were called back to their home 
country base. Dramatic situations emerged, and personal hard-
ships for those at sea and in the field emerged. People spent pro-
longed times at sea, and return travel options remained uncer-
tain for those far away from home. 

With severe restrictions on international travel and stringent 
health safety measures implemented for seagoing operations, it 
seemed the tide had turned in favor of robotic systems explor-
ing the ocean. At the end of April, the Global Ocean Observing 
System (GOOS) community launched a survey on the impacts 
of the corona pandemic on the global ocean observing system 

(Heslop et al., 2020). It became clear that most of the robotic sys-
tems used in ocean science need human support from research 
vessels for deployment and/or servicing equipment. The GOOS 
survey revealed significant system shortfalls, and further impact 
is expected as the pandemic prevails. “Despite its significant 
impacts on the ocean observing system, the COVID-19 crisis 
can also be an opportunity for us to look at how to build greater 
resilience into the system,” argues Toste Tanhua from GEOMAR, 
Co-Chair of the Global Ocean Observing System. “The impacts 
of Covid-19 have brought to light the inter-reliance of systems 
and some clear weak points that we can now work on to increase 
system efficiency and robustness.”

More recently, epidemiologists and public health experts are 
suggesting that the corona virus pandemic will be around for 
quite some time and may only be curtailed by a successful vac-
cine not yet on the horizon. Thus, complex ocean field cam-
paigns have been delayed for at least one year because crew 
exchanges in foreign ports are essentially impossible. Moreover, 
health concerns on research vessels, especially from exchanging 
scientists, have resulted in scaled back operations. Germany, for 
example, called all its ocean-going research vessels back home 
in March, then almost immediately permitted operations with 
reduced science crews. Single cabin occupancy and quarantine 
and virus testing upfront are now their standard procedure. For 
the time being, all expeditions have to start and end in Germany. 
Similar arrangements are reported for some other countries, 
but many have canceled all large seagoing expeditions with an 
unknown restart date. Long-distance operations to the South 
Atlantic, Pacific, and Indian Oceans have been postponed, and 
the Antarctic field season has been canceled by most nations. 

 Despite many hardships and setbacks, there are some note-
worthy developments and opportunities. First, addressing the 
global corona virus pandemic requires global cooperation. The 
same is true for addressing the downturn of “ocean health” and 
dealing with climate change or the loss of species and biodiver-
sity. The need to work together is apparent and hopefully brings 
back more global sharing and collaboration. Second, by neces-
sity, we have to conduct most of our teaching virtually. In-person 
meetings and science conferences have been postponed or recon-
figured to online formats. In principle, these changes should spur 
more equitable and inclusive participation around the globe, 
reduce scientific travel, and lead to a reevaluation of the way in 
which we, as scientists, communicate, collaborate, and engage. 
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These challenging times provide a welcome opportunity for 
reflection. We are rapidly learning new formats to strengthen and 
even accelerate global engagement in ocean sciences. However, 
not all sectors of the ocean science community have the same 
level of access, abilities, choices, and resilience. Those with stable 
job situations can weather a pandemic more easily than those 
on short-term contracts. Those who live in parts of the world 
where the ability to cope with the pandemic is limited, there is 
no reliable Internet access, and resources are already scarce for 
conducting ocean science research are seeing their possibilities 
rapidly declining. A similar level of inequality is found within 
the research communities. Those who rely on field- or lab-based 
science are more affected by the pandemic than those who pri-
marily analyze existing data, do theoretical work, or use ocean 
model simulations. Recent publications show that the pandemic 
has disproportionately affected women and those from less-​
privileged situations (e.g., Myers et al., 2020). 

For The Oceanography Society, the pandemic has high-
lighted the need to reflect on our Society’s values. The cur-
rent, past, and future presidents recently reaffirmed the TOS 
values (https://tos.org/diversity) and committed to ensure that 
TOS increases its efforts to address issues such as toxic and 
non-supportive work climates, the lack of role models, a lack of 
a sense of belonging, and non-alignment of promotion and ten-
ure incentives with aspirations of women and underrepresented 
minorities in the ocean sciences around the world. We are 
about to launch a TOS Justice, Equity, Diversity, and Inclusion 
Committee to develop actions. At the same time, we are evaluat-
ing our Society’s financial resilience and exploring new ways to 
increase and diversify income streams. We welcome any sugges-
tions and opportunities you might want to bring to TOS. 

Finally, we are looking forward to the launch of the UN 
Decade of Ocean Science for Sustainable Development with its 
mission: “Transformative ocean science solutions for sustainable 
development, connecting people and our ocean.” The future of 
ocean sciences will be more collaborative, more international, 
more digital, and more inclusive as we build back from the set-
back of the pandemic to become more resilient and sustainable.

 

Martin Visbeck, TOS President
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STRATEGIES FOR RUNNING 
A SUCCESSFUL VIRTUAL CAREER PANEL 

By Janine Barr, Christine Bean, and Janice McDonnell

COMMENTARY

As part of an eight-week virtual Research 
Experiences for Undergraduates (REU) 
program, oceanographers and outreach 
specialists at Rutgers, the State University 
of New Jersey, conducted a Virtual Marine 
Science Career Panel (Ocean Data Labs, 
2020). Instead of canceling summer REU 
programs across the United States (NSF, 
2020b), the National Science Foundation 
(NSF) supported and encouraged aca-
demic leadership to develop virtual pro-
gramming in keeping with each institu-
tion’s organizational policies concerning 
the pandemic (NSF, 2020a). Here, we 
highlight facilitation strategies for run-
ning a successful virtual career panel as 
well as lessons learned that may serve as 
inspiration for others working to create 
similar virtual experiences in their own 
REU programs and beyond. 

FACILITATION STRATEGY: 
USING ONLINE TOOLS AND 
BUILDING MENTOR-MENTEE 
RELATIONSHIPS VIRTUALLY 
The Rutgers team invited six marine 
science professionals from around the 
United States to participate in the Virtual 
Marine Science Career Panel. They rep-
resented careers from the education and 
outreach, federal government, industry, 

nonprofit, research, and state govern-
ment sectors. To maximize the time stu-
dents had to interact with each panelist in 
the limited virtual environment, the one-
hour panel was structured differently 
than a traditional career panel where 
panelists summarize their work trajecto-
ries and then respond to questions. Here, 
the Rutgers team adopted a structure that 
matched small groups of students with 
panelists to help make the virtual envi-
ronment as conversational as possible and 
foster meaningful connections between 
students and panelists. This structure was 
implemented using the video breakout 
room feature in Zoom Meetings available 
through a paid Pro account.

To match students with panelists, the 
Rutgers team asked each panelist to com-
plete a questionnaire prior to the virtual 
event (see online supplemental materi-
als). The seven questions presented were 
geared toward understanding the pan-
elists’ career paths and how their back-
grounds in marine science brought them 
to their current positions. Students were 
provided the completed questionnaires a 
couple days in advance of the panel and 
were asked to provide feedback to the 
Rutgers team on their priorities regarding 
whom they wished to speak with in the 

small breakout sessions. Students submit-
ted their rankings through a short survey 
created for free using Google Forms. 

The panel itself began with the pan-
elists providing brief overviews of their 
career disciplines. The panelists were 
then placed in breakout rooms where 
they each interacted with three different 
groups of two to three students for peri-
ods of 13 minutes. With 15 participants, 
each student got to interact with three 
panelists (Figure 1). Once the three break-
out sessions had concluded, all the pan-
elists and students returned to the main 
Zoom room for concluding remarks. For 
additional details regarding the logistics 
of the panel, please contact the authors. 

KEY INGREDIENTS FOR THE 
VIRTUAL MARINE SCIENCE 
CAREER PANEL
The Rutgers team has identified three key 
ingredients that helped make this Virtual 
Marine Science Career Panel a success.
1.	 Recruiting panelists from a wide 

geographic range. An advantage of 
running a virtual career panel was that 
the Rutgers team was able to invite 
professionals who work in geograph-
ically distant locations (e.g., Houston, 
Texas, and Washington, DC) and 

ABOVE. Screenshots of students participating in the Rutgers virtual REU experience. 
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who represent a more diverse range 
of career paths and experiences than 
would be possible for a one-hour 
in-person panel. 

2.	Engaging panelists and students 
before the panel using a standard-
ized questionnaire. Instead of pre-
paring slides or formal introductory 
remarks, each panelist was asked to fill 
out a standardized questionnaire nine 
days prior to the panel (see online sup-
plementary materials). The question-
naires were shared with the students 
two days prior to the panel, allowing 
them to make informed choices about 
which panelist they wanted to speak 
with, and there was more time to engage 
with each panelist because introduc-
tory remarks were not extensive.

3.	Setting up smaller conversations 
using breakout rooms. Panelists and 
students provided positive feedback 
regarding the structure of the virtual 
career panel’s breakout rooms. Each 
13-minute breakout session yielded 
unique conversations focused on that 
smaller group of students’ interests. 
This structure also offered an oppor-
tunity for students to build their pro-

fessional networks. It provided each 
student with a personal connec-
tion to a panelist, helping the stu-
dent see that panelist’s career path as 
more attainable. 

LESSONS LEARNED
While the Virtual Marine Science Career 
Panel was largely a success at Rutgers, we 
offer several additional considerations 
that would improve similar career panels 
conducted at other institutions. 

If the virtual career panel is one com-
ponent of a longer online program, insti-
tutions may benefit from creating a list of 
“norms” with their students to help them 
feel more comfortable in a new virtual 
space and to provide a sense of commu-
nity (KONU, 2020). Norms here refer to 
online etiquette that students and their 
instructors can brainstorm and agree to 
follow together (e.g., deciding if every-
one should always have their video on, 
or if calling in is okay, and committing to 
ending each session on time). It may be 
helpful to designate funds for purchasing 
Wi-Fi hotspots to distribute to students 
who do not have access to high-speed 
Internet. The availability of hotspots 

facilitates the students’ use of video con-
ferencing and helps them fully partic-
ipate in the virtual experience. Finally, 
consider holding a virtual career panel 
for at least one hour and 15 minutes 
when following the structure discussed 
above. A slightly longer time devoted to 
a career panel would ensure sufficient 
time to move students between breakout 
rooms without compromising their time 
with each panelist. 

Although it was only a small part of the 
eight-week summer REU program at 
Rutgers, the successful implementation 
of our virtual career panel can be used 
as a template for other career panels in 
the ocean sciences, whether associated 
with REUs, large conferences, university 
alumni programs, or scientific societies.  

ONLINE SUPPLEMENTARY MATERIALS
The supplementary materials are available online at 
https://doi.org/10.5670/oceanog.2020.220.
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Good News Fish Story By Cheryl Lyn Dybas

RIPPLE MARKS: THE STORY BEHIND THE STORY

Lone Dungeness crab on an Oregon beach 
at low tide. Dungeness crabs usually travel 
less than 16 km. Larvae can be transported 
up to 6 km offshore before returning to near-
shore waters or estuaries as juveniles. Credit: 
iStock.com/Claudia_Kuenkel

It’s a fish story with a happy ending. At 
least for now.

On the US West Coast, the Dungeness 
crab (Cancer magister) fishery supports a 
valuable annual harvest of seafood. And, 
year after year, it’s a fishery that keeps 
on giving.

In the last few decades, fishers from 
California to Washington have caught 
almost all available legal-size male Dunge-
ness crabs each season. Yet, the crab pop-
ulation has remained stable or increased, 
according to a new population estimate of 
US West Coast Dungeness stocks. 

“Catches and abundance, in central 
California especially, are increasing,” said 
Kate Richerson, a researcher at NOAA’s 
Northwest Fisheries Science Center in 
Seattle. “There’s reason to be optimis-
tic that this fishery will continue to be 
one of the most productive on the West 
Coast.” Richerson is the lead author of a 
paper published in February in the journal 
Fisheries Research.

Other studies have suggested that, in 
the future, ocean acidification and cli-
mate change could impact the West 
Coast’s signature shellfish. That’s a con-
cern, Richerson said, but the group’s work 
didn’t detect obvious signs of population-​
level impacts—yet.

FROM EELGRASS BED TO MARKET
Dungeness crabs live in eelgrass beds 
and other benthic habitats along the 
west coast of North America. They range 
from Unalaska, Alaska, to Santa Barbara 
County, California. Scientists think that 
all Dungeness crabs on the contigu-
ous US West Coast are one evolution-
ary population. 

The crabs play an important role in the 
California Current ecosystem as preda-
tors of bivalves and other benthic species, 
and as prey, with megalopae (the last lar-
val stage) important in the diets of rock-
fish, salmon, and other fish, write Gilbert 
Pauley et al. in Species profiles: Life his-
tories and environmental requirements of 
coastal fishes and invertebrates (Pacific 
Northwest): Dungeness crab. According 
to Pauley, eight coho salmon feasted on 
a combined 1,061 megalopae. A single fish 
consumed another 1,500 megalopae.

In Washington State waters, megalopae 
are most abundant in May and June. In 
Oregon, they peak in April and May. Larval 
development begins later moving north. 

After molting into juveniles, the tiny 
crabs hitch rides on ocean bottom cur-
rents into estuaries, where they remain for 
11 to 15 months. Dungeness crab growth 
proceeds in steps through a series of 
molts. At about four years old, most adult 
Dungeness males are market size.

A PRIZED FISHERY
Dungeness crabs have been commer-
cially harvested since the mid-1800s and 
today are one of the most profitable fish-
eries on the West Coast. They are caught 
in circular steel traps called pots that are 
baited with squid or razor clams. The aver-
age crab boat fishes 300 to 500 pots set 
in depths up to 180 m. After the pots are 
retrieved, crabs are kept alive in circulated 
seawater until they are delivered to shore-
based processing plants.

In recent years, total West Coast 
Dungeness crab revenues have exceeded 
200 million USD. “While C. magister land-
ings have generally been trending upward 
since the 1980s,” Richerson et  al. report, 
“it is unknown whether this is due to 
increased [fishing] effort, changes in abun-
dance, or both.”

The researchers estimated pre-season 
abundance of the coastal population of 
legal-size male Dungeness crabs from 
1970 to 2016 in California, and from 1982 
through 2016 in Washington and Oregon. 
They found that the fishery takes 9% to 
98% of the legal-size male population 
each year, averaging 66%.

Despite that high rate of exploitation, 
pre-season abundance appears to be sta-
ble or increasing in all areas, the biologists 
say. In central California, abundance rap-
idly increased over the past decade after 
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a long period of low numbers. From 1950 
to 1980, catches in northern California, 
Oregon, and Washington followed decadal 
cycles. Catches in central California also 
fluctuated. Since 1980, central California 
“landings don’t appear to have a strong 
periodicity,” the researchers found.

Some scientists believe the change 
could be linked with an increase in the 
crab fishing fleet’s capacity. But Richerson 
and colleagues say that “environmental 
and biological factors, rather than harvest, 
are the most likely drivers.”

Those drivers include the El Niño-
Southern Oscillation, the Pacific Decadal 
Oscillation, and the timing of the spring 
transition. The spring transition, an annual 
shift of coastal winds and currents, is 
linked to the number of megalopae return-
ing to the shallows to settle after their 
pelagic stage. That translates to commer-
cial catch numbers four years later.

TICKET TO FISH
Richeron’s main data source in Washington 
and Oregon was “fish tickets,” or landing 
receipts, from the Pacific States Marine 
Fisheries Commission’s PacFin database. 
In California, fish tickets were obtained 
from the California Department of Fish 
and Wildlife. 

Fish tickets note the date, port, spe-
cies, gear, and weight of catch landed 
by a commercial vessel. In California and 
Washington, a description of the catch 
area is included. In Oregon, only the state 
where the catch was made is recorded. 
“Fish tickets cover virtually all commercial 
landings and thus can be considered an 

unbiased measure of total catch,” write 
the scientists.

They also used information from log-
books kept by crab fishers in Oregon and 
Washington. The logbooks contain infor-
mation on the number of pots, depth, esti-
mated catch weight or numbers, and other 
variables. In Oregon, logbooks cover 
78% to 96% of the total weight landed; in 
Washington, logbooks include almost all 
landings, excluding tribal landings.

SECRET TO A SUCCESSFUL FISHERY
The success of the Dungeness crab fish-
ery may lie in fishing regulations that pro-
tect the crabs’ reproductive potential. Male 
Dungeness crabs mature and begin repro-
ducing one to two years before they can 
be caught. Female Dungeness crabs can 
store sperm for more than a year, allowing 
them to reproduce even in the absence 
of numerous males. Fishers must return 
females to the water, further protecting the 
reproductive capacity of the population.

West Coast states manage the fishery 
under a “3S” system: size, sex, and season. 
Only males with carapace widths greater 
than 159 mm may be harvested. In central 
California, the fishery for Dungeness crab 
usually opens in November; in northern 
California, Oregon, and Washington, in 
December. At the start of the season, fish-
ing is intense, with the majority of the total 
catch often landed in the first six weeks. In 
summer or early fall, the fishery closes to 
protect the males during their molt.

“The management system for Dunge-
ness crabs seems to be a perfect fit for 
their life history because it allows the pop-

ulation to reproduce and grow even with 
an intensive harvest,” says Richerson.

Crab numbers and reproduction rates 
vary from year to year, according to 
Richerson, mostly because of ocean con-
ditions. In central California, numbers have 
risen over the last two decades, perhaps 
related to trends in the spring transition, 
and now average nearly five times the 
abundance estimates from 1970 to 2000.

Central California crab numbers have 
increased enough that they are closer to 
those of Dungeness populations in north-
ern California, Oregon, and Washington, 
the researchers say. The latter populations 
don’t show the same growth trends as in 
central California, but are stable overall.

A previous increase in central California 
landings from the 1930s to the late 1950s 
was followed by a dramatic crash about 
1960. Catches remained low until the 
1980s, then rebounded. Biologists believe 
the jump reflected changing ocean 
conditions—​and could happen again. The 
recent increase in central California crab 
abundance may be reversed when the 
system again shifts to a period of later 
spring transitions, scientists say.

The central California population is at the 
southern end of the C. magister range, so 
changes in ocean ecosystems may have a 
large impact on the return of larvae, “espe-
cially in years when a later spring transition 
leads to more northward transport of meg-
alopae,” state Richerson et al. 

Increasing water temperatures in the 
region may affect larval recruitment suc-
cess by disrupting the timing of reproduc-
tion, according to the Dungeness Crab 

(above) A beached by-the-wind sailor (Velella velella). Velella may help 
ferry Dungeness crab megalopae (the last larval stage) from place to 
place and offer protection from predation. Credit: Evan Baldonado/ 
AquariumKids.com (right) Live Dungeness crabs for sale at a Seattle 
market. Credit: iStock.com/Maxvis

http://AquariumKids.com
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Enhanced Status Report of the California 
Department of Fish and Wildlife, published 
in November 2019. “Adults may move to 
deeper waters, causing females to extrude 
eggs earlier in the year. That may shift lar-
vae outside the critical upwelling period 
that drives their nearshore transport.”

Scientists are modeling future sea sur-
face temperature scenarios expected by 
2080 and comparing them to historical 
Dungeness crab landings and ocean con-
ditions in the California Current (lagged 
three to five years to represent larval 
recruitment). Results indicate detrimental 
impacts to the future fishery from ocean 
warming, with the most significant changes 
occurring with decreasing latitude. 

Dungeness crabs, like other cold water 
species, may contract their southern geo-
graphic range. In the long term, the central 
California fishery may have reduced pro-
duction, according to the status report.

CANARY IN THE 
CALIFORNIA CURRENT
Future changes in the California Current 
ecosystem may alter the Dungeness 
crab population and “the effectiveness of 
the current management regime,” states 
Richerson. Harmful algal blooms, espe-
cially of the diatom Pseudonitzschia, 
which produces toxic domoic acid, have 
affected the fishery. The blooms are linked 
with warming ocean waters. 

The opening of the commercial Dunge-
ness fishery was delayed during the 2015–
2016, 2016–2017, and 2018–2019 fishing 
seasons to mitigate human health risks 
as a result of high domoic acid concentra-
tions from harmful algal blooms. A federal 
disaster was declared for the 2015–2016 

season due to a four-month delay in the 
fishery opening, resulting in a shortened 
fishing season and lost revenue.

Beyond harmful algal blooms, human 
influences are likely to increase hypoxia 
and ocean acidification in the California 
Current System, “which may impact the 
growth, survival, distribution, and/or popu-
lation size of C. magister,” Richerson et al. 
write. “Increased frequency of these 
events and other threats to the fishery 
have the potential to greatly impact fish-
ers and fishing communities.”

Hypoxic zones in shallow, nearshore 
environments will likely increase with rises 
in ocean temperature. Large-scale hypoxia 
developed during the summers of 2006 
and 2007, with scores of Dungeness crabs 
washing ashore along the Oregon coast. 
Benthic-dwelling nearshore organisms like 
Dungeness crabs are especially suscep-
tible to hypoxia. If the zone of depleted 
oxygen develops quickly or is large, crabs 
may not be able to escape in time.

WHALES VS. CRAB FISHERS?
The Dungeness crab fishery faces another 
challenge: whale entanglements in fishing 
gear. The issue resulted in an early clo-
sure of the California fishery in 2019.

Since 2014, whale entanglements 
have sharply increased along the US 
West Coast, especially “entanglements 
between humpback whales and commer-
cial Dungeness crab gear,” report Kaitlin 
Lebon and Ryan Kelly of the University 
of Washington in a 2019 paper in Global 
Ecology and Conservation.

“Whales may come into contact with 
fishing gear because of unfamiliarity with 
it, difficulties detecting certain shapes or 

materials in the water column, or because 
their health or oceanographic conditions 
inhibit their sensory abilities,” Lebon and 
Kelly state.

Entanglement is an all-too-common 
event for many whale populations. Some 
72% of North Atlantic right whales on the 
US East Coast have scars from entangle-
ments. Even populations in remote Arctic 
waters show impacts, with 10% of bow-
head whales taken by subsistence har-
vesters having rope scars from pot or trap 
fishing gear.

Lebon and Kelly compared alternative 
ways of reducing entanglements and 
found “a small number of high-ranking 
policy options.” Among them: Galvanic 
Timed Releases (GTRs), devices that keep 
lines submerged until crab pots are ready 
to be picked up. GTRs minimize the time 
crab pot lines are in the water. 

Fixed-gear fisheries in Australia and 
New Zealand use GTRs. GTRs are inex-
pensive, Lebon and Kelly found, and help 
keep vertical float lines out of the water 
column until fishers can retrieve their pots. 
Anchoring float lines near crab pots elimi-
nates the possibility of whales encounter-
ing the lines. 

GTRs, the researchers say, are one 
more way to help this fish story keep its 
happy ending. 
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Whales are often ill-equipped to avoid obstacles such as Dungeness crab fishing gear, and so get tangled up in crab pot lines. Credit: iStock.com/Larry Crain
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INTRODUCTION TO THE SPECIAL ISSUE

By Amelia Shevenell, Peggy Delaney, Katrin Meissner, 

Laurie Menviel, and Alan C. Mix

This special issue of Oceanography on 
“Paleoceanography—Lessons for a 
Changing World” celebrates the field of 
paleoceanography and paleoclimatology 
at a time when future climate changes 
are projected to be larger than within the 
range of instrumental variation detected 
to date. The Intergovernmental Panel 
on Climate Change (IPCC) Assessment 
Report 6 (AR6), due for release in 2022, 
is integrating paleoceanography and 
paleoclimatology studies across all of its 
chapters, rather than featuring them in 
one chapter, in order to integrate what 
we know about the past and what we 
need to know about processes that will 
impact our future. The research high-
lighted in this special issue provides evi-
dence of past large-scale climate changes 
preserved in marine and terrestrial sedi-
ment archives and documents associated 
impacts on carbon and nutrient cycles. 
Studying the impacts of such past cli-
mate variability at geologic timescales 
helps us to better understand how pro-
jected future increases in air and ocean 
temperatures will affect the Earth sys-
tem, including ocean circulation, sea 
level, marine ecosystem health, and the 
occurrence and intensity of flooding and 
droughts, storms, and wildfires. 

Much of what we know about the 
response of the Earth system during 
warm climate intervals comes from 
studying ice cores and the chemistry 
and assemblages of phytoplankton and 
zooplankton preserved in marine sedi-
ments. From these records, we are learn-
ing that the long-term sensitivity of the 
global climate system to greenhouse forc-
ing (known as Earth system sensitivity) 

is substantially greater than the short-
term sensitivity (Charney sensitivity). A 
combination of these processes on dif-
ferent timescales is now being included 
in Earth system models. Although the 
exact mechanisms involved in this 
higher sensitivity remain poorly con-
strained, they likely include the slow- 
responding components of the Earth 
system, such as the ocean and the cryo-
sphere—​topics highlighted in this spe-
cial issue of Oceanography. These slower 
processes don’t occur in isolation, how-
ever, and may influence the way shorter- 
term climate changes operate.

Every three years, the paleoceano-
graphic community gathers to highlight 
research advances that reflect the current 
status of the field and to take a forward 
look at research opportunities (Box 1). 
Many of the papers and sidebars in this 
special issue are written by speakers and 
presenters at the Thirteenth Interna-
tional Conference on Paleoceanography 
(ICP13), held in Sydney, Australia, in 
September 2019. The meeting focused 
on several broad topics that served to 
organize the special issue, including: 
(1)  tool development, (2)  geobiology, 
(3)  carbon-climate feedbacks, (4)  ocean 
circulation and climate system dynam-
ics, and (5)  ice-ocean interactions. The 
papers presented here highlight major 
advances and document unresolved con-
troversies within the paleoceanographic 
discipline. They also identify opportuni-
ties for new research paths and collabo-
rations and point out important insights 
gained from studies of past climate that 
can inform studies of future climate. 

Paleoceanography
LESSONS FOR A CHANGING WORLD

ICP1 
1983, Zürich, Switzerland

ICP2 
1986, Woods Hole, USA

ICP3 
1989, Cambridge, UK

ICP4 
1992, Kiel, Germany

ICP5 
1995, Halifax, Canada

ICP6 
1998, Lisbon, Portugal

ICP7 
2001, Sapporo, Japan

ICP8 
2004, Biarritz, France

ICP9 
2007, Shanghai, China

ICP10 
2010, La Jolla, USA

ICP11 
2013, Sitges, Spain

ICP12 
2016, Utrecht, The Netherlands

ICP13 
2019, Sydney, Australia

ICP14 
2022, Bergen, Norway (pending)

BOX 1. History of the 
International Conference on 

Paleoceanography (ICP) 
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Proxy Development, New Models, 
and Statistical Tools 
Paleoceanography has made steady prog-
ress since the middle of the twentieth cen-
tury, developing new tools that include the 
calibration and application of new proxies 
(Crumpton-Banks and Rae, McCave) 
and emerging statistical evaluation and 
chronologic modeling approaches (Mix). 
Each new tool expands our ability to 
interpret paleoenvironmental informa-
tion and quantify uncertainties in avail-
able archives and model experiments. Of 
particular interest to the IPCC assessment 
is the potential for paleo-model simula-
tions and sensitivity tests to constrain the 
long-term sensitivity of climate change 
and to illuminate the roles of ocean, cryo-
sphere, and carbon-cycle feedbacks in 
past large-scale climate changes and those 
projected for the future. It is important to 
leverage more complete process informa-
tion from paleo data that may have some 
gaps in space or time. 

Geobiology—New Frontiers 
in Paleoceanography Linking 
Paleoclimatic Changes with 
Biology and Evolution 
Geobiology describes the interaction 
between the physical Earth and the bio-
sphere. By combining information about 
the past development of more than one 
species, geobiology offers opportuni-
ties to explore the dynamics of biological 
communities and its relation to climate 
change. Papers in this special issue address 
the evolution of marine biological com-
munities and their environments based 
on many types of biological proxy records 
that range from standard paleoecologi-
cal methods to new proxy developments 
(Yasuhara et al., Fietz, Armbrecht, Lam, 
Leventer). This topic is of special interest 
to policymakers as they consider the likely 
ecosystem impacts of large-scale climate 
change that will inescapably modify the 
distribution and diversity of life on Earth 
and bring together new and unprece-
dented associations of species at the same 
time that the results of human activities 
impose a global mass extinction event. 

Carbon-Climate Feedbacks 
Across Timescales 
Earth’s climate history is characterized 
by long-term gradual changes inter-
rupted by more abrupt transitions, 
referred to as tipping points. The poten-
tial for crossing practically irreversible 
thresholds is difficult to address beyond 
the hypothetical absent historical exam-
ples of such events. Here, paleo records 
provide essential insights into extreme 
changes that have occurred in Earth’s 
history. Abrupt climate changes were, in 
some cases, accompanied by significant 
variations in atmospheric pCO2 related 
to carbon cycle perturbations. However, 
in spite of dramatic progress in some 
areas, the mechanistic links and feed-
backs between climate and reorganiza-
tions of the carbon cycle remain elusive. 
The special issue highlights contributions 
that improve understanding of carbon- 
climate feedbacks across all timescales 
(Matsumoto et  al., Crumpton-Banks 
and Rae). Understanding the natural 
variations of the carbon cycle is an essen-
tial part of projecting long-term future 
changes, changes which may be initiated 
by anthropogenic emissions but which 
may also trigger natural feedback mech-
anisms that will either exacerbate or mit-
igate change (Miller et al.). 

Ocean Circulation and 
Climate System Dynamics 
Climate variability is largely governed 
by ocean dynamics over a wide range 
of spatial and temporal scales. In par-
ticular, ocean circulation plays a central 
role in climate dynamics through air-
sea interactions, global transport of heat 
and salt in ocean currents, and storage of 
heat and carbon in the subsurface ocean. 
Reconstructing the ocean’s past is criti-
cal for understanding the dynamics of the 
climate system as a whole. Contributions 
to this special issue synthesize knowl-
edge about changes in ocean circulation 
and its links with climate system dynam-
ics. They encompass observational, theo-
retical, and modeling studies of ocean cir-
culation in the past, present, and future, 

with a particular focus on: (1) paleocean-
ographic reconstructions on various 
timescales derived from marine paleo-​
proxies (Tachikawa et  al., McCave), 
(2)  key processes that could force or 
generate changes in ocean circulation, 
(3) the impact of changes in oceanic cir-
culation on climate system dynamics 
(e.g., El Niño-​Southern Oscillation, mon-
soons; Dixit), and (4)  development and 
application of numerical models to sim-
ulate changes in ocean circulation and 
its impact on climatic changes (Felis, 
Ford and Chalk). The paleo record 
illustrates how variability, in particular 
extreme events, may dominate impacts 
on regional and global systems.

Ice-Ocean Interactions: 
Drivers and Impacts 
Sea level rise is perhaps one of the most 
alarming repercussions of present-day 
climate change, one that we are begin-
ning to experience in coastal commu-
nities, where the majority of the human 
population lives. Now that it has started, 
sea level rise may become unstoppable 
for centuries or millennia. The early 
stages of sea level rise we are currently 
experiencing relate mostly to thermal 
expansion of seawater associated with 
warming and changes in net ocean heat 
content, as well as regional differences 
in sea level changes due to dynamic cir-
culation effects. These phenomena are 
superimposed on slower effects such as 
glacial isostatic rebound, both as resid-
uals from the end of the last ice age and 
as new impacts related to ongoing loss 
of ice. Due to thermal expansion and ice 
melting, current sea level rise is acceler-
ating. It is therefore imperative that we 
gain a more thorough understanding of 
the dynamics of changes in global ocean 
heat content and the responses of con-
tinental ice sheets, including the com-
plex interactions between buttressing ice 
shelves, ocean circulation, and warm-
ing ocean waters in polar regions. It is 
particularly important to determine the 
rates of change in these systems, which 
will increase our confidence in future sea 
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level and climate projections and better 
inform policy decisions. The responses 
we make as human societies to environ-
mental changes, for example, whether we 
strive to protect coastal cities from sea 
level rise or begin the process of moving 
some of our activities out of harm’s way, 
depend on detailed process-level under-
standing of the rates and magnitudes of 
changes. Moreover, the slow changes to 
the sizes and geographic distributions 
of continental ice sheets determine an 
important feedback in the radiative bal-
ance of climate. This topic is a focal point 
for studies of ice sheet variability, ice-
ocean interactions, crustal deformation, 
and ice sheet impacts on climate, from 
radiative feedbacks to changes in ocean 
and atmospheric circulation, marine pro-
ductivity, and the carbon cycle. Articles 
included in this special issue highlight 
contributions from both reconstruction 
and modeling studies to shed light on 
the role of ice sheets in climate sensitivity 
and ice-ocean interactions from regional 
to global scales, on rates of change, and 
on potential long-term irreversibility of 
sea level rise originating from ice loss 
(Miller et  al., Gasson and Keisling, 
Neff, Leventer). 

Finally, this issue also includes a book 
review of A Memory of Ice: The Antarctic 
Voyage of the Glomar Challenger by 
Elizabeth Truswell. Webb and Barrett 
describe how the book interleaves diary- 
based personal recollections of scientific 
ocean drilling from five decades ago, the 
significant events in polar exploration 
and science of the preceding two centu-
ries, and the significant south polar Earth 
science achievements that have occurred 
since 1973. Some of us have been in the 
field all of those nearly five decades, and 
it is easy to forget that our early work 
in such a quickly changing field on a 
fast-changing planet is rapidly becoming 
instructive history. 

We hope this special issue of Ocean-
ography provides a useful “touchstone” 
of interest to research paleoceanogra-
phers, to students who may build the 

future of paleoceanography and paleo-
climatology, and to the broader commu-
nity of scientists and policymakers who 
can witness the progress made as the field 
of paleoceanography and paleoclima-
tology has advanced. These state-of-the-
art contributions also provide a signpost 
toward future research directions and 
highlight the value of paleoceanography 
in illuminating key processes that must 
be understood by humanity in order to 
coexist with a world that is changing, 
both naturally and due to the impact 
of human activities. 
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INTRODUCTION
Ever since the voyage of HMS Beagle 
(1831–1836), ocean expeditions have pro-
vided novel insights into geological and 
biological processes. The HMS Challenger 
expedition (1872–1876) was one of the 
first to systematically collect numer-
ous marine sediment and organis-
mal samples from around the world 
(Figure 1), setting the scene for contem-
porary oceanography, paleoceanography, 
and marine biology (Macdougall, 2019). 
The Swedish Albatross expedition (1947–
1948) expanded on Challenger insights by 
extracting the first deep-ocean sediment 
cores, which encompassed hundreds 
of thousands of years of sedimentation 
and facilitated pioneering paleoceano-
graphic and micropaleontological stud-
ies (Arrhenius, 1952; Emiliani, 1955; 
Parker, 1958; Olausson, 1965; Benson and 
Sylvester-Bradley, 1971; Benson, 1972; 
Berger, 2011). Sediment cores are vertical 
columns of sediment recovered by tech-
niques designed to penetrate the seafloor 
(Figure 1). The Albatross expedition made 
use of a prototype piston core designed by 
Kullenberg that was capable of recovering 

>10 m of sediment (Revelle, 1987). 
Since the Albatross expedition, numer-

ous seafloor sediment samples have been 
collected from coring expeditions and 
accumulated at oceanographic institu-
tions (Berger, 2011). These collections 
have facilitated global-scale analyses of 
past climate change, such as reconstruc-
tion of global ocean conditions during 
the last ice age by the CLIMAP proj-
ect (Climate: Long range Investigation, 
Mapping, and Prediction; CLIMAP 
Project Members, 1976, 1984). The same 
material also made it possible to inves-
tigate species and community dynam-
ics across temporal scales. For instance, 
Ruddiman (1969), a geologist, used 
planktonic foraminiferal records in sur-
face sediments from the North Atlantic 
to reveal large-scale spatial patterns in 
present-​day species, a pioneering con-
tribution to the field now known as 
macroecology (Brown and Maurer, 1989; 
Brown, 1995; Yasuhara et  al., 2017b). 
Ruddiman’s analysis of planktonic fora-
miniferal diversity was feasible because 
many paleoclimatic reconstructions, 
such as CLIMAP, use the present-day 

distribution and relative abundance 
of microfossil species as environmen-
tal proxies (Box 1). As a result, CLIMAP 
and related efforts (e.g., the mid-Pliocene 
PRISM project or Pliocene Research, 
Interpretation and Synoptic Mapping) 
have built comprehensive, global data 
sets of microfossil community censuses 
for several time periods in Earth his-
tory, including the present day, the Last 
Glacial Maximum, and the Pliocene 
(CLIMAP Project Members, 1976, 1984; 
Dowsett et  al., 1994, 2013). These data 
were seldom studied from a biologi-
cal perspective initially but later proved 
critical for gaining insight into present 
(Rutherford et  al., 1999; Fenton et  al., 
2016; Tittensor et  al., 2010) and past 
(Yasuhara et al., 2012c, 2020) biodiversity 
patterns on global and regional scales.

Scientific ocean drilling began with 
the launch of the international Deep Sea 
Drilling Project (DSDP) in 1968, fol-
lowed by the Ocean Drilling Program 
(ODP) in 1983, the Integrated Ocean 
Drilling Program (IODP) in 2003, and 
the International Ocean Discovery 
Program (IODP) in 2013 (Becker et  al., 
2019). These projects allowed scien-
tists to recover sediment sequences up 
to several kilometers in length, span-
ning ~170 million years (Figure 1; Becker 
et al., 2019; Clement and Malone, 2019). 
Scientific ocean drilling has been deemed 
one of the most successful international 
scientific collaborations ever undertaken 
(Berger, 2011) and has provided unpar-
alleled marine data on a global scale that 
has resulted in numerous publications 
(>11,000 peer-reviewed papers; Clement 
and Malone, 2019; Koppers et al., 2019). 

Integration of paleoceanographic and 
paleobiological data from deep-sea sed-
iments has provided improved under-

ABSTRACT. Direct observations of marine ecosystems are inherently limited in their 
temporal scope. Yet, ongoing global anthropogenic change urgently requires improved 
understanding of long-term baselines, greater insight into the relationship between cli-
mate and biodiversity, and knowledge of the evolutionary consequences of our actions. 
Sediment cores can provide this understanding by linking data on the responses of 
marine biota to reconstructions of past environmental and climatic change. Given 
continuous sedimentation and robust age control, studies of sediment cores have the 
potential to constrain the state and dynamics of past climates and ecosystems on time
scales of centuries to millions of years. Here, we review the development and recent 
advances in “ocean drilling paleobiology”—a synthetic science with potential to illumi-
nate the interplay and relative importance of ecological and evolutionary factors during 
times of global change. Climate, specifically temperature, appears to control Cenozoic 
marine ecosystems on million-year, millennial, centennial, and anthropogenic time
scales. Although certainly not the only factor controlling biodiversity dynamics, the 
effect size of temperature is large for both pelagic and deep-sea ecosystems.

Marine geology and marine biology have common origins. 
The iconic founding hero of this connection was Charles Darwin. 

– Berger, 2011
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FIGURE 1. (a) An overview of sediment core collection and processing for micropaleontological research. Illustrations by Simon J. 
Crowhurst and the Godwin Laboratory. (b) Ocean-floor sediment samples collected with a dredge during the HMS Challenger expe-
dition on March 21, 1876, in the South Atlantic. Sample number M.408 from the Ocean-Bottom Deposit (OBD) Collection held by the 
Natural History Museum in London (for more information, see Rillo et al., 2019). (c) Sand-sized residue of a Pleistocene deep-sea sed-
iment from ODP Site 925 in the equatorial Atlantic Ocean consisting of numerous microfossil shells. Scale bar: 1 mm.
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standing of the co-evolution of marine 
systems and their biota over the last 
~10  years. Here, we review these efforts 
to understand the interaction between 
climate change and the marine biosphere 
on both long and short timescales. Our 
review is time structured and focuses on 
the influence of climate on biodiversity 
on million-year, millennial, centennial, 
and more recent timescales. We end with 
a discussion of how deep-sea biodiversity 
dynamics on the most recent timescales 
can inform our understanding of the 
changes expected in the Anthropocene. 

BIOTIC DYNAMICS OVER 
MILLIONS OF YEARS
Quantifying how and why biodiver-
sity levels have changed over Earth his-
tory is fundamental to macroecology and 
macroevolution. Scientific ocean drill-
ing samples have allowed for unprece-
dented insight into these dynamics on 
million-year timescales, particularly in 
response to large-scale global climate 
and tectonic changes (Figure 2; Kucera 
and Schönfeld, 2007; Norris, 2000; Fraass 
et al., 2015; Lowery et al., 2020). The gen-
eral correspondence between Cenozoic 

climate change and biodiversity levels 
across multiple marine clades suggests 
that climate, particularly temperature, 
controls diversification dynamics on 
long timescales (Box 2 and Figure 3). 
Higher temperatures generally corre-
spond with higher levels of biodiversity 
(Box 2). However, the precise mecha-
nisms responsible for this coupling are 
debated. One potential explanation is that 
higher temperatures can enhance meta-
bolic efficiency and resulting reproduc-
tion, with such enhancements potentially 
resulting in increased speciation and 

Pres ent

Pas t

a

b c



Oceanography  |  June 2020 19Oceanography  |  June 2020 19

therefore species richness (Allen et  al., 
2002; Yasuhara and Danovaro, 2016).

In addition to regulating temporal pat-
terns of biodiversity, climate change over 
the Cenozoic has affected spatial pat-
terns of marine biodiversity. For example, 
large-scale climatic shifts have modified 
one of the foremost patterns in ecol-
ogy, the latitudinal biodiversity gradient 
(LBG), in which the number of species 
decreases from the equator to the poles 
(Hillebrand, 2004a,b; Saupe et al., 2019). 
In the ocean, LBGs are often character-
ized by an equatorial dip, resulting in a 
bimodal biodiversity pattern (Rutherford 
et al., 1999; Worm et al., 2005; Chaudhary 
et  al., 2016, 2017; Worm and Tittensor, 
2018; Rogers et al., 2020; Yasuhara et al., 
2020). Growing evidence suggests the 
LBG was flatter during warm periods 
(e.g.,  Eocene, Pliocene) and steeper 
during cold periods (e.g.,  Last Glacial 
Maximum of 20,000 years ago; Yasuhara 

et al., 2012c; Fenton et al., 2016; Lam and 
Leckie, 2020; Meseguer and Condamine, 
2020), potentially reflecting degree of 
climatic heterogeneity (Saupe et  al., 
2019). The standard tropical-​high and 
extratropical-​low LBG can be traced back 
at least to the Eocene for both deep-sea 
benthos (~37 million years ago [Ma]; 
Thomas and Gooday, 1996; Figure 3) and 
pelagic plankton (~48–34 Ma; Fenton 
et  al., 2016). Notably, initiation of the 
LBG observed today in the deep sea 
predates the Eocene-Oligocene transi-
tion (Thomas and Gooday, 1996), sug-
gesting that it began with the opening 
of the Drake Passage (Scher and Martin, 
2006; Figure 2) rather than with climatic 
changes at the Eocene-Oligocene tran-
sition (Figure 3). Indeed, the opening 
and closing of major seaways (Figure 2) 
has been shown to alter the distribution 
of both shallow-​marine and deep-sea 
organisms throughout the Cenozoic, 

both longitudinally (e.g.,  Tethyan and 
Central American Seaways) and latitu-
dinally (e.g.,  Arctic gateways) (O’Dea 
et  al., 2007; Renema et  al., 2008; 
Yasuhara et al., 2019b). 

Although evidence supports climate 
as a primary control on Cenozoic bio-
diversity change, it is certainly not the 
only driver of biodiversity dynamics 
(e.g., Ezard et al., 2011; Condamine et al., 
2019; Lam and Leckie, 2020). Ecological 
interactions in addition to climate, for 
example, have been found to influence the 
macroevolution of planktonic foramin-
ifera (Ezard et al., 2011). Continued study 
of biotic traits will allow for examination 
of the relative roles of abiotic (e.g.,  cli-
mate) versus biotic factors in shaping 
ecosystems and their changes through 
time (Schmidt et al., 2004), as well as of 
the relationship between biodiversity and 
ecosystem function (Henehan et al., 2016; 
Yasuhara et al., 2016; Alvarez et al., 2019). 

Microfossils are microscopic remains of organisms or their parts 
preserved in the fossil record. The most widely studied micro-
fossils are biomineralized structures with high fossilization poten-
tial produced by a range of organisms, including photosynthetic 
plankton such as coccolithophores and diatoms, various mixo- to 
heterotrophic protists such as planktonic and benthic foramin-
ifera and planktonic radiolarians, and small metazoans such as 
benthic ostracods (small bivalved crustaceans; Yasuhara et  al., 
2017b). Dinoflagellates (auto-, mixo-, and heterotrophic plankton) 
also leave abundant microfossils in the form of resistant organic 
(and occasionally biomineralized) resting cysts (de Vernal, 2013). 
Many microfossils represent parts of larger organisms, such as 
the scales and teeth of fish (Field et al., 2009; Sibert et al., 2017) 
and shark denticles (Dillon et al., 2017), referred to as ichthyoliths. 
Although pollen and spores have terrestrial origins, they can also 
be preserved in both marine and freshwater sediments (Sánchez 
Goñi et al., 2018). 

Microfossils are abundant in deep-sea sediment cores and, 
in many cases, constitute a large portion of the sediment itself 
(Figure 1; e.g., see Marsaglia et al., 2015). Thus, hundreds of thou-
sands to millions of plankton specimens can be found in a gram 
of deep-sea sediment. Microfossils are key tools for interpreting 
age and environment in sediment cores due to their excellent 
preservation and high abundance. The first and last appearance 
of key species and groups are used to determine the ages of sed-

iments in cores (Berggren et al., 1995; Motoyama, 1996), whereas 
the trace element and isotopic compositions of microfossils are 
used to reconstruct the paleoceanographic history of sediment 
cores with regard to, for example, temperature, salinity, and polar 
ice volume (Figure 2; e.g., Zachos et al., 2001; Lisiecki and Raymo, 
2005; Norris et al., 2013). At the same time, the high abundance 
and diversity of microfossil groups preserved in small amounts 
of sediment (Figure 1) allow for quantitative assessment of the 
composition and dynamics of past communities across a range of 
spatial and temporal scales, as reviewed here. 

Although microfossils are ideal subjects for macroecological 
and macroevolutionary analyses, their study is limited by poor 
understanding of the life histories and ecology of most species 
and by evolving species concepts, limited phylogenetic hypothe-
ses for most clades, and the poor preservation potential of other 
organisms in the community aside from microfossils (i.e.,  the 
majority of the ecosystem is not fossilized). In spite of these limita-
tions, almost every trophic or functional group in marine commu-
nities is represented by (at least) one well-fossilized microfossil 
group, providing a basis for macroecological and macroevolu-
tionary synthesis. Notable exceptions are the prokaryotes and 
viruses, which leave no body fossils. Obtaining information on 
the history of these groups requires alternative approaches, such 
as the use of organic biomarkers in the case of some prokaryote 
clades or ancient DNA (Armbrecht, 2020, in this issue). 

BOX 1. MICROFOSSILS
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The major tectonic events include: 
•	 Tasmanian Passage opened (33.5–33.7 Ma; Cronin, 2009)
•	 Drake Passage opened (shallow water connection started at ~41 Ma and 

deepwater connection established by ~30 Ma; Scher and Martin, 2006; 
Yasuhara et al., 2019b)

•	 Australia-Pacific-Eurasia (Aus-Pac-Eur) collision (~23 Ma; Renema et al., 2008) 
•	 Arabia-Anatolia (Ara-Ana) collision (~20 Ma; Renema et al., 2008)
•	 Fram Strait opened (20–10 Ma; Yasuhara et al., 2019b)
•	 Himalayan uplift latest phase (15–10 Ma; Tada et al., 2016)
•	 Tethys Seaway closed (~19 Ma; Harzhauser et al., 2007; Yasuhara et al., 2019b)
•	 Bering Strait opened (7.4–4.8 Ma; Yasuhara et al., 2019b)
•	 Panama-South America (SA) collision (~24 Ma; Farris et al., 2011)
•	 Formation of the Panama Isthmus complete (~3 Ma; O’Dea et al., 2016; 

Jaramillo, 2018)

The major climatic events include: 
•	 PETM: Paleocene-Eocene Thermal Maximum (55.5 Ma; Cronin, 2009)
•	 EECO: Early Eocene Climatic Optimum (52–50 Ma; Cronin, 2009)
•	 EOT: Eocene-Oligocene transition (~34 Ma)
•	 AMOC: Atlantic Meridional Overturning Circulation onset (~34 Ma; 

Hutchinson et al., 2019)
•	 Mi-1 event (23 Ma; Cronin, 2009)
•	 MMCO: Mid-Miocene Climatic Optimum (18–14 Ma; Cronin, 2009)
•	 East Asian Monsoon intensified (15–10 Ma; Tada et al., 2016)

•	 MPTO: Mid-Pliocene Thermal Optimum (4.5–3 Ma; Cronin, 2009)
•	 MPT: Mid-Pleistocene transition (1.2–0.7 Ma; Elderfield et al., 2012)
•	 MBE: Mid-Brunhes Event (0.43 Ma; Holden et al., 2011) 

The major biotic events include: 
•	 Paleocene/Eocene (P/E) deep-sea foraminifera extinction (55.5 Ma; 

Thomas, 2007) 
•	 Eocene/Oligocene (E/O) deep-sea foraminifera turnover (36–31 Ma; 

Thomas, 2007) 
•	 Oligocene/Miocene (O/M) Caribbean coral extinction (~23 Ma; 

Johnson et al., 2009) 
•	 Mid-Miocene deep-sea foraminifera turnover (~15 Ma; Thomas, 2007) 
•	 West Tethys hotspot (Mesozoic to ~30 Ma; Renema et al., 2008) 
•	 Indo-Australian Archipelago (IAA) hotspot (23–0 Ma; Renema et al., 2008; 

Yasuhara et al., 2017a) 
•	 Arabian hotspot (23–16 Ma; Renema et al., 2008) 
•	 Caribbean extinctions (3–1 Ma; O’Dea et al., 2007; O’Dea and Jackson 2009) 
•	 MPT deep-sea foraminifera extinction (1.2–0.7 Ma; Hayward et al., 2007) 
•	 MBE Arctic (0.43 Ma; Cronin et al., 2017) and Japan Sea (JS) deep-sea 

ostracod turnover (0.43 Ma; Huang et al., 2018) 

Ice sheets:
•	 The durations of the Northern Hemisphere (NH) and Antarctic ice sheets 

are from Zachos et al. (2001)
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BIOTIC DYNAMICS ON 
MILLENNIAL TIMESCALES 
In addition to million-year timescales, 
sediment core data provide insight into 
biodiversity-climate dynamics on millen-
nial timescales. Orbital variations have 
resulted in changes in climate on 10,000- 
to 100,000-year timescales throughout 
Earth history, as is well documented in 
benthic δ18O records (Figure 2B; Raymo 
et  al., 2004; Lisiecki and Raymo, 2005). 
Surface-ocean and deep-ocean condi-
tions change in pace with orbital forc-
ing of global climate, as do the locations 
of oceanic currents and bio-provinces 
(Cronin, 2009). These oceanic changes 
are matched by changes in the composi-
tion of marine microfossil communities 
that mirror orbital-scale climatic changes 
(Cronin et  al., 1996, 1999; Cronin and 
Raymo, 1997). Orbital forcing provides 
repeated experiments on community 
assembly, with microfossil assemblages 
demonstrating that similar communities 
come together repeatedly under similar 
environmental conditions (Cronin et al., 
1996; Beaufort et al., 1997; Yasuhara and 

Cronin, 2008; Huang et  al., 2018). This 
close association supports climate, and 
particularly temperature, as a key driver 
of marine biodiversity, with the forma-
tion of similar assemblages reflecting 
the process of species tracking their pre-
ferred temperature conditions. Orbital-
scale time-series studies, for example, 
consistently show that temperature rather 
than productivity is the best predictor 
of deep-sea biodiversity patterns (Hunt 
et al., 2005; Yasuhara et al., 2009, 2012b). 
Temperature likely controls biodiversity 
because fewer species can physiologi-
cally tolerate conditions in colder places 
than in warmer places on these ecological 
timescales (Currie et  al., 2004; Yasuhara 
and Danovaro, 2016).

Changes in the dominant mode of 
orbital cyclicity can, by contrast, per-
manently disturb marine ecosystems 
(Hayward et  al., 2007; DeNinno et  al., 
2015; Cronin et  al., 2017; Huang et  al., 
2018, 2019), such as during the transi-
tion from 41,000- to 100,000-year cycles 
in the Mid-Pleistocene Transition (MPT) 
and the Mid-Brunhes Event (MBE). For 

example, deep-sea benthic foramin-
ifera show a prominent global extinction 
event during the MPT (Hayward et  al., 
2007). Similarly, ostracod taxa with affin-
ity for warm temperatures were abundant 
both in the Arctic and the North Atlantic 
Oceans before the MBE (DeNinno et al., 
2015; Cronin et al., 2017). However, after 
the MBE warm-adapted taxa went extinct 
regionally in the Arctic, with shrink-
ing distributions to the south (DeNinno 
et  al., 2015; Cronin et  al., 2017). In the 
Sea of Japan, endemic cool water species 
replaced circumpolar species after the 
MBE, and many circumpolar species went 
extinct regionally (Ozawa and Kamiya, 
2005; Cronin and Ikeya, 1987; Huang 
et al., 2018, 2019). In sum, when orbital 
cyclicity is consistent, microfossil species 
seem to show evidence of repeated com-
munity assembly that matches prevailing 
conditions, indicating that community 
assembly may be deterministic. Changes 
in the expression of orbital forcing, how-
ever, can lead to extinction. How and why 
such changes instigate widespread biotic 
disturbance is not well understood, but 

The Cenozoic biodiversity curve for planktonic foraminifera (Ezard 
et al., 2011; Fraass et al., 2015) is surprisingly similar to those for 
other global marine groups, such as sharks (Condamine et  al., 
2019) and calcareous nannofossils (Lowery et al., 2020; Rabosky 
and Sorhannus, 2009), and to a regional curve of Neotropical ter-
restrial plants (Jaramillo et al., 2006) (Figure 3). Commonalities 
among these curves include: (1) peak biodiversity in the Eocene 
(56–34 Ma), (2) a major extinction event at the Eocene-Oligocene 
boundary, (3) a Miocene diversification phase (for planktonic 
foraminifera and sharks), and (4) a Pliocene biodiversity high (for 
planktonic foraminifera and sharks) (Figure 3). Dinoflagellates 
also show a similar Eocene diversity peak (Katz et  al., 2005; 
Stover et al., 1996).

In contrast to calcareous microfossil groups such as planktonic 
foraminifera and calcareous nannofossils, siliceous microfossil 
groups such as diatoms and radiolarians show contrasting bio-
diversity trends (Lowery et al., 2020). For example, diatom diver-
sity increased during cooling periods, peaked at the Eocene-
Oligocene transition, and reached highest levels during the 
Plio-Pleistocene (Figure 3; Katz et al., 2005, 2007; Lazarus et al., 

2014; Lowery et al., 2020). Cetaceans show trends similar to those 
of diatoms, and the two may have coevolved (Berger, 2007; Marx 
and Uhen, 2010). The contrast between calcareous and siliceous 
microfossil biodiversity patterns may occur because calcareous 
microfossils tend to be dominant and diverse in tropical and sub-
tropical latitudes, whereas siliceous groups are dominant in polar, 
high latitude seas (Rutherford et  al., 1999; Powell and Glazier, 
2017; Dutkiewicz et al., 2020; Lowery et al., 2020). Thus, colder 
periods may allow for higher biodiversity in siliceous microfossil 
groups, given their preference for cooler waters. Alternatively, 
the differences could also reflect biases resulting from preserva-
tion and sampling of siliceous microfossils (Lowery et al., 2020). 

BOX 2. MICROFOSSIL BIODIVERSITY TRENDS OVER THE CENOZOIC 
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may be explained by the scale of environmental perturbation; larger-​
scale changes could exceed species’ tolerances and/or eliminate poten-
tial refugia (Hayward et al., 2012).

BIOTIC DYNAMICS ON CENTENNIAL TIMESCALES 
Recent advances in high-resolution paleoceanographic studies (Bond 
et  al., 1997; Bianchi and McCave, 1999; deMenocal et  al., 2000; 
Oppo et al., 2003; McManus et al., 2004; Yasuhara et al., 2019a) have 
improved understanding of centennial-scale biotic responses to cli-
mate change, bridging the gap between geological timescales and the 
timescales of ecological studies. The centennial timescale has long 
been a “blind spot” in ecological analysis, lodged between the range of 
biological monitoring without historical reconstruction and the res-
olution attainable in most paleontological research (Yasuhara, 2019). 
Paleobiological records on this timescale can be garnered from micro-
fossils preserved in sediments deposited under high sedimentation 
rates and/or conditions that minimize post-depositional sediment 
mixing. Such records can be found in sediment drifts (e.g., sediments 
collected from a sediment drift at ODP Site 1055 on the Carolina Slope 
show sedimentation rates of ~23 cm per thousand years; Yasuhara 
et al., 2008) or in enclosed settings in marginal oceanic basins that act 
as natural sediment traps and where local anoxia prevents sediment 
mixing (such as the basins of the Californian borderland, Cariaco 
Basin, or silled fjords; see Yasuhara et al., 2019c). Although seasonal 
and annual signals are likely smoothed by bioturbation in many of 
these sediment cores, it is minimized in cores from anoxic basins. By 
using these minimally disturbed cores, decadal community changes 
can be reconstructed to bridge the gaps across timescales (Kuwae 
et al., 2017; Salvatteci et al., 2018; see the next section).

Pioneering studies using records from the Gulf of Mexico and the 
Santa Barbara Basin off California have documented responses of 
biodiversity to centennial-scale abrupt climatic changes (Flower and 
Kennett, 1995; Cannariato et al., 1999). Initial findings documenting 
the response of benthic foraminifera to centennial-scale deoxygen-
ation events in the Santa Barbara Basin (Cannariato et al., 1999) have 
been complemented by data from various benthic groups, includ-
ing molluscs, foraminifera, ostracods, and ophiuroids (Moffitt et al., 
2015; Myhre et al., 2017). Centennial-scale records spanning the last 
20,000 years in the North Atlantic Ocean have revealed that deep-
sea benthic ostracod diversity responded to changes in deepwater 
circulation and temperature during the abrupt climatic changes of 
the Heinrich  I (17,000–14,600 yr BP), the Younger Dryas (12,900–
11,700 yr BP), and the 8.2 ka event (8200 yr BP) without recognizable 
time lags (Yasuhara et  al., 2008, 2014; Yasuhara, 2019). These stud-
ies also documented rapid rearrangement of local communities fol-
lowing the abrupt climatic changes. Thus, even on centennial times-
cales, climate, and more specifically temperature, has dramatic effects 
on marine biodiversity. At least locally, the dominant response to cli-
mate change seems to involve range shifts and recolonization from the 
same species pool (Yasuhara and Cronin, 2008; Yasuhara et al., 2009; 
Yasuhara and Danovaro, 2016). Excessive extinctions in the future 
may therefore affect the resilience of these ecosystems. 
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FIGURE 3. Cenozoic climate and biodiversity estimates of mul-
tiple taxonomic groups. From top to bottom: oxygen isotopic 
records (Zachos et  al., 2001; smaller value indicates warmer 
climate) and biodiversity curves of global planktonic foramin-
ifera morphospecies (Lowery et al., 2020) and lineages (Ezard 
et  al., 2011), global lamniform sharks (Condamine et  al., 2019), 
neotropic palynoflora (Jaramillo et al., 2006), global calcareous 
nannofossils (Lowery et al., 2020), global diatoms (Lazarus et al., 
2014), global cetacean genera (Marx and Uhen, 2010; Uhen, 
2020), and Southern Ocean and equatorial Pacific deep-sea 
benthic foraminifera (Thomas and Gooday, 1996). The onset of 
the deep-sea benthic foraminifera latitudinal biodiversity gradi-
ent (LBG) is indicated at ~37 million years ago.
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MICROFOSSILS AND THE BRAVE 
NEW ANTHROPOCENE
The sediment layer on the surface of the 
ocean floor represents a time-​averaged 
assemblage of microfossils. Because of 
slow sedimentation in the deep sea (typ-
ically less than 10 cm per 1,000 years) 
and sediment mixing down to a depth of 
10 cm (bioturbation), a typical 1 cm thick 
surface-sediment sample represents aver-
age deposition over centuries to millennia 
(Jonkers et  al., 2019). Thus, the propor-
tion of microfossils recording conditions 
of the Anthropocene (typically >~1950) 
in surface sediments is negligible, which 
means core-top sediments typically pro-
vide a global pre-industrial baseline for 
the state of marine communities in fos-
silized organisms (Jonkers et  al., 2019; 
Yasuhara et al., 2020). 

Recently, Jonkers et  al. (2019) com-
pared planktonic foraminifera assem-
blages collected from surface sediments 
that provide a pre-industrial baseline 
with assemblages collected from sedi-
ment traps that monitored particle flux 
to the seafloor over the last 40 years. The 
authors examined whether anthropo-
genic climate change modified the com-

position of marine plankton commu-
nities. They found that Anthropocene 
assemblages differ from their pre-​
industrial equivalents, and the observed 
differences in species composition are 
consistent with the expected effect of cur-
rent temperature change trends (Jonkers 
et  al. 2019). Similarly, Moy et  al. (2009) 
used shells of planktonic foraminifera 
from surface sediments as a benchmark 
for calcification intensity in living plank-
tonic foraminifera. These authors discov-
ered that shells of modern Globigerina 
bulloides are about a third lighter than 
those from the sediments, consistent with 
reduced calcification induced by ocean 
acidification in the Anthropocene. Their 
results were recently confirmed by Fox 
et  al. (2020), who observed shell thin-
ning when comparing planktonic fora-
minifera specimens collected from his-
torical (HMS Challenger, 1872–1876) to 
recent (Tara Oceans, 2009–2016) plank-
ton samples. Large collections of surface 
sediment samples, both modern and his-
torical (Rillo et al., 2019), are available to 
study, providing an opportunity to quan-
tify anthropogenic impacts on the com-
position of a range of marine ecosystems 

and on traits of their constituent species.
Areas with particularly high rates of 

sedimentation (e.g.,  ~50–100 cm per 
hundred years in Osaka Bay and >120 cm 
per thousand years in the Santa Barbara 
Basin; Barron et al., 2010; Field et al., 2006; 
Yasuhara et al., 2007) can provide insight 
into the effects that humans are having on 
marine ecosystems on even finer tempo-
ral scales. Study of these sediments has 
revealed significant marginal marine eco-
system degradation caused by human- 
induced eutrophication and resulting bot-
tom water hypoxia (Barmawidjaja et  al., 
1995; Cooper, 1995; Cronin and Vann, 
2003; Weckström et  al., 2007; Willard 
and Cronin, 2007; Yasuhara et  al., 2007, 
2019c; Tsujimoto et al., 2008). 

Although anthropogenic forcing is the 
primary driver of current biodiversity 
change (Díaz et  al., 2019), natural vari-
ability in community composition is also 
at play, and its overprinting can prevent 
quantification of anthropogenic effects. 
Measuring this baseline temporal vari-
ability is crucial to partition the human 
signal, but is difficult to accomplish 
without long ecological time series that 
precede the Anthropocene. Microfossils 

Another advantage of the microfossil record is that it is increas-
ingly possible to automate key steps in gathering and processing 
data, due in part to the small size of samples and specimens. 
Once a core is obtained, the major data-gathering steps are 
washing and sieving sediment; picking, identifying, and mount-
ing specimens; and, for studies of phenotypic evolution, measur-
ing morphological traits of specimens. Recent technological and 
methodological advances can substantially reduce the time and 
effort required for some of these steps. 

Automated picking systems that take sieved size fractions, sep-
arate them into individual particles, and image each particle may 
greatly reduce picking times (de Garidel-Thoron et al., 2017; Itaki 
et al., 2020). With samples that have already been picked and 
mounted, hundreds or thousands of individual microfossils can 
be imaged simultaneously in three dimensions and algorithmi-
cally parsed into individual images from which basic morphomet-
ric traits and features can be automatically extracted and ana-

lyzed at the assemblage scale (Beaufort et al., 2014; Elder et al., 
2018; Hsiang et al., 2018, 2019; Kahanamoku et al., 2018).

These efforts build on decades of previous automation work 
that either extracted coarser (size related) data or was relatively 
more labor intensive (Bollmann et  al., 2005; Knappertsbusch 
et  al., 2009). Given sufficient training data sets, convolutional 
neural nets can now identify planktonic foraminifera, cocco-
lithophores, and radiolarians with accuracy similar to that of taxo-
nomic specialists (Beaufort and Dollfus, 2004; de Garidel-Thoron 
et  al., 2017; Hsiang et  al., 2019; Itaki et  al., 2020). Given these 
ongoing developments, it is becoming possible to envision a near 
future in which the entire sample processing and data extraction 
workflow is streamlined and largely automated, with taxonomic 
experts guiding and overseeing the process but spending the 
majority of their time analyzing data sets that may be far larger, 
denser, and more data-rich than is currently feasible.

BOX 3. AUTOMATION 
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provide these time-series data on com-
munity composition across multiple tem-
poral scales, albeit for a limited set of 
taxa. For example, using planktonic fora-
minifera data, Lewandowska et al. (2020) 
compared the magnitude of biodiver-
sity change across temporal scales from 
decades to millions of years. They found 
that, as expected, biodiversity change was 
greatest across the longest multi-million-
year timescale and decreased at shorter 
timescales. However, they observed rela-
tively large changes in community com-
position, comparable to the magnitude of 
changes over the longest timescale, most 
recently. The magnitude of recent turn-
over is suggestive of a large anthropogenic 
effect but may also reflect “noisy” annu-
ally averaged sediment trap time series. 

Fish-scale paleobiological studies have 
similarly provided insight on baseline 
variability in fish populations. For exam-
ple, marginal marine and continental 
margin sediments in the Pacific extended 
population dynamics for anchovy and 
sardines back to the nineteenth century 
and past millennia (Baumgartner et  al., 
1992; Field et  al., 2009; Checkley et  al., 
2017; Kuwae et al., 2017; Salvatteci et al., 

2018). These records show that fish pop-
ulation dynamics are more complex and 
region-specific than those perceived 
based on twentieth-century fishery 
data, with a clear Pacific-wide correla-
tion between anchovy and sardine pop-
ulations and Pacific Decadal Oscillations 
(Chavez et  al., 2003; Kuwae et  al., 2017; 
Salvatteci et  al., 2018). In sum, mod-
ern and historical time series of long-
term biological monitoring are lim-
ited (e.g., Chavez et al., 2003; Engelhard, 
2005; Lotze and McClenachan, 2014), 

especially in the tropics (Dornelas et al., 
2018; Blowes et al., 2019), but those that 
are available are extremely valuable for 
comparing the magnitude of biodiversity 
change observed in the fossil record to 
that observed in response to anthropo-
genic and recent climatic forcing.

FUTURE OUTLOOK
The continuity and duration of marine 
sediment core data make it possible to 
assess the relative importance of abrupt 
versus gradual, secular changes in cli-
mate to species and communities, tied 
to a refined (and ever improving) under-
standing of past climate change. The 
importance of spatial and temporal scales 
in (macro)ecology and (macro)evolution 
is well known (Brown and Maurer, 1989; 
Benton, 2009; Blois et  al., 2013), with 
the patterns and drivers differing across 
space (Chiu et al., 2019; Jöst et al., 2019; 
Kusumoto et al., 2020) and time (Huang 
et al., 2018; Yasuhara et al., 2016, 2019b). 
Marine sediment cores permit interroga-
tion of these dynamics at multiple tem-
poral scales (Lewandowska et  al., 2020). 
Biotic interactions generally tend to con-
trol dynamics on smaller spatial and tem-

poral scales, while physical climatic fac-
tors, particularly temperature as reviewed 
here, appear to dominate biotic dynamics 
on larger scales (Benton, 2009; Yasuhara 
et  al., 2016). However, there are gaps in 
our theoretical understanding of why this 
occurs, of the temporal scales on which 
physical factors begin to dominate, and 
of the relative importance of short abrupt 
events, cyclical changes, and long-term 
secular trends in shaping species and eco-
systems. Continued study of marine sed-
iment cores can help to fill these gaps, 

particularly with concerted comparisons 
among Anthropocene, centennial, mil-
lennial, and million-year timescales. 

Regardless of timescale, paleobiolog-
ical studies, especially those that exam-
ine the relationship between climate 
and biodiversity and ecosystem func-
tioning, provide insight into the poten-
tial response of biodiversity to ongoing 
climate change. The pace and scale of 
anthropogenic impacts on ecosystems 
and ecosystem services remain of great 
concern (Díaz et  al., 2019). Climate 
change is expected to have an accelerat-
ing effect on the ocean, yet the challenges 
of using relatively short-term ecologi-
cal data to understand long-term conse-
quences to biodiversity and ecosystems 
remain significant. Sediment cores and 
associated microfossils can help elucidate 
links between climate and spatial bio-
diversity (e.g.,  Yasuhara et  al., 2012c, 
2020), extinction risks (e.g., Harnik et al., 
2012; Finnegan et al., 2015), natural base-
lines (e.g., Yasuhara et al., 2012a, 2017b), 
and biotic consequences on evolutionary 
timescales (e.g., Ezard et al., 2011). 

Yet, linking paleoecological insights 
to modern-day ecological change is rel-
atively unexplored, and such insights 
do not necessarily make their way into 
informing global policy. Identifying and 
circumscribing the limits of such trans-
position remain challenging, particu-
larly given the taxonomic biases of pres-
ervation and the rapidity of modern-day 
change. The opportunity remains to 
address such challenges and ensure that 
paleoecological data complement mod-
ern ecological data and, where appro-
priate, contribute to assessments and 
policy (e.g.,  IPBES [Intergovernmental 
Science-Policy Platform on Biodiversity 
and Ecosystem Services], the post-
2020 Global Biodiversity Framework 
of the CBD [Convention on Biological 
Diversity]). Studies of sediment cores 
provide a long-term perspective on 
climate/​biodiversity links that can con-
textualize modern marine ecological 
change and provide insights that would 
otherwise remain absent. 

 “While we lack a true time machine,  
the opportunity provided by this “biological time 
machine” remains unique.

”
.
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Paleoceanography is changing from a qualitative story-telling 
field to one that is quantitative. This transformation is in part 
due to the development and adoption of a growing arsenal 
of statistical tools that evaluate uncertainty. A strength of the 
field is the illustration of fundamental changes in the Earth/
ocean/climate system that are beyond humanity’s recent 
experience. A weakness lurks in the difficulty of telling time 
well. Precise and accurate geochronology is essential for 
establishing rates of change and for quantifying physical or 
biogeochemical fluxes. 

Rates and fluxes are important constraints on the impacts 
of carbon (and other) feedbacks on a warming climate. We 
know that additional warming of the planet is already “baked 
into” our future because paleoceanographers and paleo-
climatologists have documented how the relatively long 
response times of the ocean’s interior, ice sheets, and some 
carbon reservoirs slow down the various responses to forc-
ings (e.g., carbon emissions)—but may also eventually amplify 
them or render them irreversible; thus, we know that new 
Earth system equilibria will only be approached after millen-
nia. For example, over 90% of the excess heat produced by 
artificially elevated CO2 is already in the ocean (Durack et al., 
2018). If humanity eventually controls its carbon emissions 
and reduces atmospheric CO2, it will take a long time for the 
excess heat to emerge from, and for the excess carbon to be 
neutralized in, the ocean (Ehlert and Zickfeld, 2018). 

But how fast and how much will our planet change? To 
answer those questions, we need paleo studies that better 
constrain transient times and feedbacks so models can be 
adequately tested under extreme change scenarios and bet-
ter predict the future with confidence. Fischer et  al. (2018) 
summarized various impacts of past warming on the scale of 
a few degrees of global warming above preindustrial levels, 
but avoided specifying rates of change, considering them too 
uncertain with available chronological constraints. 

Fortunately, progress is at hand. Radiometric age models 
are improving. For example, Marine20, a new calibration of 
marine radiocarbon data into so-called “calendar” ages, is 
just out and now extends back ~55,000 years (Heaton et al., 
2020). The details remain tricky and model-dependent in the 
ocean because of the need to account for the changing car-
bon cycle coupled to changes in circulation patterns and rates 
in the ocean interior, which conspire with changing 14C pro-
duction rates to influence regional reservoir ages. The model 
that projects Marine20’s surface-water reservoir ages over 
the past 55,000 years propagates uncertainties in changing 
14C production and carbon cycling, while satisfying constraints 

of limited data available from the ocean. This is a big improve-
ment over previous syntheses. Nevertheless, the representa-
tion of changing deep-ocean circulation is inevitably incom-
plete. We do not yet know this history because various tracers 
do not yet converge on a single answer without re-evaluation 
of processes that control the tracer measurements including 
δ13C and εNd (Du et al., 2020), and this too has implications for 
radiocarbon reservoir ages. 

Marine20 comes with a clear warning that it applies to the 
warm surface ocean assumed to be near dynamic equilib-
rium with respect to ocean mixing and air-sea gas exchange. 
Application to higher latitudes or regions of changing wind-
driven upwelling, where these assumptions break down, 
requires additional considerations, such as assignment of 
a deviation from the ideal reservoir age, known as Delta-R, 
which varies regionally. Delta-R may also vary through 
time, but for lack of constraints, it is often assumed con-
stant through time. Efforts are underway to use a variety 
of simple models to begin to address this issue empirically  
(e.g., Walczak et al., in press). 

A continuous age model based on radiocarbon or other 
sources of age datums involves finding a logical pathway 
between dated levels, with quantified uncertainties. Several 
Bayesian tools are available to assist in this task, such as 
Bacon (Blaauw and Christian, 2011), Bchron (Haslett and 
Parnell, 2008; Parnell, 2020), and Oxcal (Bronk Ramsey, 
2009). Quantitative correlation also now provides for assess-
ment of the precision of stratigraphic alignment of “wiggly” 
proxy signals as an adjunct to independent chronologic infor-
mation (Lee et al., 2019). 

These Bayesian methods, now widely used, are not limited 
to radiocarbon but can be used with many kinds of data for 
alignment and as smart interpolation tools with propagation 
of uncertainties. Their solutions are not all identical, however. 
Tools like this don’t absolve us of thinking carefully about the 
systems we are measuring and the assumptions underlying 
the methods, which may include ideas about sedim‑entation 
patterns and mechanisms.

SIDEBAR. On Quantifying Stratigraphic, Chronologic, and 
Paleo Flux Uncertainties in Paleoceanography

By Alan C. Mix

11th Commandment: 
Thou shalt not covet high-resolution 

results with low-resolution data
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FIGURE 1. Illustration of various model assumptions used in calculating organic carbon mass accumulation 
rates (MAR: a convolution of sedimentation rate from calibrated dates, dry bulk density, and organic carbon 
[Corg] contents, using data compiled by Lopes et al., 2015, here recalibrated with the Marine20 calibration 
curve of Heaton et al., 2020). (a) Age-depth curve with Bayesian age model calculated using Bchron (Parnell, 
2020). Organic carbon mass accumulation rates calculated using (b) point-to-point MAR changes based on 
all Marine20 calendar dates (black) and as a sensitivity test every second date odd (red) and even (blue). 
(c) Point-to-point MAR changes based on Bchron’s Bayesian age model at the dated levels, otherwise as in (b). 
(d, e, f) Bootstrap calculations with full uncertainty propagation for Corg MAR in 500-, 1,000-, and 2,000-year 
bins, respectively. The result in (b) is unstable, and age reversals produce negative MAR, requiring arbitrary 
decisions about data culling. The result in (c) is better, because the Bayesian model resolves age reversals, 
but uneven spacing imposes resolution bias. The uniform bins in (d, e, f) allow uncertainty estimation and illus-
trate the trade-offs between resolution and certainty—coarser time bins give more certain results, but may 
lose important temporal structure. 
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Assigning sediment accumulation rates is unfortunately not 
as simple as taking a first derivative of an age model curve, 
and may be subject to circular reasoning if sedimentation pro-
cesses are assumed as part of the age modeling exercise. The 
sedimentary record’s completeness is thought to be a func-
tion of the time span over which it is measured (Sadler and 
Strauss, 1990); specifically, longer time integrations tend to 
have lower apparent sediment accumulation rates because of 
a higher probability of missing sediment. Point-by-point flux 
normalization notwithstanding (e.g., by 3He or 230Th; e.g., Costa 
et al., 2020), a reasonable requirement for minimizing miss-
ing-sediment bias is to calculate sediment accumulation rates 
over fixed and constant time intervals while propagating quan-
tified uncertainties in the age models from the Bayesian age 
modeling tools. This is relatively straightforward using Monte-
Carlo bootstrap methods, but is rarely done. 

Calculation of biogeochemical fluxes demands further error 
propagation of sediment accumulation, bulk densities, and 
component concentrations. This is accomplished by binning 
or otherwise assessing proxy data within the boundaries of 
the time intervals for averaging, and convolving bin uncertain-
ties on dry bulk density with those on property concentrations 
and sedimentation rates. This too is sufficiently complicated 
that bootstrap methods are reasonable approaches. The lit-
erature is rife with examples of calculated fluxes made with 
point data applied to interpolated ages between age datums 
of unequal spacing and without error propagation. 

To illustrate how point spacing effects, binning, and chang-
ing resolution affect inferred changes in mass accumulation 
rates and their uncertainties, I calculated carbon burial fluxes 
(Figure 1) using a published high-resolution data set from a 
well-characterized core in the Northeast Pacific off Oregon 
(W98709-13pc, 42.117°N, 125.750°W, 2,712 m depth, with an 
average spacing between dated levels of 500 years; Lopes 
et al., 2015). That study showed apparent decoupling between 
diatom-based primary productivity, export productivity, and 
organic carbon burial in response to climate change, and it 
raised questions about how to address issues concerning 
the effects of biogeochemical fluxes on carbon feedbacks 
in climate models. 

In this case, it appears that variations in carbon burial are 
not resolved beyond uncertainty in 500-year bins, that some 
events appear to be resolved in 1,000-year bins, and that most 
variations are resolved in 2,000-year bins. Armed with this 
analysis, it is possible to choose at what reasonable temporal 
resolution and what significance level to evaluate changes in 
biogeochemical fluxes, or before analysis, we can determine 
how to design a sampling and analysis program to get the res-
olution and precision needed to test a hypothesis. 

Among paleoceanography’s grand challenges for the com-
ing decade is to refine geochronology, and in so doing to 
quantify rates of change and material fluxes. To do this well 
demands understanding of biases in the sedimentary record 
and rigorous estimation of uncertainties. While a variety of 

approaches will probably always be needed, widespread 
adoption of new and emerging Bayesian age modeling tools 
is essential. Quantitative estimation of uncertainty reveals the 
need for higher-resolution and higher-precision data sets, 
which put further demands on our laboratories, and of course 
on the funding that pays for the analyses. We can expect 
these approaches to continue to evolve and improve as the 
relevant literature of theory, tools, and applications expands. 
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Ancient
Sea Level 

as Key to the Future
By Kenneth G. Miller, W. John Schmelz, James V. Browning, Robert E. Kopp, 

Gregory S. Mountain, and James D. Wright

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD

Scientists boarding D/V JOIDES Resolution off 
New Jersey in 1993. Sea level in an ice-free 
world would be 66 meters (216.5 feet) higher 
than now—shoulder-high to the Statue of 
Liberty. Image credit: Kenneth G. Miller, James 
V. Browning, and Gregory S. Mountain
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SEA LEVEL AS A BAROMETER OF 
EARTH’S CLIMATE STATES
The state of Earth’s climate is reflected by 
the position of the shoreline globally, both 
in the modern world as sea level inexora-
bly rises and accelerates, and in ancient 
worlds of vastly different sea levels that 
ranged from 130 m below present, when 
now submerged continental shelves were 
exposed (e.g.,  20 thousand years before 

1950 [ka]), to over 150 m above present 
due to ice-free conditions and long-term 
tectonics, when large areas of the conti-
nents were inundated (e.g.,  ca. 90 mil-
lion years ago [Ma] and 55 Ma). Today, 
humanity looks to its coastlines not only 
for living space, food, and other resources 
but also as a barometer of global climate 
changes that are causing rapidly escalat-
ing social and economic impacts. Reading 

the record of past sea level changes pro-
vides an understanding of processes that 
control sea level (Figure 1) and shore-
line position that are relevant to plan-
ning for future rise. Recent advances in 
data, imaging, and modeling provide 
fresh constraints and new insights into 
timing, amplitudes, and rates of ancient 
sea level changes (Table 1). In this over-
view, we briefly discuss the history of 
the timing, rates, and causes of sea level 
changes (Figures 1–3) during the last 
66 million years (with greater uncertainty 
prior to ca. 48 Ma) and their implications 
for present and future rise.

Sea level change is not uniform around 
the world. Relative sea level (RSL) is the 
difference in height between the sea sur-
face and the solid Earth at a particular 
place. GMSL change is the global mean 
of relative sea level change and is the vol-
ume of the ocean divided by the ocean 
surface area (Gregory et al., 2019). In geo-
logical literature, GMSL change is some-
times called “eustatic change,” which is 
defined with respect to some fixed datum 
level such as the center of the Earth and is 
more properly termed global mean geo-
centric sea level change (Gregory et  al., 
2019). We eschew the terms “eustasy” 
and “eustatic change” because such 
datum levels are lacking or equivocal in 
the geologic record. RSL change at a par-
ticular place is controlled both by GMSL 
change and by regional and local land 
motion. RSL includes the effects of ther-
mal subsidence, sediment loading, flex-
ure, mantle dynamic topography, and 
glacial isostatic adjustment (GIA), as 
well as changes in the height of the geoid 
driven by the changing distribution of 
ice and ocean mass and by GIA. In addi-
tion, there are short-term (1–1,000-year 
scale) ocean dynamic sea level changes 
(e.g.,  El Niño and Gulf Stream varia-

Prediction is very difficult, especially if it’s about the future. Old Danish proverb

ABSTRACT. Studies of ancient sea levels provide insights into the mechanisms and 
rates of sea level changes due to tectonic processes (e.g., ocean crust production) and 
climatic variations (e.g.,  insolation due to Earth’s orbital changes and atmospheric 
CO2). Global mean sea level (GMSL) changes since the Middle Eocene (ca. 48 million 
years ago [Ma]) have been primarily driven by ice volume changes paced on astro-
nomical timescales (2400, 1200, 95/125, 41, and 19/23 thousand years [kyr]), modu-
lated by changes in atmospheric CO2. During peak warm intervals (e.g., Early Eocene 
Climatic Optimum 56–48 Ma and the early Late Cretaceous ca. 100–80 Ma), atmo-
spheric CO2 was high and Earth was more than 5°C warmer and mostly ice-free, con-
tributing ~66  m of GMSL rise from ice alone. However, even in the warmest times 
(e.g., Early Eocene, ca 50 Ma), growth and decay of small ice sheets (<25 m sea level 
equivalent) likely drove sea level changes that inundated continents and controlled the 
record of shallow-water deposits. Ice sheets were confined to the interior of Antarctica 
prior to the Oligocene and first reached the Antarctic coast at 34 Ma, with the low-
est sea levels –20±10 m relative to modern GMSL. Following a near ice-free Miocene 
Climatic Optimum (17–13.8 Ma), a permanent East Antarctic Ice Sheet (EAIS) devel-
oped in the Middle Miocene (ca. 13.8 Ma). During the Pliocene (4–3 Ma), CO2 was 
similar to 2020 CE (Common Era) and sea levels stood ~22±10 m above present, 
requiring significant loss of the Greenland Ice Sheet (~7 m of sea level), West Antarctic 
Ice Sheet (~5 m after isostatic compensation), and vulnerable portions of the EAIS. The 
small Northern Hemisphere ice sheets of the Eocene to Pliocene expanded into con-
tinental scale in the Quaternary (past 2.55 million years). Sea level reached its low-
est point (~130 m below present) during the Last Glacial Maximum (ca. 27–20 thou-
sand years before 1950 [ka]), episodically rose during the deglaciation (ca. 20–11 ka) 
at rates that at times were in excess of 47 mm yr–1 (vs. modern rates of 3.2 mm yr–1), 
and progressively slowed during the Early to Middle Holocene from ca. 11 ka until 
~4 ka. During the Late Holocene (last 4.2 kyr, including the CE), GMSL only exhib-
ited multi-centennial variability of ±0.1 m. The modern episode of GMSL rise began 
in the late nineteenth century, with most of the twentieth century rise attributable to 
global warming and ice melt. Under moderate emissions scenarios, GMSL is likely to 
rise 0.4–1.0 m in this century, with ancient analogs suggesting a longer term (centen-
nial to millennial scale) equilibrium rise of ~10 m. Under higher emissions scenar-
ios, twenty-first century GMSL will rise greater than 2 m, and in the long term, tens of 
meters cannot be excluded.
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tions that regionally cause tens of cen-
timeters of transient sea level changes). 
GMSL variations are caused primarily 
(Figure 1) by changes in ocean tempera-
ture (tens of centimeters on annual to 
centennial timescales, with up to 10 m 
over the past 48 million years due to cool-
ing), changes in land ice volume (meter 
scale operating on decadal to centennial 
scales and up to 200 m on astronomical 
timescales of ~20 thousand years [kyr] to 
2,400 kyr), and changes in the volumes of 
ocean basins (100+ m scale primarily on 
>1 million year timescales; see summary 
in Miller et al., 2005a). 

The yet-to-be formally defined 
Anthropocene epoch (Zalasiewicz, 2008) 
can be partly characterized by human- 
induced modifications of Earth’s climate 
state due to changes in atmospheric CO2 
concentrations from 280 ppm in ~1850 to 
414 ppm in 2020 CE, with current trends 
projected to lead to 600–900 ppm in 
this century in the absence of strong 
global climate policy (Riahi et  al., 2017; 
Meinshausen et al., 2020). Other potential 
markers for the base of the Anthropocene 
can be as young as the atomic-testing 
tritium spike that culminated in 1963, 
though here we use the CO2 record to 
place the base at 1850 CE (Figure 3). The 
Anthropocene will constitute a climate 

and sea level state fundamentally differ-
ent from glacial periods (e.g.,  27–20 ka) 
or the Holocene interglacial (11.3 ka to 
1850 CE). Ancient climates range from 
cold, glacial periods (e.g.,  Last Glacial 
Maximum [LGM]) with CO2 at 180 ppm 
to warm, ice-free states, the most recent 
of which are the Early Eocene Climatic 
Optimum (EECO; 56–48 Ma) and pos-
sibly the Miocene Climatic Optimum 
(17–13.8 Ma), with CO2 two to three times 
higher than 1850 CE. Miller et al. (2020) 
recognize three pre-Anthropocene cli-
mate states: Hothouse (very warm, largely 
ice-free conditions; Late Cretaceous and 
Early Eocene), cool Greenhouse (Early 
to Middle Eocene) with small ice sheets 
(<25 m sea level equivalent), and Icehouse 
conditions with continental-​scale ice 
sheets at one or both poles (Figure 2). 
Today, the Greenland Ice Sheet (GIS) con-
tains 7.4 m of sea level equivalent; the 
West Antarctic Ice Sheet (WAIS) con-
tains 5.6 m of sea level equivalent, includ-
ing the Antarctic Peninsula; the East 
Antarctic Ice Sheet (EAIS) contains 52 m 
of sea level equivalent; and mountain gla-
ciers and ice caps contain <1 m of sea 
level equivalent (Morlighem et al., 2019). 
Within the Icehouse of the Oligocene to 
Holocene (Figure 2), climates varied on 
glacial and interglacial timescales, with 

continental ice sheets waxing and waning 
in East Antarctica during the Oligocene to 
Middle Miocene (ca. 34–13.9 Ma), a per-
manent EAIS developing in the Middle 
Miocene (ca. 13.8 Ma), and large Northern 
Hemisphere ice sheets developing in 
the Quaternary (last 2.55 million years). 
Changes in ice volume dominate the rise 
and fall of sea level during Icehouse, cool 
Greenhouse, and perhaps even Hothouse 
worlds (Miller et al., 2020).

MEASURING SEA LEVEL 
CHANGES
Sea level change is determined by mea-
suring time (age) and height of water with 
respect to datum levels. We refer sea level 
to the modern mean sea level (MSL) datum 
level (https://tidesandcurrents.​noaa.gov/ 
​datum_options.html). Instrumental mea-
surements of RSL are based on data from 
tide gauges with extensive global cover-
age after World War II and sparse cover-
age dating back to the eighteenth century, 
and from satellites with global coverage 
since 1993. GMSL is statistically inferred 
from these records (e.g.,  Dangendorf 
et al., 2017). For reconstruction of ancient 
sea level, proxies (shorelines, fossils, sed-
iment facies) are calibrated to time and 
MSL, with ages determined from radio-
metric data (mostly radiocarbon over 
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the past 40 kyr, with coral U/Th ages 
back several 100 kyr), from fossils (bio-
stratigraphy), or from other techniques 
(magnetostratigraphy, chemostratigra-
phy, and astrochronology). For the Late 
Pleistocene to present (last 129 kyr), dat-
ing of corals or marshes formed near sea 
level provides the most accurate means or 
reconstructing sea level. Measurements 
of foraminifera δ18O records reflect ice 
volume and temperature changes that 
can be calibrated to sea level by indepen-
dent temperature estimates back through 
the Middle Eocene (e.g.,  Miller et  al., 
2020). Flooding (transgressions) and 
exposure (regressions) of the continents 
reflect GMSL and tectonic processes, as 
does the record of sequences (unconfor-
mity bounded units; Vail et  al., 1977). 
Continental flooding and sequence stra-
tigraphy provide the longest (billion year) 
records, though they also record pro-
cesses of sediment supply, compaction, 
loading, thermal and flexural subsid-
ence, mantle dynamic topography, and 
active tectonics. 

Various generations of sea level curves 
produced by Exxon Production Research 
Company (Vail et  al., 1977; Haq et  al., 
1987) have become entrenched as the 
Phanerozoic standard. These “cycle” 
charts provide an excellent record of the 

timing of sea level falls but are greatly 
exaggerated in their sea level amplitudes 
because they were scaled to sea levels 
derived from seafloor spreading recon-
structions and did not account for pro-
cesses of compaction, loading, and ther-
mal and flexural subsidence. Even the 
relative amplitudes are suspect, and 
thus these curves provide little to no 
constraints on sea level mechanisms 
(e.g., Miller et al., 2005a). 

Drilling by the International Ocean 
Discovery Program (IODP) and its pre-
decessors has provided material for inde-
pendently estimating sea level using 
sequence stratigraphy and backstripping 
(progressively accounting for the effects 
of compaction, loading, and thermal sub-
sidence; John et  al., 2004; Miller et  al., 
2005a), and for combining deep-sea 
benthic foraminiferal δ18O and Mg/Ca 
records, with the latter providing an inde-
pendent paleothermometer (Lear et  al., 
2000; Cramer et  al., 2011; Miller et  al., 
2020). Convergence of these two meth-
ods (Figure 2B) allows identification 
of GMSL changes and inferences about 
their mechanisms (Miller et  al., 2020). 
In addition, coral drilling in Barbados 
(Figure 3A; Fairbanks, 1989) and Tahiti 
by IODP Expedition 310 (Deschamps 
et  al., 2012) provides constraints on 

the rates of sea level rise during the last 
deglaciation. Finally, studies of Holocene 
marshes have produced pristine chronol-
ogies and estimates of the rates of GMSL 
rise during the Holocene (Figure 3B), 
including the CE, that can then be linked 
to instrument records (tide gauge and 
satellites). Here, we provide a geological 
perspective on past, present, and future 
sea level change using published back-
stripped (Miller et al., 2020), δ18O-Mg/Ca 
(Miller et  al., 2020), coral (Peltier and 
Fairbanks, 2006; Deschamps et al., 2012), 
marsh (e.g.,  Kemp et  al., 2009, 2018; 
Kopp et  al., 2016; Horton et  al., 2018), 
and instrumental (Dangendorf et  al., 
2017) sea level records.

HISTORY OF GMSL CHANGES
High-latitude temperatures were remark-
ably warm in the Late Cretaceous 
(e.g., Huber et al., 2018) and Early Eocene 
(e.g.,  with Arctic surface temperatures 
>23°C; Sluijs et  al., 2006), and there is 
consensus that Earth was substantially 
ice-free at these times, with CO2 con-
centrations in excess of 1,000 ppm (sum-
mary in Foster et al., 2017). However, sea 
level records indicate large (>25 m) and 
rapid changes in the Late Cretaceous to 
the Eocene that can only be explained by 
ice growth and decay (e.g.,  Miller et  al., 

TABLE 1. Amplitudes and rates of sea level change updated from Pitman and Golovchenko (1983) with best estimates from this 
study. LIPs = Large Igneous Provinces; the 50 m LIP estimate does not include isostatic loading.

MECHANISMS AND RATES 
OF SEA LEVEL CHANGE

PITMAN AND 
GOLOVCHENKO

(1983)

AMPLITUDE 
BEST 

ESTIMATE 
(m)

AMPLITUDE ERROR
RATE

(mm yr–1)
RATE

(m Myr–1)
LOWER (m) UPPER (m)

Ocean crust production 250 75 50 250 0.01 10

Ice volume changes 200 200 180 220 50 50,000

LIPs 50 15 5 35 0.01 10

Orogeny 70 50 5 20 0.001 1

Global sedimentation 60 50 5 10 0.001 1

Basin flooding/desiccation 15 30 5 15 50 50,000

Lakes and aquifers   7 2 45 1 1,000

Thermal expansion   10 8 15 1 1,000

Greenhouse sea level changes    >25 0.025 25

1900–2020   0.3 0 0 3 3,000

21st Century   0.8 0.5 2 13 11,000
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2005a,b, 2020; Ray et  al., 2019; Davies 
et al., 2020). The solution to this enigma 
is that there were small (15–25 m sea 
level equivalent or 25%–40% of modern 
volume), ephemeral ice sheets during the 
Late Cretaceous to Eocene in the inte-
rior of Antarctica (Miller et  al. 2005a; 

Huber et al., 2018; Ray et al., 2019; Davies 
et al., 2020). Remarkable new data show 
marine-terminating glaciers existed at 
the Sabrina Coast, adjacent to the Aurora 
Basin, Antarctica, by the Early to Middle 
Eocene (Gulick et al., 2017), and model-
ing studies show that significant ice sheets 

(15+ m equivalent) can exist in regions 
of high Antarctic topography (Deconto 
and Pollard, 2003) even while subtropical 
conditions persist along the coast (Pross 
et al., 2012). We posit that sea level varia-
tions on the order of 15±10 m occurred as 
significant ice sheets grew and decayed, 
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even in intervals such as the Early Eocene 
and Late Cretaceous.

The cool Greenhouse conditions of the 
Middle to Late Eocene illustrate ice vol-
ume control on sea level in what was com-
monly thought to be an ice-free period. 
Despite warm bottom water temperatures 
(8°–12°C), our δ18O-Mg/Ca-​based esti-
mates show (Figure 2) large (15–30 m) 
sea level falls at ca. 49, 47.8, 46.9, and 
44.5 Ma; smaller falls (~10–20 m) at 
43.6, 42.9, and 40.8 Ma; and a major rise 
of ~40 m to near ice-free conditions at 
the Middle Eocene Climatic Optimum 
(40.1 Ma; Bohaty and Zachos, 2003), fol-
lowed by a ~20 m drop (39.5 Ma). During 
the Late Eocene, sea level fell 40 m, only 
to rise in near ice-free conditions again 
at ca. 35 Ma. The new Middle to Late 
Eocene sea level record (Figure 2; Miller 
et  al., 2020) indicates dynamic growth 
and collapse of moderately large ice 
sheets (0%–75% of modern EAIS), con-
trolled by the 1,200 kyr tilt cycle (Miller 
et  al., 2020). Atmospheric CO2 prox-
ies show decreasing values accompanied 
this change in state (Foster et  al., 2017) 
from Hothouse with ephemeral, small 
ice sheets to cool Greenhouse conditions 
with moderate-​​sized ice sheets.

A continental-scale EAIS developed 
in the Icehouse Early Oligocene associ-
ated with Zone Oi1 (ca. 34 Ma; Oi1, Oi2, 
Mi1 to Mi6 are million-year-scale δ18O 
maxima; Miller et  al., 1991), with mil-
lion year sea level falls of 40–60 m and 
peak glaciations in the Early Oligocene 
(Oi1, ca. 34 Ma), middle Oligocene (Mi2, 
ca. 30 Ma), and spanning the Oligocene/
Miocene boundary (Mi1, ca. 22 Ma; 
Miller et  al., 2020). Sea level lowstands 
were generally lower than present from 
34–17 Ma, explaining the poor represen-
tation of strata of this age in continen-
tal margin sections. During this time, 
ice growth and decay was paced by the 
1,200  kyr tilt cycle (Boulila et  al., 2011; 
Miller et al., 2020), though ice volume was 
affected by the orbital cycles of precession 
(19/23 kyr), short tilt (41 kyr), and eccen-
tricity (95/125, 405, and 2,400 kyr).

The cool, glacial climates of the 

Oligocene to Early Miocene were 
punctuated by the Miocene Climatic 
Optimum (17.0–13.8 Ma), the last time 
Earth was potentially ice-free (Miller 
et  al., 2020). The Miocene Climatic 
Optimum is associated with relatively 
high CO2 (~500  ppm), high carbon 
burial (the Monterey event; Vincent and 
Berger, 1985), and high global δ13C val-
ues (though these lag the warming). The 
Miocene Climatic Optimum may be con-
sidered an incipient ocean anoxic event, 
possibly attributed to outgassing of the 
Columbia River basalts (Kasbohm and 
Schone, 2018; Sosdian et al., 2020).

A permanent EAIS developed in the 
Middle Miocene Climate Transition as 
signaled by Antarctic climates (Lewis 
et  al., 2008) and three major million 
year-scale δ18Obenthic increases, coolings, 
and attendant sea level falls (Miller et al., 
2020): Mi3a (14.8 Ma; ~30 m fall, ~0.7°C 
cooling), Mi3 (13.8 Ma; ~50 m fall, ~1.2°C 
cooling), and Mi4 (12.8 Ma; 20–30 m sea 
level fall, ~1.0°C cooling). GMSL rose 
after each event but to a lower mean state, 
stabilizing less than 12 m above present. 
From 12.8 until ca.  4.5  Ma, the ampli-
tudes of sea level change were muted 
and ice sheets were mainly paced by the 
41 kyr tilt cycle. The large EAIS of the 
Middle to Late Miocene was less sensitive 
to precessional and eccentricity forcing. 
The cause of the Middle Miocene Climate 
Transition was likely a decrease in atmo-
spheric CO2 (Greenop et al., 2014), per-
haps linked to cessation of Columbia 
River basalt volcanism and weathering 
(Sosdian et al., 2020). 

The Pliocene recorded the last major 
warm period (4.5–3 Ma) when (1) global 
mean surface temperatures were 2°–3°C 
warmer than 1850 CE (e.g.,  Dowsett, 
2007), (2) CO2 was similar to 2020 
(e.g., Bartoli et al., 2011), and (3) sea lev-
els stood ~22±10 m above present (Miller 
et  al., 2012). Maximum sea level is con-
strained by δ18Obenthic values at ca. 3 Ma 
to <20 m (Miller et al., 2019), though sea 
level may have peaked higher earlier in 
the Pliocene (32±5; Hearty et  al., 2020). 
The ~20–30 m estimates are significant 

because they imply absence of the GIS, 
the WAIS, and vulnerable portions of the 
EAIS (Miller et  al., 2012). Considering 
the errors, no melting of the EAIS may 
be required (Rovere et al., 2014; Raymo 
et al., 2018). However, sea level estimates 
generally fall into the range of 15–20 m 
at 3 Ma and 20–35 m at ca. 3.5–4.5 Ma 
(Miller et  al., 2012, 2019, 2020; Hearty 
et  al., 2020), consistent with melting of 
the EAIS in the Wilkes and Aurora Basins 
suggested by models (DeConto and 
Pollard, 2002) and sediment tracer data 
(e.g.,  Bertram et  al., 2018; see Gasson 
and Keisling, 2020). This warmer Early 
Pliocene world was more sensitive to pre-
cessional and eccentricity forcing than the 
cooler Late Miocene, though the 41 kyr 
tilt cycle still dominated sea level changes.

Small (Greenland-sized) Northern 
Hemisphere ice sheets existed at 
least intermittently beginning in the 
Middle Eocene (St. John, 2008), but the 
Quaternary (last 2.55 million years) 
began with development of continen-
tal-scale Northern Hemisphere ice 
sheets signaled by the large Marine 
Isotope Stage (MIS) 100 δ18O increase 
(>1‰; ~2.5 Ma), sea level fall (~60 m), 
and appearance of ice rafted sediments 
in the northern North Atlantic. (MISs 
are defined as periods of higher [even 
stages, colder and large ice sheets] and 
lower [odd stages, warmer, smaller ice 
sheet] δ18O values in deep sea carbon-
ates.) Ice sheets gradually increased in 
size from ca.  2.8–2.55 Ma, with pro-
gressive increase in glacial-interglacial 
δ18O amplitudes. The cause of the begin-
ning of the large Northern Hemisphere 
ice ages has been variously attributed to 
closing gateways (e.g.,  Panamanian sea-
way, Norwegian-Greenland sill), moun-
tain building, ocean circulation, and CO2 
drawdown (e.g.,  discussion in Raymo, 
1994), though dropping of CO2 below 
a critical threshold of 300 ppm is impli-
cated (Willeit et  al., 2015; Miller et  al., 
2020). Sea level was paced by the 41 kyr 
tilt cycle with amplitudes <100 m.

Sea level amplitudes increased and 
began to be paced by short eccentric-
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(A) Time series of global mean sea level 
(GMSL) estimates from 30,000 calen-
dar years to 1950 (= 0 age). Coral data 
are from Barbados, corrected for gla-
cial isostatic adjustment (red points; 
Peltier and Fairbanks, 2006), and 
the global whole Earth ICE-5G (VM2) 
model (red line, Peltier, 2004). The 
GIA-corrected model of Lambeck et al. 
(2014; yellow line) is shown for compar-
ison. Thick dashed lines/darker shad-
ing and thin dashed lines/lighter shad-
ing indicate the 1 sigma and 2 sigma 
errors, respectively, on the statistical 
estimates of sea level. 

(B) Time series of GMSL from 
2000 BCE to 2020 CE showing sta-
tistical analyses of Kemp et al. (2018). 
Thick dashed lines/darker shading and 
thin dashed lines/lighter shading indi-
cate the 1 sigma and 2 sigma errors, 
respectively,  on the statistical esti-
mates of sea level. The yellow line is 
the GIA-corrected model of Lambeck 
et  al. (2014). Blue lines are drawn 
based on statistical analysis of satellite 
and tide gauge records by Dangendorf 
et al. (2019). Purple points indicate sat-
ellite data for 1993–2020. 

(C) Time series of GMSL from 1800 
to 2020 based on a statistical analy-
sis of satellite and tide gauge records 
by Dangendorf et al. (2019; blue line). 
Purple dots record satellite data for 
1993–2020 (Beckley et al., 2016). The 
green line shows processed com-
bined tide and satellite data. The thick 
dashed blue line/darker shading and 
thin dashed blue line/lighter shad-
ing indicate the 1 sigma and 2 sigma 
errors, respectively, on the statistical 
estimates of sea level. 

(D) Time series of GMSL from 1900 
to  2200, including process-model 
sea level projections under 2°C 
(Rasmussen et al., 2018; Bamber et al. 
2019) and 5°C representative concen-
tration pathway (RCP) 8.5 warming sce-
narios (Kopp et al., 2014, updated for 
consistency with Oppenheimer et  al., 
2019; Bamber et al., 2019). The black 
line is a quadratic regression model fit 
to the Beckley et  al. (2016)  satellite 
data. Extrapolation of the acceleration 
indicates over 0.7 m of sea level rise by 
2100 and a ~12.5 mm yr–1 rate of rise in 
2100. Thick dashed lines/darker shad-
ing and thin dashed lines/lighter shad-
ing  represent  the  17th to 83rd and 5th 
to 95th percentiles for each of the sea 
level projections, respectively. 

(E) The median 17th to 83rd, and 5th to 
95th  percentile  sea level projections 
for 2050, 2100, and 2200 from the 
process-model projection time series 
displayed in panel D.
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ity (quasi 100 kyr), precession, and tilt 
forcing during the Bruhnes (780 ka) fol-
lowing the Mid-Pleistocene Transition. 
Precession (19, 23 kyr) and tilt (41 kyr) 
directly forced sea level lowerings of 
10–60 m, but larger sea level rises yield-
ing the distinct sawtooth 100 kyr termi-
nations of the last 780 kyr are likely due to 
amplification by CO2 (Shackleton et  al., 
2000). The cause of the shift to domi-
nant quasi-100 kyr periods and large, 
rapid (>100 m) sea level rises during the 
Mid-Pleistocene Transition is unknown, 
though decreasing atmospheric CO2 
from ~320 to 250 ppm may have reached 
a threshold, resulting in the return of 
a 100 kyr beat that had previously been 
important in the early history of the EAIS 
(Miller et al., 2020). 

Sea level reached its highest points 
of the last 780 kyr in MIS 11 (9±3 m, 
~405  kyr) and MIS 5 (7.5±1.5 m above 
present, ca 125 kyr), with global mean 
temperatures about 1°C warmer than 
1850 (Dutton et  al., 2015). Sea level 
reached its lowest point of the last 
200 million years during the LGM (Peltier 
and Fairbanks, 2006; Lambeck et  al., 
2014). The Barbados sea level record of 
–120±5 m (Fairbanks, 1989) corrected 
for GIA indicates the LGM occurred 
from ~27 ka to 20 ka, with GMSL 
of 122–127  m below present (Peltier 
and Fairbanks, 2006). An inversion-​ 
based analysis using over 1,000 sea level 
observations from corals proposed an 
LGM timing of 21 ka and GMSL of 134 m, 
though the database is sparsely populated 
between 30 ka and 20 ka (Lambeck et al., 
2014). Following the LGM, sea level rose 
with two large Meltwater Pulses, MWP1A 
(14.7–14.3  ka, rate >47 mm yr–1) and 
MWP1B (11.7-11.5 ka, >40 mm yr–1; 
Fairbanks, 1989; Stanford et  al., 2006; 
Deschamps et  al., 2012; Liu et  al., 2016; 
Abdul et al., 2016). 

The Holocene (11.3 ka to the begin-
ning of the Anthropocene in 1850 CE) 
was an epoch of relative stability for 
global mean temperature and progressive 
slowing and stabilizing of GMSL. During 

the Early Holocene (11.3–8.2 ka), GMSL 
rise slowed to ~8 mm yr–1 and progres-
sively slowed to 2 mm yr–1 in the Middle 
Holocene (8.2–4.2 ka) and less than 
1 mm yr–1 by 5 ka (Figure 3A; Lambeck 
et al., 2014). Statistical analysis of a global 
database of regional sea level records 
(Figure 3B) shows very little change 
in Late Holocene GMSL (4.2 ka to the 
beginning of the Anthropocene), aside 
from hundred-year scale oscillations of 
± 0.1 m (Kopp et al., 2016; Kemp et al., 
2018). This corroborates the analysis of 
CE GMSL by Kopp et  al. (2016), which 
exhibited multi-centennial variability of 
±0.1 m, but no rising trend. The modern 
rise is not a remnant of deglaciation but 
rather due to anthropogenic warming.

The modern period of GMSL rise 
began in the late nineteenth century, and 
the rate of rise over the twentieth cen-
tury was the fastest in at least 3,000 years 
(Kopp et al. 2016; Kemp et al., 2018). The 
acceleration of sea level rise continued in 
the late twentieth and early twenty-first 
centuries. Statistical analysis of satellite 
and tide gauge records by Dangendorf 
et al. (2019) shows a 1.6±0.4 mm yr–1 rate 
of sea level rise between 1900 and 2015, 
with the current acceleration beginning 
in the late 1960s. The rate of sea level 
rise increased from 2.1±0.1 mm yr–1 
to 3.4±0.3 mm yr–1 from 1993 to 2015 
(Dangendorf et  al., 2017). Using nearly 
30 years of satellite data (Nerem et  al., 
2010; Beckley et  al., 2016), a simple 
regression model (Figure 3C) captures 
the late twentieth to twenty-first cen-
tury acceleration of sea level rise. GMSL 
today is driven primarily by ocean warm-
ing (~40%) and the melting of ice sheets 
(~30%) and mountain glaciers (~20%) 
(Church et  al., 2013; WCRP Global Sea 
Level Budget Group, 2018). 

Though future sea level rise remains 
a subject of conjecture dependent on 
future emissions pathways, certain limits 
can be placed on sea level rise during 
the twenty-first century and beyond. 
Simple extrapolation of the acceleration 
seen in the satellite data (Nerem et  al., 

2010; Beckley, 2016) predicts over 0.7 m 
of GMSL rise by 2100 (Figure 3D, thick 
black line) and a ~12.5 mm yr–1 rate of 
rise in 2100. However, whereas the next 
couple of decades of GMSL rise are inde-
pendent of emissions pathways, human 
choices about emissions become an 
increasingly important driver in the sec-
ond half of this century and beyond. In 
a world that eliminates its net carbon 
dioxide emissions and stabilizes global- 
mean warming at 2°C above preindus-
trial temperatures, GMSL is likely (with 
at least a 66% probability) to be between 
0.4 m and 1.0 m by the end of the cen-
tury (Figure 3D,E; Rasmussen et  al., 
2018; Bamber et  al., 2019). By con-
trast, in a world of unchecked emissions 
growth that leads to global-mean warm-
ing around 5°C by the end of the cen-
tury, the currently limited understanding 
of ice sheet stability on century times-
cales yields a much broader range of pro-
jections. The relatively conservative pro-
jections laid out in chapter four of the 
special report of the Intergovernmental 
Panel on Climate Change on The Ocean 
and Cryosphere in a Changing Climate 
indicate a likely rise of 0.6–1.1 m over 
this century (Oppenheimer et al., 2019), 
while a structured expert judgment study 
(Bamber et al., 2019) indicates a broader 
range of 0.8–1.7 m. 

The future beyond 2100 CE is even less 
certain. Both process modeling (Clark 
et  al., 2016) and ancient sea level ana-
logs discussed here reflecting slow feed-
back mechanisms suggest that 2°C of 
warming will lock in ~10 m of GMSL rise 
over the coming millennia. Under higher 
emissions scenarios, twenty-first century 
GMSL rise greater than 2 m cannot be 
excluded (e.g., Bamber et al., 2019), and 
equilibrium rise over the next few mil-
lennia may be tens of meters. Emissions 
to date have committed humanity to a 
world of sea level rise not seen for 3 mil-
lion years, and our coastal systems, natu-
ral and built, need to adapt, roll back, and 
continue to acclimate to inexorable rise. 
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SIDEBAR. Boron Isotopes Provide Insights into Biomineralization, 
Seawater pH, and Ancient Atmospheric CO2

By Jessica G.M. Crumpton-Banks and James W.B. Rae

Rising atmospheric CO2 and falling ocean pH place an 
urgency on our efforts to understand the impact of CO2 on 
Earth’s ecosystems and climate Studies of past perturbations 
of Earth’s carbon reservoirs and climate—ranging from glacial-​
interglacial cycles to mass extinction events—may provide 
valuable insights, but they require the ability to reconstruct 
changes in ocean-atmosphere CO2 chemistry in Earth’s past. 
Here, we provide an overview of the boron isotope pH proxy 
in marine carbonates and how it can be applied to reconstruct 
past ocean pH and atmospheric CO2.

The Boron Isotope pH Proxy
Hemming and Hanson (1992) first suggested using the boron 
isotopic composition of marine carbonates as a proxy for 
ocean pH. They proposed a boron isotope pH meter, based 
on the pH-dependent speciation of the two dominant forms 
of boron in seawater, boric acid (B(OH)3) and the borate ion 
(B(OH)4

– ). At low pH, boric acid dominates and vice versa 
(Figure 1a). As there is a constant isotopic offset between 
the two species, the isotopic signature of each shifts as pH 

changes to conserve mass balance and the overall boron 
isotope composition of seawater (Figure 1b). Empirical cali-
brations suggest that marine calcifiers—such as foraminifera, 
corals, and brachiopods—incorporate the tetrahedral borate 
ion into their carbonate skeletons (e.g., Rae et al., 2011). As a 
result, the isotopic composition of fossil CaCO3 may be used 
to reconstruct that of the borate ion, and in turn pH. While 
research into the exact mechanism of boron incorporation is 
ongoing, the original conceptual model described above pro-
vides a useful basis for the δ11B pH proxy that is grounded in 
seawater acid-base chemistry and isotopic equilibria. 

With pH established, another carbonate system parameter is 
needed to quantitatively reconstruct CO2. Because seawater 
pH and CO2 are closely coupled, the resulting pCO2 record 
will be mainly driven by pH. Thus, even a broad estimate of 
alkalinity can result in a well-constrained pCO2 estimate. The 
residence time of boron in the ocean is ~10–20 million years, 
and so changes in seawater δ11B must also be considered 
when using boron isotopes to reconstruct pH and pCO2 on 
multimillion-year timescales. 

CO2 and pH Change Beyond the Ice Cores
While ice cores provide detailed records of past atmospheric 
CO2, the records currently only extend back 800,000 years. 
The boron isotope pH proxy has become one of the key meth-
ods paleoceanographers use to extend atmospheric CO2 
reconstructions beyond the timescales of ice core records. 
Recent studies demonstrate coupling between CO2 and long-
term climate over the last ~66 million years (e.g., Anagnostou 
et al., 2020), while on shorter timescales, Martínez-Botí et al. 
(2015) use δ11B to show that, once differences in ice-albedo 
feedback are accounted for, climate sensitivity in the Pliocene 
(~5.3–2.6 million years ago) was similar to modern sensi-
tivity. Boron isotopes have also been applied to examin-
ing rapid acidification events, including those associated 
with carbon release during the Paleocene-Eocene Thermal 
Maximum (~55 million years ago; Penman et  al., 2014) and 
flash acidification associated with the asteroid impact at the 
Cretaceous–Paleogene boundary (~66 million years ago; 
Henehan et al., 2019). 

Mechanisms of Glacial-Interglacial CO2 Change
For more recent time periods, boron isotopes can be used to 
reveal the processes by which CO2 is transferred between the 
ocean and the atmosphere during glacial-interglacial transi-
tions. Rae et al. (2018) show that Southern Ocean deep-sea 
corals recorded lower pH during the Last Glacial Maximum 
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FIGURE 1. (a) Graph of pH-dependent speciation of boric 
acid (B(OH)3, red line) and borate ion (B(OH)4

–, blue line). 
(b) Isotopic offset between boric acid and borate ion. Dashed 
black line = modern seawater (Foster et al., 2010). White dia-
monds = Cibicidoides wuellerstorfi benthic foraminiferal δ11B 
(Rae et al., 2011).
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(26,500–19,000 years ago), evidence that CO2 is stored 
in the deep ocean during glacial periods (Figure 2), while 
planktic δ11B (Shao et  al., 2019) provides evidence of wide-
spread outgassing of CO2 via the surface ocean during the 
last deglaciation. 

Biomineralization
While many calcifiers have δ11B values close to borate at 
average seawater pH, some genera are notably offset from 
seawater values, providing insights into the mechanisms of 
biomineralization. For example, corals consistently record 
higher δ11B, and thus pH, than that of the water in which they 
grew, due to internal up-regulation of the calcifying fluid pH 
(McCulloch et al., 2012). This up-regulation process promotes 
carbonate precipitation by raising saturation state, and also 
helps concentrate carbon by creating a pronounced concen-
tration gradient down which CO2 can diffuse from seawater 
(Allison et al., 2019). A deeper knowledge of these processes 
is vital for better understanding the resilience and response 
of marine calcifiers under rising anthropogenic CO2 emissions 
and acidifying ocean conditions.

Outlook
The strength of the boron isotope proxy is its foundation in inor-
ganic acid-base and isotopic equilibria. The key uncertainty 
for CO2 system reconstruction on long timescales (>5 million 
years) is the boron isotopic composition of seawater, which 
has proved difficult to constrain and thus limits the accuracy 
of long-term pH and CO2 estimates (though relative changes 

can be reconstructed with more confidence). Despite recent 
analytical developments, boron isotope analyses also remain 
challenging. Gaining a better understanding of the CO2 system 
will require continued analytical improvements, understand-
ing how boron is incorporated into marine carbonates, and 
knowledge of the constraints on long-term δ11B of seawater. 

REFERENCES
Anagnostou, E., E.H. John, T.L. Babila, P.F. Sexton, A. Ridgwell, D.J. Lunt, 

P.N. Pearson, T.B. Chalk, R.D. Pancost, and G.L. Foster. 2020. Proxy evidence 
for state-dependence of climate sensitivity in the Eocene greenhouse. 
Nature Communications 11:4436, https://doi.org/10.1038/s41467-020-17887-x. 

Allison, N., I. Cohen, A.A. Finch, J. Erez, and A.W. Tudhope. 2019. Corals con-
centrate dissolved inorganic carbon to facilitate calcification. Nature 
Communications 5:5741, https://doi.org/10.1038/ncomms6741.

Foster, G.L., P.A.E. Pogge von Strandmann, and J.W.B. Rae. 2010. Boron and 
magnesium isotopic composition of seawater. Geochemistry Geophysics 
Geosystems 11:1–10, https://doi.org/10.1029/2010GC003201.

Hemming, N.G., and G.N. Hanson. 1992. Boron isotopic composition and con-
centration in modern marine carbonates. Geochimica et Coscmochimica 
Acta 56:537–543, https://doi.org/10.1016/0016-7037(92)90151-8.

Henehan, M.J., A. Ridgwell, E. Thomas, S. Zhang, L. Alegret, D.N. Schmidt, 
J.W.B. Rae, J.D. Witts, N.H. Landman, S.E. Greene, and others. 2019. 
Rapid ocean acidification and protracted Earth system recovery fol-
lowed the end-Cretaceous Chicxulub impact. Proceedings of the National 
Academy of Sciences of the United States of America 116:22,500–22,504, 
https://doi.org/​10.1073/pnas.1905989116.

Martínez-Botí, M.A., G.L. Foster, T.B. Chalk, E.J. Rohling, P.F. Sexton, D.J. Lunt, 
R.D. Pancost, M.P.S. Badger, and D.N. Schmidt. 2015. Plio-Pleistocene climate 
sensitivity evaluated using high-resolution CO2 records. Nature 518:49–54, 
https://doi.org/10.1038/nature14145.

McCulloch, J. Trotter, P. Montagna, J. Falter, R. Dunbar, A. Freiwald, G. Försterra, 
M.L. Correa, C. Maier, A. Rüggeberg, and M. Taviani. 2012. Resilience 
of cold-water scleractinian corals to ocean acidification: Boron isoto-
pic systematics of pH and saturation state up-regulation. Geochimica et 
Coscmochimica Acta 87:21–34, https://doi.org/10.1016/j.gca.2012.03.027.

Penman, D.E., B. Hönisch, R.E. Zeebe, E. Thomas, and J.C. Zachos. 2014. 
Rapid and sustained surface ocean acidification during the Paleocene-
Eocene Thermal Maximum. Paleoceanography 29:357–369, https://doi.org/​
10.1002/2014PA002621.

Rae, J.W.B., G.L. Foster, D.N. Schmidt, and T. Elliott. 2011. Boron isotopes and 
B/Ca in benthic foraminifera: Proxies for the deep ocean carbonate system. 
Earth and Planetary Science Letters 302:403–413, https://doi.org/10.1016/​
j.epsl.2010.12.034.

Rae, J.W.B., A. Burke, L.F. Robinson, J.F. Adkins, T. Chen, C. Cole, R. Greenop, 
T. Li, E.F.M. Littley, D.C. Nita, and others. 2018. CO2 storage and release 
in the deep Southern Ocean on millennial to centennial timescales. 
Nature 562:569–573, https://doi.org/10.1038/s41586-018-0614-0.

Shao, J., L.D. Stott, W.R. Gray, R. Greenop, I. Pecher, H.L. Neil, R.B. Coffin, 
B. Davy, and J.W.B. Rae. 2019. Atmosphere-ocean CO2 exchange across 
the last deglaciation from the boron isotope proxy. Paleoceanography and 
Paleoclimatology 34:1,650–1,670, https://doi.org/10.1029/2018PA003498.

AUTHORS
Jessica G.M. Crumpton-Banks (jessica.crumptonbanks@nuigalway.ie) com-
pleted her PhD in the School of Earth and Environmental Geosciences, 
University of St Andrews, UK, and is currently a postdoctoral fellow in the 
School of Geography and Archaeology, National University of Ireland, Galway, 
Ireland. James W.B. Rae (jwbr@st-andrews.ac.uk) is Professor, School of Earth 
and Environmental Geosciences, University of St Andrews, UK.

Co
nc

en
tr

at
io

n 
(µ

m
ol

 k
g–1

)

0
50

100
150
200
250
300
350
400

pH

δ11
B 

(‰
)

10

20

30

40

50

60

70

a

b

B(OH)3

B(OH)3

B(OH)4
–

B(OH)4
–

O
ce

an
 p

H

A
tm

os
ph

er
ic

 C
O

2

Thousands of Years Ago
01020307.0 7.5 8.0 8.5 9.0 9.5 10.0

0102030

180

200

220

240

260

280

7.4

7.5

7.6

7.7

7.8
7.9
8.0

High CO2

Low CO2

CO2 goes into
the atmosphere

CO2 comes out
of the ocean

The Last Ice Age Deglaciation

δ11BSW = 39.61‰
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als demonstrates CO2 release from the deep Southern 
Ocean to the atmosphere at the end of the last ice age 
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Linkages Between Dynamic Phytoplankton C:N:P 
and the Ocean Carbon Cycle Under Climate Change

By Katsumi Matsumoto, Tatsuro Tanioka, and Rosalind Rickaby

INTRODUCTION
The world ocean holds vastly more car-
bon than the atmosphere (~60 times more 
during preindustrial times). Therefore, a 
relatively small change in the oceanic car-
bon inventory can lead to a large change in 
atmospheric pCO2 and thus in global cli-
mate. Also, the large capacity of the ocean 
to store carbon means that perturbations 
to atmospheric pCO2 can be damped by 
the ocean through air-sea CO2 exchange. 
The timescale of change for the ocean 
spans decades to centuries, much longer 
than those for the atmosphere or the land 

biosphere. Thus, the ocean has long been 
considered key to understanding global 
carbon cycle changes that occurred over 
glacial-interglacial timescales and that 
are likely to occur on decadal to centen-
nial timescales in the future. 

One of the important drivers of the 
ocean carbon cycle is the biological pump, 
the vertical transport of carbon from the 
surface to the deep ocean by sinking 
particulate organic matter (POM). This 
carbon export process can sequester car-
bon in the ocean interior for centuries 
until overturning circulation returns it to 

the surface. As Broecker (1982) first pro-
posed, changes in the strength of the bio-
logical pump can alter the amount of car-
bon sequestered in the ocean and has the 
potential to drive large variations in atmo-
spheric pCO2. For example, strength-
ening of the pump can reduce pCO2 
and often requires increasing the oce-
anic inventories or surface supply rates 
of limiting nutrients such as phosphorus 
(Broecker, 1982), nitrogen (Falkowski, 
1997), and iron (Martin, 1990). Here, we 
aim to examine a new twist to the biolog-
ical pump under climate change, namely, 
how flexible elemental stoichiometry of 
phytoplankton modifies carbon export 
as the marine environment changes. This 
idea was originally suggested by Peter 
Weyl to Broecker (1982) in the context 
of glacial pCO2 and subsequently men-
tioned infrequently in the literature. Our 
goal in this work is to introduce how this 
twist might manifest under glacial con-
ditions (Matsumoto et  al., 2020) as well 
as under future warming conditions 
(recent work of authors Matsumoto and 
Tanioka), for which environmental driv-
ers are arguably more easily understood. 

REDFIELD RATIO AND 
FLEXIBLE C:N:P
The possibility that phytoplankton stoi-
chiometry of carbon, nitrogen, and phos-
phorus (C:N:P) could be flexible on an 
ocean basin scale has not been consid-
ered seriously until recently. The stabil-

ABSTRACT. Modelers of global ocean biogeochemistry are beginning to represent a 
phenomenon that biologists have long observed in laboratory and field settings: that 
the elemental stoichiometry of phytoplankton is quite flexible. Today, it is well recog-
nized that the C:N:P ratio in phytoplankton and particulate organic matter can vary 
substantially on ocean basin scales. Recent data show that, compared to the traditional 
Redfield ratio C:N:P = 106:16:1, the ratio is much higher in the oligotrophic subtropical 
gyres (~195:28:1) and much lower in eutrophic polar waters (~78:13:1). This pattern of 
variability, informed by results from phytoplankton incubation experiments, indicates 
that environmental factors such as nutrient availability and temperature are import-
ant drivers. Our model simulations of the global ocean carbon cycle under global 
warming and glacial conditions suggest that phytoplankton physiology and commu-
nity composition control global C:N:P export. Model results also indicate the import-
ant role that Southern Ocean sea ice plays in determining the global export stoichi-
ometry by altering the proportional contribution of Southern Ocean phytoplankton 
to global production. Sea ice retreat under warming and expansion under glaciation, 
while opposite in sign, can both elevate the global export C:N:P ratio by altering phyto-
plankton physiology and community composition in contrasting ways between each 
scenario. The global mean export C:N:P ratio increases from 113:16:1 in the control 
run to 119:17:1 by the year 2100 in the future run and to 140:16:1 in the glacial run. 
The impact of higher export C:N:P ratios is to strongly buffer carbon export against 
change for both scenarios.

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD
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ity of the C:N:P ratio has been a central 
tenet of chemical oceanography since the 
seminal work by Redfield (1934). He dis-
covered that the stoichiometry in plank-
ton and seawater was very similar. The 
so-called Redfield ratio of marine organic 
matter is C:N:P = 106:16:1 (Redfield 
et al., 1963). Later, L.A. Anderson (1995) 
extended it to oxygen, –O2:P = –150:1. 
The Redfield ratio is very useful in studies 
of ocean carbon budgeting, and chemical 
oceanographers have long assumed the 
Redfield ratio or some variations of it to 
be fixed. For example, just a decade ago 
the international modeling community 
used a fixed ratio in the Ocean Carbon 
Cycle Model Intercomparison Project 
(Najjar et  al., 2007). However, biologists 
have long known plankton stoichiome-
try to be quite variable in individual cells. 
Indeed, Redfield himself noted stoichio-
metric flexibility. Furthermore, a strict 
C:N:P ratio does not seem to be sup-
ported by any obvious physiological or 
biochemical underpinning (Geider and 
La Roche, 2002).

In recent years, evidence has been 
mounting of substantial variability in the 
stoichiometry of phytoplankton and par-
ticulate organic matter (POM), even at the 
ocean basin scale. For example, Martiny 
et al. (2013) find a clear global pattern that 
shows an elevated C:N:P ratio of 195:28:1 
in the subtropical gyres, 137:18:1 in the 
warm upwelling zones, and 78:13:1 in the 
nutrient-rich polar regions (Table 1). An 
inverse model of ocean biogeochemis-
try also inferred a similar spatial pattern 
of global C:N:P ratio (Teng et  al., 2014; 
Wang et al., 2019). This variability is not 
fully understood, but nutrient availabil-
ity, especially that of phosphate, is clearly 
recognized as a driver. Also, stoichiomet-
ric measurements on different taxa reveal 
that eukaryotes have relatively low C:N:P, 
more consistent with the Redfield ratio, 
which is perhaps not surprising given that 
Redfield’s original measurements were 
made on eukaryotes. Modern measure-
ments on much smaller cyanobacteria, 
not yet discovered in Redfield’s day, show 
distinctly higher ratios, with C:P as high 

as 350 and N:P as high as 50.
Today, the global ocean modeling 

community is transitioning from fixed 
to dynamic stoichiometry for phyto-
plankton. For example, the stoichiomet-
ric flexibility represented by the state of 
the art CMIP5/6 models range from none 
at all (i.e.,  fixed C:N:P) to partial flexi-
bility (e.g., flexible C:P but fixed C:N) to 
full flexibility (Bopp et  al., 2013; Arora 
et  al., 2019). This flexibility has import-
ant implications not only for the gla-
cial carbon cycle but also for future 
uptake of anthropogenic carbon by the 
ocean. For example, the traditional view 
of the future biological carbon pump is 
that it will become weaker as warming 
enhances ocean stratification and reduces 
the vertical supply of nutrients from the 
subsurface to the sunlit surface layer. 
However, the concept of flexible stoichi-
ometry allows for the possibility that the 
biological carbon pump may remain rela-
tively unperturbed in the face of reduced 
nutrient supply because the reduction 
should lead to higher phytoplankton C:P. 

In other words, changes in phytoplank-
ton stoichiometry could buffer carbon 
export against change. Previous mod-
eling studies indicate that the ocean’s 
capacity to uptake anthropogenic carbon 
in the future due to variable C:P alone 
is quantitatively modest (Tanioka and 
Matsumoto, 2017).

A major challenge in transitioning to a 
more fully flexible phytoplankton C:N:P 
ratio in ocean biogeochemical models is 
the deficiency in understanding which 
environmental factors drive the flexi-
bility. A cursory survey of the literature 
does not give a clear picture (e.g., Moreno 
and Martiny, 2018). There are numerous 
reports of laboratory incubation experi-
ments that indicate phytoplankton stoi-
chiometry dependence with a conflicting 
sense of change (e.g.,  how temperature 
affects C:N:P ratio). Also, different stud-
ies target different strains of algae, often 
under dissimilar conditions. 

In order to overcome this challenge, 
we conducted an exhaustive meta-​
analysis of laboratory studies of marine 

TABLE 1. Observed and modeled C:N:P stoichiometry.

C:N:P TYPE C:N:P RATIO SOURCE

OBSERVED

Redfield Ratio POM 106:16:1 Redfield et al. (1963)

Biomass- 
Weighted

Global POM 146:20:1 Martiny et al. (2013)

Subtropical Gyres POM 195:28:1 Martiny et al. (2013)

Warm Upwelling Waters POM 137:18:1 Martiny et al. (2013)

Polar Eutrophic Waters POM 78:13:1 Martiny et al. (2013)

Global Inverse Model Export 115:17:1 Wang et al. (2019)

MODEL RESULTS

Control 
Run

Global Uptake 146:19:1 Matsumoto et al. (2020)

Subtropical Gyres Uptake 217:25:1 Matsumoto et al. (2020)

Polar Water Uptake 69:14:1 Matsumoto et al. (2020)

Global Export 113:16:1 Matsumoto et al. (2020)

Global Warming Year 2100 Export 119:17:1
Recent work of authors 
Matsumoto and Tanioka

Glacial Export 140:16:1 Matsumoto et al. (2020)

POM = Particulate organic matter/phytoplankton. Wang et  al. (2019) provide a data-constrained, 
global N:P export ratio of 17.3:1 and assume a fixed C:N = 106:16 to calculate the C:P ratio. In the 
model, the uptake C:N:P ratio is the net primary production (NPP)-weighted, spatially averaged, 
community phytoplankton uptake ratio over the top 100 m. The export C:N:P ratio in the model is 
the NPP-weighted, spatially averaged export ratio calculated at 100 m water depth. For data/model 
comparison, ratios measured for POM should be compared to model uptake ratios.
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phytoplankton stoichiometry (Tanioka 
and Matsumoto, 2020). Meta-analysis is 
a powerful statistical framework for syn-
thesizing independent studies and identi-
fying trends, and it follows rigorous for-
mal protocols to ensure reproducibility 
and reduce bias. We analyzed 241 exper-
imental units of P:C and 366 experimen-
tal units of N:C from 104 journal articles 
encompassing seven taxonomic phyla. 

Figure 1 illustrates the main findings of 
the meta-analysis regarding the sensitiv-
ities of C:P and C:N uptake as functions 
of phosphate, nitrate, light, and tempera-
ture. Sensitivity to iron was included in 
the meta-analysis but is excluded here 
due to a significant but very small signal 
that was seen in only one class of phyto-
plankton. Our meta-analysis confirmed 
that C:P increases as P becomes more 
limiting (Figure 1a) and also as tem-
perature rises (Figure 1b). Additionally, 
C:N increases as N becomes more lim-
iting (Figure 1c) and as light increases 
(Figure 1d). The meta-analysis shows 

that the stoichiometric sensitivities differ 
in terms of their statistical significance, 
magnitude, and universality across differ-
ent taxonomic groups. For example, the 
effect of phosphate on C:P is much larger 
for eukaryotes than for other phytoplank-
ton types examined, and the effect of 
temperature is not statistically significant 
in eukaryotes. The interested reader is 
referred to the meta-analysis in Tanioka 
and Matsumoto (2020) for a discussion of 
the underlying biochemical reasons. 

With global warming, water tempera-
tures will rise, and the water column will 
likely stratify more strongly, providing 
more light to phytoplankton in a thin-
ner mixed layer and resulting in reduced 
vertical supply of phosphate and nitrate 
to the surface. According to the sensitiv-
ities of the C:P and C:N ratios (Figure 1), 
these environmental changes will elevate 
C:P or C:N so that phytoplankton should 
become more carbon rich. In this simple 
thought experiment then, higher carbon 
content in phytoplankton should lead to 

greater carbon export, but coupled with 
lower overall productivity, global carbon 
export will be buffered into the future.

FLEXIBLE C:N:P IN THE 
CONTROL MODEL RUN
Whether and how much this stoichio-
metric buffering occurs in a more realistic 
setting can be explored by implementing 
the C:P and C:N sensitivities shown in 
Figure 1 in a global model of ocean bio-
geochemistry. We have employed a coarse 
resolution three-​dimensional Earth sys-
tem model called MESMO (Minnesota 
Earth System Model for Ocean biogeo-
chemistry; Matsumoto et  al., 2013) for 
this purpose. Details of the implemen-
tation are available in Matsumoto et  al. 
(2020). Here, we note briefly that three 
phytoplankton functional types (PFTs) 
are represented in the flexible C:N:P-
enabled MESMO: eukaryotes, cyanobac-
teria, and diazotrophs. Eukaryotes, which 
include diatoms, are fast and opportu-
nistic growers, especially under nutrient 
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FIGURE 1. C:P and C:N ratios 
of three phytoplankton groups 
as functions of four environ-
mental drivers with sensitiv-
ities from the meta-analysis 
of Tanioka and Matsumoto 
(2020). In each panel, only 
one driver is changed while 
others are kept constant at 
reference values. The gray 
dots are C:P and C:N data of 
bulk particulate organic mat-
ter from the field. (a) and (c) 
from Galbraith and Martiny 
(2015) and (b) from Yvon-
Durocher et al. (2015)
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replete conditions. Cyanobacteria such 
as Prochlorococcus and Synechococcus 
are smaller cells that do well in oligo-
trophic waters. Diazotrophs are nitro-
gen fixers that exhibit slow growth rates 
but are not limited by nitrate. The growth 
patterns of these PFTs are limited by tem-
perature, light, and different combina-
tions of nutrients (P, N, Fe, and Si). Base 
model states for the three PFTs, including 
nutrient limitation maps, are presented in 
Matsumoto et al. (2020). In the model, the 
base C:N:P ratio is set lower for eukary-
otes and higher for the other two PFTs as 
observed, and the three PFTs are given 
different C:N:P sensitivities, according to 
the meta-analysis findings. For example, 
all PFTs have C:P dependence on phos-
phate, but eukaryotes are the most sensi-
tive compared to the others.

The MESMO control run, prescribed 
with preindustrial boundary condi-
tions and described by Matsumoto et al. 
(2020), shows a number of features that 
indicate good starting points for explor-

ing the effect of flexible stoichiometry 
on the ocean carbon cycle (Figure 2). 
For example, in the oligotrophic sub-
tropical gyres of the model, where car-
bon export production is low, cyanobac-
teria are dominant (Figure 2a) and C:P 
is high (Figure 2b). The phytoplankton 
community C:P is high in the subtropi-
cal gyres, because low phosphate concen-
trations elevate the C:P ratio for all PFTs 
and because cyanobacteria make the 
largest contribution to the community. 
In contrast, the community C:P is low 
in eutrophic and polar waters because 
the nutrient replete conditions reduce 
C:P in all PFTs and eukaryotes are dom-
inant. Community C:P in our model is 
largely consistent with the observed C:P 
ratio of particulate organic matter on 
the global scale (compare black line and 
squares in Figure 2b). 

Globally, the control model predicts 
C:N:P uptake of 102:14:1 for eukary-
otes and much higher uptake ratios 
for cyanobacteria and diazotrophs 

(C:N:P = 198–213:23–32:1) within the 
production layer. The global mean phyto-
plankton community C:N:P uptake ratio 
is 146:19:1 (Table 1). The model predicts 
the highest C:N:P uptake ratio in the top-
most level within the production layer, 
because the surface is where nutrients 
are most depleted and light levels and 
temperatures are the highest. The C:N:P 
uptake ratio becomes lower with depth in 
the production layer. Export C:N:P ratio 
at any site reflects the uptake ratios car-
ried by POM formed at different levels 
within the production layer. The model 
currently includes no preferential rem-
ineralization of different elements. The 
global mean export C:N:P in the control 
model is 113:16:1, which is close to the 
Redfield ratio (Table 1). The difference 
between the phytoplankton uptake ratio 
and the export ratio is thus a consequence 
of having an environment-driven, flexible 
stoichiometry. Such a difference does not 
manifest in the model where phytoplank-
ton C:N:P uptake ratio is fixed. 
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FIGURE 2. Annual mean properties in the control model for the top 100 m of the water column. (a) Zonally averaged, net primary production (NPP)-
weighted phytoplankton community composition. The three phytoplankton functional types (PFTs) represented in the model are eukaryotes (blue), cya-
nobacteria (red), and diazotrophs (yellow). The black line is the remotely sensed contribution of picophytoplankton (0.5–2 µm) to total carbon-based 
biomass (Kostadinov et al., 2016). (b) Zonally averaged C:P uptake ratios for each PFT (colored lines) and the NPP-weighted community C:P (black line). 
The community C:P would be reflected in the C:P ratio of organic particles. Black squares are based on data from C:P from Martiny et al. (2013).
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FLEXIBLE C:N:P UNDER 
GLOBAL WARMING
All future MESMO simulations are car-
ried out under a new “middle-of-the 
road” scenario for future warming called 
the Shared Socioeconomic Pathway 2 
(Riahi et  al., 2017). The summary pre-
sented here is based on multiple sensitivity 
model experiments carried out recently 
by authors Matsumoto and Tanioka. The 
model simulates typical climate warm-
ing features that include warming of sur-
face air and sea surface, slowdown of the 
Atlantic meridional overturning circula-
tion, and shallower mixed layer and sea 
ice retreat in polar waters. Radiative forc-
ing stabilizes at ~4.5 Wm–2 with pCO2 at 
around 600 µatm by the year 2100. We 

show results from our global warming 
simulation for the year 2100. There are 
two important drivers of global export 
C:N:P changes in our model simula-
tion. First, global sea ice coverage retreats 
from approximately 10% to 6.5%, leading 
to enhanced biological production in the 
previously ice-covered Southern Ocean 
(Figure 3a). This has the effect of deplet-
ing surface nutrients there, thus elevat-
ing the C:N:P of all Antarctic PFTs and 
increasing the Southern Ocean’s con-
tribution to global production. Second, 
higher temperatures increase the C:P 
ratio for cyanobacteria and diazotrophs. 
This temperature effect has a significant 
impact on community C:P outside the 
Southern Ocean (Figure 3c).

In the warming simulation, the global 
mean export C:N:P increases for two 
main reasons. First, physiologically, 
the global mean C:N:P for eukaryotes 
increases because of the large reduction 
in nutrient availability in the Southern 
Ocean. The same effect is simulated for 
cyanobacteria and diazotrophs but is 
smaller due to their lower C:P sensitiv-
ities to phosphate limitation. Outside 
the Southern Ocean, where the nutri-
ents were already much lower or even 
close to being completely depleted, the 
temperature effect on cyanobacteria and 
diazotroph C:P becomes large. The sec-
ond reason that the global export C:N:P 
rises is the change in regional production. 
While biological production declines 
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globally (due generally to increased strat-
ification), the Southern Ocean is anom-
alous in showing an increase in produc-
tion as sea ice retreats. As noted above, 
the strong, nutrient-driven physiolog-
ical response of Antarctic phytoplank-
ton stoichiometry, especially by eukary-
otes, makes a larger contribution to the 
global mean. In other words, the stoichi-
ometry of the PFTs from the more pro-
ductive waters would make a larger con-
tribution to the global mean than the 
stoichiometry of the PFTs from less pro-
ductive waters. Interestingly, the shift in 
community composition under global 
warming is modest and has little effect 
on global C:N:P. As expected, a shift in 
favor of the smaller cyanobacteria occurs 
at the expense of the larger eukaryotes in 
the model, as nutrients generally become 
more depleted. However, the shift is only 
~3% globally. In an earlier modeling 
study with a very different formulation 
of flexible stoichiometry, Kwiatkowski 
et  al. (2018) also found a similar taxo-
nomic shift by ~2% by the year 2100 and 
attributed 95% of the global change in 
C:N:P to physiology.

Under the warming scenario adopted 
here, MESMO predicts that the global 
export C:N:P ratio increases from 
113:16:1 in the preindustrial state to 
119:17:1 by the year 2100 (Table 1). 
During this period, the global P export 
by particles (POP) declines by 14%. In a 
separate model run where phytoplank-
ton C:N:P was fixed, the global carbon 
export declined by the same proportion 
as P export, as expected. However, the 
simulated carbon export decline is only 
10% with flexible stoichiometry export. 
The stoichiometric buffering effect (BE) 
of carbon export can be quantified as

BE = (1 – ) × 100,1 – f POC
1 – f POP

where fPOC and fPOP are the frac-
tional changes in particulate organic car-
bon (POC) and POP since preindustrial 
times. In this case, 1 – f POC = 0.10 and 
1 – f POP = 0.14. BE is thus 30%. As export 
C:N:P increases under warming, it facili-

tates a larger uptake of anthropogenic 
carbon under the prescribed atmospheric 
pCO2. However, the net transport of air-
sea CO2 flux is driven overwhelmingly 
by the prescribed pCO2 itself (i.e.,  large 
air-sea pCO2 gradient), so that the effect 
of flexible C:N:P on anthropogenic car-
bon is quantitatively insignificant. In 
our study, the extra anthropogenic car-
bon uptake due to a higher export C:N:P 
ratio is just ~1% by the year 2100, sim-
ilar to the estimate of 0.5%–3.5% by 
Kwiatkowski et al. (2018).

FLEXIBLE C:N:P UNDER 
GLACIAL CONDITIONS
We find that the lessons gleaned for the 
global warming case are generally appli-
cable to the glacial model simulation. 
In the glacial simulation, the same flex-
ible C:N:P-enabled ocean model was sub-
ject to five conditions that are often used 
in glacial model studies: larger land ice 
(albedo), reduced radiative forcing from 
greenhouse gases, insolation changes due 
to Earth’s orbital parameters, increased 
dust deposition, and weaker Southern 
Hemisphere westerly winds. A whole 
suite of glacial model runs with vari-
ous sensitivities indicated are described 
in detail in Matsumoto et  al., 2020 and 
are used to draw the general conclusions 
summarized here.

In the glacial simulation, the applica-
tion of ice albedo and radiative forcing 
substantially cools the planetary surface 
(>5°C in global mean surface air tem-
perature) and has the important effect 
of expanding the polar sea ice by 64%. 
In stark contrast to the global warming 
simulation, the increase in sea ice under 
glacial conditions has the effect of dra-
matically reducing biological produc-
tion in the Southern Ocean (Figure 3b). 
This reduced contribution in turn leads 
to an increase in the global export C:N:P, 
because the Southern Ocean with high 
nutrients (which drives C:N:P lower) 
and eukaryote-dominated PFTs (which, 
again, drives C:N:P lower) now has a 
reduced influence on the global mean.

A comparison of sensitivity runs with 

and without glacial dust flux demon-
strates that the increased dust deposition 
in the glacial model run also has import-
ant consequences for global export C:N:P 
through a chain of events. Iron from dust 
has a direct fertilization effect on PFTs in 
places where Fe is limiting. More critically 
for this study, the iron input impacts the 
physiology of diatoms as previously sug-
gested in the silicic acid leakage hypoth-
esis (Matsumoto et al., 2002), which pre-
dicts that increased iron availability will 
reduce the Si:N uptake ratio of diatoms, 
leaving silicic acid underutilized in much 
of the world’s surface ocean. As theorized, 
this relieves the severe silicic acid limita-
tions that diatoms exhibit in the control 
model run. As a result, production by 
the eukaryote PFT is enhanced outside 
areas of expanded sea ice. Global eukary-
ote carbon export thus increases substan-
tially from 3.6 Pg-C yr–1 to 6.3 Pg-C yr–1. 
This eukaryote growth comes at the 
expense of cyanobacteria growth and 
depletes surface nutrients because 
eukaryotes have high growth rates. As a 
consequence, global mean surface phos-
phate concentration decreases from 
0.31 µmol-P kg–1 to 0.26 µmol-P kg–1 in 
the model, although phosphate in polar 
waters increases because the expanded 
sea ice suppresses biological produc-
tion. Interestingly, in our model, nitrate 
becomes decoupled from phosphate in 
the Southern Ocean surface waters by 
showing a decline. In the model, the 
nitrate decline reflects a reduction in the 
global nitrate inventory, a consequence 
of weaker southern westerlies reducing 
deep ocean ventilation, enhancing deox-
ygenation, and finally promoting a faster 
rate of denitrification. 

The chain of events triggered by the 
glacial iron input has two important 
impacts on global C:N:P. First, the deple-
tion of nutrients elevates the C:N:P uptake 
ratio according to the sensitivities of C:P 
and C:N illustrated in Figure 1. This phys-
iological response is strongest in eukary-
ote C:P, which increases everywhere out-
side the polar waters. The global mean 
C:N:P for eukaryotes thus increases from 
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102:14:1 to 152:16:1. Cyanobacteria and 
diazotrophs exhibit similar, but weaker, 
stoichiometric responses to nutrients. 
Also, their C:P becomes lower with cool-
ing. Their overall change in C:N:P is thus 
mixed, with nutrients raising the ratio and 
cooling lowering it. Community C:N:P 
represents a balance of these physiologi-
cal changes and a general shift in commu-
nity composition in favor of eukaryotes. 

A first glance at the map of experiment-​
minus-​control changes under glacial con-
ditions in Figure 3d gives the impression 
that the C:P increase in the Indian and 
much of the Pacific Oceans is balanced by 
C:P reduction in the Atlantic and North 
Pacific. However, the global mean C:N:P 
is given by the production-​weighted aver-
age. As already noted, the global mean 
C:N:P is proportionately influenced by 
the ratios of the more productive waters, 
and very little influenced by the low 
ratios of the largely ice-​covered Southern 
Ocean under glacial conditions. The 
global mean export C:N:P ratio is there-
fore decidedly higher under glacial con-
ditions, 140:16:1, compared to the con-
trol run, 113:16:1 (Table 1). There is thus 
a 24% increase in the carbon content in 
the sinking POM per unit P.

In terms of the buffer equation 
presented above, fPOP = 0.77 and 
fPOC = 0.95 for the glacial simulation. 
That is, while P export decreased by 
23%, carbon export only declined by 5%, 
which indicates BE = 79%, a very strong 
buffering of carbon export.

The elevated export C:N:P ratio 
under glacial conditions could help to 
explain the glacial levels of atmospheric 
pCO2. As first demonstrated in the 1980s 
with Antarctic ice core records, pCO2 
was lower during peak glacial times by 
80–100 µatm than during interglacial 
periods (e.g.,  Petit et  al., 1999). A com-
parison of the glacial-​minus-​control runs 
with and without flexible C:N:P sug-
gests that having flexible stoichiometry 
reduces pCO2 by approximately 20 µatm. 
This quantification is not without dif-
ficulty, but it is on par with the changes 
in pCO2 achieved by other mechanisms 

such as solubility.
Are the glacial model predictions rea-

sonable? Our model prediction of deep 
deoxygenation is consistent with recent 
paleo-proxy studies concluding that 
many parts of the glacial ocean, includ-
ing the deep Atlantic and the equato-
rial Pacific, had substantially lower [O2] 
during the last glacial period than today 
(e.g., Lu et al., 2016; R.F. Anderson et al., 
2019). In the Southern Ocean, the liter-
ature supports the predictions of sea ice 
expansion and diminished Antarctic pro-
ductivity during the last glacial period. A 
reconstruction of Antarctic sea ice based 
on fossil diatoms recovered from sedi-
ment cores indicates that the maximum 
limit of Antarctic winter sea ice extended 
northward by 5°–10° latitude in all sec-
tors of the Southern Ocean (Crosta et al., 
1998). It is likely that as sea ice expands, 
biological production under sea ice will 
be diminished and surface nutrients will 
be underutilized and accumulate, as our 
results indicate. Indeed, a summary of 
biological production during the glacial 
period indicates reduced production in 
Antarctic waters (Kohfeld, 2005). Also, 
different nutrient proxies in Antarctic 
waters indicate increases in surface nutri-
ent concentrations, for example, foramin-
iferal Cd/Ca (Elderfield and Rickaby, 
2000), diatom δ30Si (De La Rocha et al., 
1998), and δ13C of organic matter bound 
to diatoms (Shemesh et al., 1993). 

However, these surface nutrient prox-
ies have long been at odds with sedi-
mentary and diatom-bound δ15N data, 
which indicate greater nitrate consump-
tion (François et al., 1997). Interestingly 
and as noted above, our model shows 
that nitrate is decoupled from phosphate 
in Southern Ocean surface waters. While 
phosphate concentration increases due to 
underutilization, nitrate concentration 
decreases, reflecting a globally higher 
denitrification rate and a declining global 
ocean inventory of fixed nitrogen. The 
nutrient decoupling may in fact suggest a 
possible reconciliation of the apparently 
contradictory proxy results regarding gla-
cial Southern Ocean nutrient utilization.

TAKE-HOME MESSAGES
There are a few take-home messages. 
First, there are three important con-
trols on global export C:N:P, namely, the 
physiological response to environmental 
changes, a shift in community composi-
tion, and the balance in regional produc-
tion (Figure 4). Under global warming, 
the physiological response for all PFTs 
was production of more carbon-rich 
organic matter. Under glacial condi-
tions, the physiological response was 
more mixed, with nutrient depletion rais-
ing the C:P uptake ratio for all PFTs, but 
cooling lowering the C:P ratio in two of 
three PFTs. The community composition 
under warming very modestly shifted in 
favor of cyanobacteria. The shift under 
glacial conditions favored eukaryotes. 
The balance in regional production under 
both climate conditions was driven sub-
stantially by sea ice. It shrunk under 
warming but expanded under glaciation. 
Surprisingly, both changes had the effect 
of raising the global mean export C:N:P 
ratio. Under warming, the increase in 
production and the depletion of nutri-
ents in previously ice-covered waters 
increased the contribution of the elevated 
C:N:P ratio of the Southern Ocean to the 
global mean. Under glacial conditions, 
the contribution of the low Southern 
Ocean C:N:P ratio diminished, raising 
the global mean.

It is interesting to ponder whether 
this means the present state is at the low-
est C:N:P ratio point in recent Earth his-
tory, so that going forward (warming) or 
backward (glaciation) would lead inev-
itably to a higher ratio, or whether this 
is an artifact of the model we used. We 
do not believe our results show a model 
artifact, because in different modeling 
studies, albeit limited in number, the 
C:P ratio also increased going forward 
(Kwiatkowski et al., 2018) and backward 
(Ödalen et al., 2020). Also, the changes in 
the C:N:P ratio simulated by our model 
can be understood reasonably in terms 
of predicted changes in phytoplank-
ton physiology, taxonomy, and regional 
production. Furthermore, the elevation 
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of the phytoplankton community C:P 
uptake ratio under glacial conditions 
(Figure 3d) is quite nuanced in space. It 
reflects, for example, a mixture of phos-
phorus depletion affecting eukaryotes 
by increasing their C:P uptake ratio and 
cooling affecting cyanobacteria by lower-
ing their C:P uptake ratio (Figure 4). It 
seems possible that the balance of such 
tendencies can result in an overall lower 
global C:N:P ratio under some set of 
conditions. If so, it is not obvious that 
the present state is at the lowest C:N:P 
ratio point. It may be worth considering 
what conditions might actually lead to a 
lower C:N:P ratio compared to the pres-
ent state. Based on the insights gained in 
this study, such conditions would include 
a nutrient replete surface ocean, cool-
ing, lower light levels, and Antarctic sea 
ice retreat. At least one combination, 
global cooling plus sea ice retreat, does 
not seem probable. However, the bipolar 
seesaw observed between the two hemi-
spheres suggests at least that Northern 
Hemisphere cooling could be accom-
panied by Southern Hemisphere warm-
ing (Crowley, 1992; Markle et  al., 2016) 
and possibly sea ice retreat. On the other 
hand, if surface winds were to become 
substantially stronger, they would deepen 
the mixed layer and reduce the average 
light level for phytoplankton there. The 
same winds would also mix cool and 

nutrient-rich subsurface waters upward 
to the surface. These conditions if preva-
lent in large areas of the world ocean may 
lead to a lower global mean C:N:P ratio. 
Perhaps the question of whether the pres-
ent state is at the lowest C:N:P ratio point 
or not can be recast in terms of how real-
istic such conditions are. 

The second take-home message is that, 
given these results, it is important to have 
(at least) these three controls properly 
represented in global models with flex-
ible stoichiometry. Thus, having mul-
tiple PFTs is essential to allow for shifts 
in phytoplankton community composi-
tion. Also, formulations of flexible phyto-
plankton C:N:P uptake ratio that account 
for a full set of environmental drivers like 
nutrients and temperature are import-
ant. Finally, models that cannot simu-
late dynamic shifts in regional produc-
tion would be challenged in predicting 
the global export C:N:P ratio. 

Third, the search for a more com-
plete description of organic matter export 
C:N:P is an important ongoing goal in 
ocean biogeochemistry. For example, our 
model is still missing heterotrophic con-
trol on the stoichiometry of sinking POM, 
an idea that originally prompted Weyl to 
consider the effect of variable C:P on gla-
cial atmospheric CO2. Preferential rem-
ineralization of N and P by heterotrophy 
acts not only on POM but on dissolved 

organic matter as well.
The final message is to point out that 

as yet there is no paleo proxy for phyto-
plankton stoichiometry, although cou-
pling of multiple water column nutrient 
proxies, together with export proxies, may 
allow resolution of the resultant change 
in the water column ratio. Our results 
suggest that flexible C:N:P is important. 
It can possibly account for 20 µatm of 
atmospheric pCO2 change during a gla-
cial period. Also, it strongly buffers car-
bon export against change under both 
warming and cooling. We could therefore 
hypothesize, perhaps provocatively, that 
the variability in the export C:N:P ratio 
under climate change will always act as a 
buffer against change in carbon export. If 
a new proxy for phytoplankton stoichi-
ometry were developed, it could be used 
to test the hypothesis and open a new 
subfield of paleo research probing eco-
logical change and driving mechanisms 
for atmospheric CO2. 
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FIGURE 4. A schematic diagram illustrating the differences in two model conditions. In the global warming scenario 
(left), both C:P and net primary production (NPP) increase in the Southern Ocean as sea ice retreats and nutrient uti-
lization increases. In the low/mid latitudes, C:P rises as nutrient availability decreases and temperatures rise. In the 
glacial scenario (right), both NPP and C:P in the Southern Ocean decrease as sea ice expands and nutrient utilization 
decreases. In the low/mid latitudes, the responses of C:P and NPP vary regionally.
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SIDEBAR. Direct Measures of the Vigor of Ocean 
Circulation via Particle Grain Size

By Nick McCave

Physical oceanographers measure the intensity or vigor (trans-
port or velocity) of ocean circulation via current meters, geo-
strophic calculations, satellite-tracked drifters, and modeling 
of tracer distributions. These techniques are complementary, 
and none are now used alone.

The vigor of paleocirculation is measured in similar ways, 
using flow speed from particle grain size, geostrophy from den-
sity fields reconstructed from oxygen isotopic data, surface-​
to-bottom water differences in 14C ages, isotopic tracers with 
differing particle-related properties (e.g.,  230Pa/231Th), and 
incorporation of nutrient proxy and isotopic tracer fields into 
box and general circulation models. As with the approaches 
to measuring modern ocean circulation, these techniques for 
establishing paleocirculation parameters are not, or should 
not be, stand-alone, but too many studies currently rely on 
only one of them. 

Starting in the 1970s, particle grain size was used to infer 
deep-sea flow speed. Using the principles of sediment 
dynamics, McCave et  al. (1995) made this technique more 
rigorous (see also McCave and Hall, 2006). They proposed 
that, with particle cohesion becoming less important for 
sizes >10 µm, material greater than 10 µm would be sorted 
and deposited as individual particles, depending on their 
settling velocity and the flow speed at the site of deposition. 
The basis of the paleoflow inference is that selective particle 
deposition is controlled by flow speed, with higher speeds 
suppressing the deposition of finer sizes and slower speeds 
permitting it, leading to a coarser deposit from a faster flow. 
Fine material <10 µm has a strong tendency to form and be 
deposited as aggregates, whereas medium-to-coarse silt 
(>10 µm) particles are deposited as individual grains rather 
than as aggregates. This point is important because sediment 
has to be disaggregated for analysis, meaning that the mea-
sured finer material (<10 µm) size is not the aggregate size (or 
settling velocity) that was deposited. The distinction was thus 
made between “sortable silt,” defined as the 10–63 µm size 
fraction, as opposed to 2–10 µm cohesive silt whose inclu-
sion would simply contaminate a record. Sand, coarser than 
63 µm, is less common than silt and contains much material of 
biogenic origin. Most deep ocean currents rarely move sand 
of quartz density. 

The parameter of size distributions used for the inference of 
flow speed is the “sortable silt mean size,” denoted by SS

—
, the 

geometric mean size of 10–63 µm material. It is usual practice 

to remove carbonate and opaline silica because the organ-
isms that make their skeletons out of those materials do so at 
specific sizes. There are of course locations where we prefer 
not to do that because detrital carbonate grains are an import-
ant component of the sediment, for example, in Heinrich 
layers.1 A further parameter of the size distribution is the per-
centage of sortable silt in the total fine fraction (total <63 µm), 
SS%. In well current-sorted sediments, the two parameters SS

—
 

and SS% are highly correlated (r >0.9).
For analysis of particle size, the SediGraph, based on set-

tling velocity, is still the best method, but laser sizers and the 
Coulter counter are also commonly used. The issue of how 
particle shape influences grain size determination in clay-rich 
samples determined from lasers compared with other meth-
ods remains a topic requiring further work.

The relationship of grain size to flow speed remained 
unknown for some time. For many years, the parameters SS

—
 

and SS% were simply plotted against age where they showed 
a close correspondence with climatic and hydrographic vari-
ables, particularly oxygen isotope ratios (Figure 1). Recently, 
accumulated data on the grain size of core top material col-
lected adjacent to long-term, near-bottom current meters has 
been used to establish a calibration of sortable silt mean size 
(McCave et al., 2017). On several sediment drifts, the bottom 
sediments become finer down current along the transport 
path. In such cases, the SS

—
 value downstream is finer than 

that for the same flow speed at the upstream end of the drift. 
This implies that absolute calibration of SS

—
 to flow speed is not 

possible. However, the slopes of the relationships between 
SS
—

 and flow speed are very similar for the several data sets 
assembled by McCave et al. (2017), allowing them to be nor-
malized by their means and plotted to give a single line. This 
has a slope (sensitivity) of ~1.36 cm s–1/µm, permitting us to 
gauge changes in flow speed implied by shifts in a grain size 
record. If a record is from a location near a current meter, then 
the coretop SS

—
 can be tied to an absolute flow speed. 

Recent work in controlled flume experiments by Culp et al. 
(2020) demonstrated down-current fining and deposited grain 
size changes at points that are linearly related to flow speed. 
Their experiments yield sensitivities at locations 4.6–7.6 m 
from the inlet of the 9.1 m flume of 1.25–1.38 cm s–1/µm, very 
similar to the field calibration. 

Thick accumulations of sediment, called drifts, are formed 
along continental margins under deep western boundary 

1 A Heinrich layer is a layer of generally coarser-grained sediments recovered from deep-ocean cores. These sediments provide evidence of 
increases in iceberg discharges into the North Atlantic and are related to rapid climate events. Six Heinrich layers have been identified and span 
glacial periods over the last 640,000 years.
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FIGURE 1. This sortable silt record from Gardar Drift south of Iceland under the Iceland-Scotland overflow (Kleiven 
et al., 2011) spans Marine Isotope Stages 22 to 18 and contains two major glacial-to-interglacial transitions with 
flow speed changes of ~10 cm s–1 and stadial (colder climate)-to-interstadial (warmer climate) shifts of 4–6 cm s–1. 
(Marine isotope stages are alternating warm and cool periods in Earth history deduced from oxygen isotope ratios 
of fossil foraminifera shells recovered from deep-sea sediments.) Flow speeds closely track climatic (ice volume) 
changes indexed by bottom water oxygen isotopic values (18O/16O ratio per mil relative to the VPDB standard [δ18O] 
of the benthic foraminifera Cibicidoides wuellerstorfi ). Modern speeds in the region are ~15 cm s–1, so Iceland-
Scotland overflow in glacial periods possibly slowed to ~5 cm s–1 but did not cease. SS

—
 = sortable silt mean size.

currents (DWBC) in both hemispheres. Away from major sed-
iment sources, typical terrigenous sedimentation rates are of 
order 2 cm ka–1. These rates increase by at least an order of 
magnitude in drifts due to the advection of fine sediment from 
upstream sources, generally the results of downslope move-
ments in slumps and turbidity currents. For flow speeds up to 
12–15 cm s–1, it is thought that accumulation rates increase, 
but above that range, unsteady peak speeds start to remove 
material, resulting in reduced accumulation rates. And above 
mean speeds of 20–25 cm s–1, strong winnowing sets in 
and yields a sandy lag, commonly of foraminifera (Figure 2). 
Because of the high resolution obtainable and their key loca-
tions with regard to deep-sea circulation, drifts have been 
prime targets for acquisition of sedimentary records of pale-
oceanographic importance. DWBCs form a key component of 
the climatically driven global overturning circulation. Figure 1 
shows an example record from Gardar Drift south of Iceland, 
with calibrated speed changes.

Many such records have now been generated in the North 
and South Atlantic, Indian, and Southwest Pacific Oceans 
(McCave and Hall, 2006), but little work has been done in 
the North Pacific because it lacks sediment drifts. Deep 
water flows have been the main targets of this work, but 
major shallow water flows are of considerable climatic inter-
est and require attention—to name a few, these include the 
Gulf Stream, Kuroshio Current, Antarctic Circumpolar Current 
(ACC), and East Greenland Current (EGC). The ACC has been 
targeted because it extends to the seabed and has yielded 

small drifts in the Scotia Sea and the Drake Passage (McCave 
et al., 2014). Work is needed to find suitable sediment targets 
for monitoring the other major upper ocean western boundary 
currents. Arctic shelves are deep because of glaciation, and 
deposits on them have provided material to assess the vigor 
of the EGC system, but obviously not during glacial periods 
(McCave and Andrews, 2019).

Grain size proxies for flow speed have an advantage in 
that they are dominated by local conditions, but a disadvan-
tage in that they do not give an integrated picture of the flux. 
Thornalley et al. (2013) demonstrated that understanding flux 
requires acquiring an array of cores across the flow path. Their 
data show a 20% decrease in the Iceland-Scotland overflow in 
the past 10,000 years. Further work to collect arrays of cores, 
known as “dipstick coring,” down slopes where boundary cur-
rents are present is required. Upper ocean flows need to be 
targeted, remembering that the closer they are to the shelf 
edge, the greater the likelihood that storm and fluctuating sea 
levels influence the sedimentary record. The grain size proxy is 
not mediated by biology, and it primarily records depositional 
flow intensity. It should not be deployed alone but accompa-
nied by hydrographic tracers (e.g., benthic δ18O, δ13C, εNd). In 
well-chosen locations such as DWBCs, the grain size proxy is 
representative of climatically driven major deep ocean flows. 
As long as the sediments can be disaggregated for size anal-
ysis, applications have a time span well beyond short half-
life nuclides, already to the Oligocene and potentially back 
to the Mesozoic. 
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(<10 μm) and SS = sortable silt (10–63 μm) (McCave 
and Hall, 2006). The “sand” here is a size term that 
refers to both terrigenous and carbonate—​mainly 
foraminifera—​components. At zero speed, a pelagic 
rate of 2 cm ka–1 is assumed. From zero to the peak 
accumulation rate, the sorting process is all selec-
tive deposition. Above that point, arbitrarily put at a 
flow speed of 13 cm s–1, it is a combination of selec-
tive deposition and removal of material with a grain 
size <63 µm. Erosional winnowing and some sand 
movement is assumed to occur above a flow speed 
of 20 cm s–1. The curve is shown as peaking between 
10 cm s–1 and 15 cm s–1, but this is not at all certain and 
may well depend on the magnitude-frequency struc-
ture of deposition and erosion events. A peak around 
10 cm s–1 would be entirely feasible, as some veloc-
ity with turbidity records suggest the onset of surface 
erosion above 10–12 cm s–1.

No determination of ocean circulation strength, past or pres-
ent, should rely on a single method. The “sortable silt mean 
size,” the mean size of 10–63 µm terrigenous material, is a 
proxy for local bottom flow speed analogous to the modern 
current meter. The fact that sediments become finer down 
current implies that a universal absolute calibration of SS

—
 to 

flow speed is not possible. However, several grain size and 
near-bottom flow speed data sets normalized by their means 
yield a slope (sensitivity) of ~1.36 cm s–1/µm, permitting us to 
estimate changes in flow speed implied by shifts in a grain 
size record. Biology (fossil content) does not influence the 
proxy, and it provides a key complement to paleohydro-
graphic tracers of water mass extent. To assess volume trans-
ports, arrays of cores across key flow paths are necessary. 
There is still much to do.
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Regional Character of the “Global Monsoon”
PALEOCLIMATE INSIGHTS FROM 

NORTHWEST INDIAN LACUSTRINE SEDIMENTS

By Yama Dixit

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD

INTRODUCTION
With rising global atmospheric green-
house gas concentrations due to anthro-
pogenic activities, society is increasingly 
interested in understanding climate vari-
ations and their potential effects—past, 
present, and future—on human civiliza-
tions. One of the most significant impacts 
of climate change is predicted to be on the 
global hydrological cycle (IPCC, 2014). 
The Indian summer monsoon (ISM) 
plays a critical role in the global hydrolog-
ical cycle by regulating mass and energy 
exchanges between the atmosphere over 
the mid-latitudes and the tropics (Gupta 
et al., 2003). The Indian subcontinent has 
long depended upon ISM rainfall for the 

agricultural activities that are critically 
important to the Indian economy (Gadgil 
and Kumar, 2006). India’s burgeoning 
population depends on agriculture both 
directly, by using agricultural products, 
and indirectly, by employment, rural 
livelihoods, and supplies to other eco-
nomic sectors that use agricultural prod-
ucts (such as textile and food industries). 
Therefore, variations in the intensity of 
the ISM are likely to have widespread 
socioeconomic impacts in the modern 
Indian subcontinent. Recent monsoon-​
related catastrophic events (e.g.,  Sinha, 
2008; Pal and Al-Tabbaa, 2009; Mishra 
and Nagaraju, 2019) underscore the 
importance of examining the variabil-

ity of the ISM at various timescales and 
developing reliable predictions in order 
to mitigate the catastrophic consequences 
of monsoon rainfall anomalies. 

The ISM is a part of the “global 
monsoon” that constitutes the coher-
ent responses of all monsoon systems to 
changes in global-scale atmospheric cir-
culation patterns forced primarily by the 
annual solar cycle and by land-air-sea 
interactions (B. Wang and Ding, 2008). 
This unified global monsoon concept sug-
gests that a single tropical and subtropi-
cal atmospheric system influences the 
Indian subcontinent and Central and 
East Asia in a similar manner (P.X. Wang 
et  al., 2017). Global monsoon dynamics 
are shaped by large-scale meridional tem-
perature gradients and the position of the 
Intertropical Convergence Zone (ITCZ), 
which is seasonally displaced by cross-​
equatorial pressure gradients (Donohoe 
et  al., 2013; Figure 1). A similar mecha-
nism is believed to result in summer rain-
fall in North Africa and Central and East 
Asia between June and September. These 
regional components of the global mon-
soon system are thought to be closely 
linked through forcing and feedback pro-
cesses, suggesting that a change in any 
component may cause a chain reaction 
that affects the entire system homoge-
neously (Kim et al., 2008; P.X. Wang et al., 
2017). Consequently, a global perspective 
is proposed to be more useful for evaluat-
ing future variability in monsoon systems 
(Kim et al., 2008; P.X. Wang et al., 2017). 

ABSTRACT. The concept of a “global monsoon” proposes that the annual insolation 
cycle and global-scale atmospheric circulation drive and synchronize regional mon-
soons. However, model, proxy, and observational studies reveal differences in the 
regional variability of the summer monsoon and its direct response to solar forcing and 
glacial boundary conditions. Here, we focus on paleoenvironmental data derived from 
paleolake sediments in northwest India. These paleolakes straddle a precipitation gra-
dient from sub-humid to semi-arid to arid plains and contain a wealth of information 
about summer monsoon variability at regional scale over the past 10,000 years. The 
paleolake records provide compelling evidence of significant regional differences in the 
timing of monsoon responses to orbital forcings; only sub-humid to semi-arid lakes 
resemble monsoon reconstructions from marine sediment and speleothem archives, 
while the arid region lakes contain regional hydroclimate histories. Extracting regional 
trends from the global signature of monsoon variability is necessary for understand-
ing the regional impact of future climate warming on the monsoon system and human 
populations. The paleolakes in northwest India highlight the importance of con-
sidering the specific location of archive and signal heterogeneity when interpret-
ing monsoon records. Results indicate that detailed records are required from other 
monsoon regions to improve knowledge of the imprints of the complex monsoon 
system at regional scales.
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In the last several decades, studies of 
the longer-term variability in the ISM 
using natural climate archives, includ-
ing lake and ocean sediments and spe-
leothems (e.g.,  Y.J. Wang et  al., 2001; 
Fleitmann et al., 2003; Gupta et al., 2003; 
Staubwasser et  al., 2003; Berkelhammer 
et al., 2012; Dixit et al., 2014b; Cai et al., 
2015; Kathayat et al., 2016, and references 
therein), together with simulations of past 
monsoon variability, have revealed that 
the global monsoon system has a substan-
tial regional character and cannot solely 
be characterized by the common, global 
dynamics of monsoon systems at differ-
ent timescales. Instrumental and paleo-
climate data have shown that the inter-
play of various regional forcings cause 
the monsoon variability observed at dif-
ferent timescales. Therefore, the concept 
of a global monsoon has been a topic of 
recent debate, with an increasing number 
of regional paleoclimate records revealing 

a divergent monsoon history (Caley et al., 
2011; Seneviratne and Hauser, 2020). 
Thus, there is a great need for more stud-
ies aimed at investigating regional mon-
soon variability and the mechanisms that 
force regional response patterns.

Despite dedicated efforts, a compre-
hensive picture of monsoon variabil-
ity has proved elusive, largely due to the 
absence of long-​term, high-​resolution 
regional paleoenvironmental records, 
the spatial heterogeneity of monsoon 
precipitation, and the monsoon’s com-
plex forcing mechanisms. Larger regional 
differences are anticipated in the com-
ing decades, with some regions receiv-
ing more rain, despite a projected weak-
ening of monsoon rainfall (IPCC, 2013) 
and vice versa. ISM rainfall projection 
remains a key challenge for regional cir-
culation models (Asharaf and Ahrens, 
2015). Modern instrumental records (col-
lected since 1871, when the first regional 

meteorological station was established) 
are too short to document the full range 
of past ISM variability and spatial het-
erogeneity. Therefore, regional paleo
climate studies of monsoon evolution are 
essential for improved understanding of 
how natural and anthropogenic forcing 
impact the monsoon at local scales. 

This paper highlights the regional 
versus the global signal of monsoon 
dynamics during the Holocene (the last 
10,000 years) using inferences derived 
from lacustrine sedimentary sequences 
collected from the northwest Indian 
plains. Composite data from these lake 
records fill a knowledge gap and resolve 
a long-standing debate about whether 
these lakes record local or global signals of 
monsoon variability. Because northwest 
India was one of the most variable regions 
in terms of environmental conditions and 
cultural evolution during the Holocene, 
monsoon variability during this period 

FIGURE 1. Physiographic map of the Indian subcontinent and adjacent ocean regions with a schematic of surface 
wind patterns. Blue arrows indicate the general directions of the Arabian Sea and Bay of Bengal branches of the 
Indian summer monsoon. The yellow dashed line denotes the position of the Intertropical Convergence Zone (ITCZ) 
during Northern Hemisphere summertime, with lower atmospheric pressure on land (L) and higher pressure over the 
ocean (H). The annual reversal of surface winds caused by the north-south migration of the ITCZ is thought to create 
a “global monsoon” across the Indian, Asian, tropical African, and Australian landmasses. The map also locates the 
prominent marine speleothem and lake proxy records discussed in this study. The blue square highlights the north-
west Indian lakes. In the sub-humid region, KD = Kotla Dahar (Dixit et al., 2014a). In the semi-arid region, R = Paleolake 
Riwasa (Dixit et al., 2014b, 2015) and S = Sambhar Lake (Sinha et al., 2006). In the Thar Desert, KS = Karsandi (Dixit 
et al., 2018), D = Didwana (Singh et al., 1990), L = Lunkaransar (Enzel et al., 1999), and BMK = Bap Malar and Kanod 
playa (Deotare et al., 2004).
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has been linked to the evolution of the 
ancient Bronze Age Indus Civilization 
(Dixit et al., 2014a; Petrie et al., 2017). The 
objective here is to critically examine the 
fidelity of regional terrestrial paleoenvi-
ronmental archives as recorders of ISM 
variability and to compare them with 
prominent monsoon records from marine 
and terrestrial archives.

The northwest Indian plains receive 
over 80% of their rainfall from the Bay 
of Bengal arm of the strong southwest-
erly summer monsoon between June and 
September (Bhattacharya et  al., 2003; 
Sengupta and Sarkar, 2006). The result-
ing east-west precipitation gradient 
(Figure 2) lends a distinct character to 
the region, such that the sedimentology 
and geochemistry of paleolake archives 
change every few hundred kilometers. We 
focus on an east-to-west transect of lake 
sediment records that record a progres-
sive decrease in monsoon precipitation: 
Kotla Dahar in the sub-humid region 
(Dixit et al., 2014a); Riwasa and Sambhar 
Lake in the semi-arid region (Dixit et al., 
2014b, and Sinha et  al., 2006, respec-
tively); and in the western arid region, 
within the Indian state of Rajasthan, the 
Thar Desert lakes, including Karsandi 
(Dixit et al., 2018), Didwana (Singh et al., 
1990), Lunkaransar (Enzel et  al., 1999), 
and Bap Malar and Kanod playa (Deotare 
et  al., 2004). We appreciate and empha-
size that further high-resolution regional 
terrestrial records are required to develop 
a complete understanding of monsoon 
imprints at regional scale.

GLOBAL VERSUS REGIONAL 
MONSOON VARIABILITY DURING 
THE HOLOCENE
Because northwest India receives most 
of its annual rainfall during the summer 
months via the ISM, regional lake archives 
should provide relatively independent 
summer monsoon histories that are sim-
ilar to those of the global monsoon. When 
examining lacustrine records, robust 
chronological control is critical to avoid 
the possibility of confusing regional vs 
global monsoon differences. In general, 
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FIGURE 2. Holocene climate reconstructions from lakes in northwest India. Lakes with reason-
ably robust chronology (that is, each major lithological, sedimentological, and geochemical tran-
sition has been age-constrained) were used to infer regional climate history. The lakes and prox-
ies used from east to west (right to left) are: (a) Sub-humid region: Kotla Dahar, with δ18Ogastropod 

reflecting regional evaporation/precipitation (E/P) changes (Dixit et  al., 2014a). (b) Semi-arid 
region: Riwasa, with δ18Ogastropod reflecting regional E/P changes (Dixit et al., 2014b). (c) Arid region 
(Thar Desert): Paleolake Karsandi, with δ18O of gypsum hydration water reflecting lake water 
δ18O and regional E/P changes (Dixit et al., 2018). Lake levels are from Prasad and Enzel (2006). 
(d) Didwana (Singh et al., 1990). (e) Lunkaransar (Enzel et al., 1999). Vertical gray bars in (b) and 
(e) denote periods with permanent lake levels where age definition is poor: Sambhar Lake (Sinha 
et al., 2006) and Bap Malar and Kanod playa (BM&K) (Deotare et al., 2004). Green shaded bars 
denote the wettest periods during the Holocene inferred from geochemical proxies, although 
these wet periods were interrupted by intervals of aridity. Red dashed lines mark the disap-
pearances of permanent lakes—the sequence of drying follows the east-west path of the Bay 
of Bengal branch of the modern monsoon: the lakes that lie farthest west dried first, and the 
easternmost dried last.
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proxy reconstructions with at least one 
radiocarbon (14C) age associated with 
every distinct geochemical and lithologi-
cal change permits adequate dating. Using 
this criterion, five well-dated lake records 
were selected, three from the westernmost 
Thar Desert region and one each from 
the semi-arid and sub-humid regions 
(Figure 2 and Table 1). 

Although abundant gastropod and 
ostracod carbonate shells generally char-
acterize lacustrine sediments, lakes in arid 
environments often lack well-​preserved 
carbonate tests for 14C dating and isoto-
pic analyses. This is true for most of the 
Thar Desert lake records. However, lakes 
in the east (Riwasa and Kotla Dahar) pro-
vide robust chronology based on 14C dat-
ing of abundant gastropod shells pre-
served in the lake sediments. In addition, 
a recent study shows that water isotopes 
of evaporative salts, such as gypsum, 
which are often plentiful in arid environ-
ment lacustrine sediments, can be used 
as a novel proxy for lake water conditions 
(Hodell et al., 2012). 

Pioneering work on regional hydro-
climate reconstructions for the north-
west Indian lakes was carried out using 
pollen assemblages to determine the rel-
ative abundance of C3 plants (suggest-
ing higher rainfall) versus C4 plants 

(suggesting lower rainfall; Singh et  al., 
1972). The desert lakes were later revis-
ited, and improved hydroclimate records 
with robust chronologies were obtained 
using sedimentological and mineralogi-
cal analyses of Lake Didwana sediments 
(Wasson et al., 1984) and sedimentolog-
ical and organic matter δ13C analyses of 
Lake Lunkaransar sediments (Enzel et al., 
1999). In general, these lakes were formed 
in several basins as a result of relatively 
wet conditions that occurred during the 
early to mid Holocene (Saini et al., 2005; 
Prasad and Enzel, 2006; Dixit et al., 2018). 
Paleolakes Lunkaransar, Didwana, and 
Karsandi in the arid region, and Riwasa 
and Sambhar in the semi-arid region, all 
appeared when the monsoon intensified 
following the precessionally controlled 
boreal summer insolation (Figure 2). This 
coherent response of northwest Indian 
lakes to an intensified summer mon-
soon after the last glacial period was fol-
lowed by diverging intensities in mon-
soon history; the early Holocene ISM 
maxima, observed as very low δ18O val-
ues in gastropod shells in paleolakes 
Kotla Dahar and Riwasa in the east, does 
not coincide with maximum lake levels 
in Thar Desert lake records. A very high 
evaporation/​precipitation (E/P) ratio in 
the Thar Desert and the lack of a large 

drainage basin generally led to lower lake 
levels and formation of ephemeral lakes 
at Lunkaransar and Didwana during 
the early Holocene (Prasad and Enzel, 
2006). In contrast, eastern lakes were 
either located in regions with lower E/P 
or were part of a large lake system whose 
maximum lake levels occurred during 
the early Holocene monsoon intensifi-
cation. The mid-​Holocene (~7.0–5.0 ka) 
was wetter than the early Holocene in the 
Thar Desert lakes region (Figure 2c–e), 
because of relatively lower E/P in 
response to decreasing summer insola-
tion, which in turn led to a net increase in 
effective moisture (i.e., P–E; Wasson et al., 
1984; Prasad and Enzel, 2006; Dixit et al., 
2018). An additional source of moisture 
from the northeast during wintertime 
is also suggested, and this would have 
helped to maintain high Thar Desert lake 
levels during the mid-Holocene (Enzel 
et  al., 1999). The eastern lakes (Kotla 
Dahar and Riwasa), on the other hand, 
responded to the progressive decline in 
general monsoon rainfall following the 
decreasing summer insolation during the 
mid-Holocene (Dixit et al., 2014a,b). 

Apart from the diachronous response 
of northwest Indian lakes to general 
monsoon variability, there are also dis-
tinct differences in the way these lake 

TABLE 1. Details of records derived from northwest Indian lakes in east-west order. Note that the chronologies of Lakes Sambhar and Bap Malar are 
poorly defined during the Holocene.

LACUSTRINE 
ARCHIVES

BAP MALAR LUNKARANSAR DIDWANA KARSANDI SAMBHAR RIWASA KOTLA DAHAR

References
Deotare et al., 

2004

Singh et al., 
1990; Enzel 
et al., 1999

Singh et al., 
1990;

Wasson et al., 
1984

Dixit et al., 2018
Sinha et al., 

2006
Dixit et al., 

2014b
Dixit et al., 

2014a

Proxy Used
Palynology and 

mineralogy

Sediment 
geochemistry 

(δ13C) and 
palynology

Sedimentology, 
mineralogy, and 

palynology

δ18O of gypsum 
hydration water

Sediment 
geochemistry, 

mineralogy, 
δ18O of bulk 
carbonate

δ18O of 
gastropod 

shells

δ18O of 
gastropod 

shells

Proxy 
Indicates

Vegetation
changes

Vegetation
changes and 

rainfall variability

Vegetation
changes 

and rainfall 
variability

Lake water 
δ18O and 

temperature; 
(E/P changes)

Rainfall 
variability 

Lake water 
δ18O and 

temperature; 
(E/P changes)

Lake water 
δ18O and 

temperature; 
(E/P changes)

Record Span ~15 ka–present ~11 ka–present ~13 ka–present ~11 ka–present ~22 ka–present ~11 ka–6 ka ~7 ka–present

#14C dates 6 12 7 8 + 2 OSL 5 6 8

OSL = Optically stimulated luminescence dating; E/P = Evaporation/precipitation
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records exhibit the manifestations of the 
most prominent abrupt monsoon weak-
ening events of 8.2 ka and 4.2 ka (Dixit 
et  al., 2014a,b). Paleolake Riwasa dried 
abruptly when lake levels declined and 
marl sediments were aerially exposed to 
form hardground at ~8.2 ka (Figure 2b; 
Dixit et al., 2014b). Interestingly, none of 
the other northwest Indian lake records 
provide any signs of drying during this 
period. There is no evidence of com-
plete desiccation throughout the history 
of Sambhar playa (Sinha et  al., 2006), 
and the Thar Desert lakes—Bap Malar, 
Kanod playa, Lunkaransar, Didwana, 
and Karsandi—were ephemeral fluctuat-
ing lakes during this period (Figure 2), 
devoid of massive biogenic carbonates 
and underlying deep lake marl sediments 
(a prerequisite for forming hardground). 
In contrast, Lake Riwasa was in its fresh-
est and deepest phase before the ISM 
weakened abruptly after ~8.3 ka, causing 
repeated inundation and aerial expo-
sure of the lake bottom sediments, which 
formed hardground (Dixit et al., 2014b). 
Similarly, at Kotla Dahar, a ~4‰ increase 
in δ18Ogastropod occurred at ~4.1 ka, mark-
ing an E/P peak in the lake catchment 
related to the global 4.2 ka abrupt mon-
soon weakening (Dixit et  al., 2014a) 
that is absent in all the other northwest 
Indian lake records (Figure 2a). The δ18O 
of gypsum hydration water also indi-
cates drying of Lake Karsandi sometime 
between 4.4  ka and 3.2 ka (Dixit et  al., 
2018). However, there is no evidence of 
abrupt drying, indicating that the lake 
had already dried out by 4.4 ka due to 
decreasing summer rainfall (Giesche 
et al., 2019). Overall, while the drying and 
permanent decline of lake levels in north-
west India mirrors the east-west mod-
ern precipitation gradient (Figure 2), 
significant Holocene monsoon variabil-
ity is recorded in these lakes, suggest-
ing nonlinear response to monsoon vari-
ability and highlighting the importance 
of local processes and regional mon-
soon variations. Thus, regional preserva-
tion of a global monsoon signal should 
be treated carefully. 

HOLOCENE MONSOON 
HISTORY FROM TERRESTRIAL 
AND MARINE ARCHIVES
A comparative assessment of monsoon 
variability recorded in northwest Indian 
lakes clearly indicates that the Thar 
Desert lakes represent more local climate 
history than global monsoon variabil-
ity; semi-arid paleolake Riwasa and sub- 
humid paleolake Kotla Dahar together 
provide a coherent picture of ISM vari-
ability in northwest India. Because none 
of the northwest Indian lake records offer 
a continuous Holocene monsoon history, 
we use records from Riwasa and Kotla 
Dahar lakes, which have complemen-
tary δ18O records obtained from the shell 
carbonates of the gastropod Melanoides 
tuberculata. Together, the Riwasa-Kotla 
Dahar composite record and the marine 
and speleothem monsoon records pro-
vide a holistic picture of Holocene ISM 
variability. The intensified monsoon 
that followed increased boreal summer 
insolation after the last glacial period is 
clearly documented in northwest Indian 
lake records (Figure 3a) as well as in 
records from the Arabian Sea and the 
Bay of Bengal branch of the ISM system. 
For example, early Holocene monsoon 
intensification (Figure 3) is supported 
by speleothems from Bitto Cave (North 
India; Kathayat et al., 2016), Dongge Cave 
(China; Y.J. Wang et al., 2005; Figure 3b), 
and Qunf Cave (Oman; Fleitmann et al., 
2003; Figure 3c) and by planktonic fora-
minifera δ18O records from Arabian Sea 
marine sediment core 63KA (Staubwasser 
et al., 2003; Figure 3d) and Ocean Drilling 
Program (ODP) Hole 723A (Gupta et al., 
2003; Figure 3e). Evidence for increased 
summer monsoon precipitation in the 
Bay of Bengal during the early Holocene 
is found in sediments from Lonar Lake 
in central India (Prasad et al., 2014) and 
in marine sediments (Govil and Naidu, 
2011; Rashid et  al., 2011; Ponton et  al., 
2012; Figure 3f,g). 

Geochemical records from marine sed-
iments and speleothems reveal gradually 
decreasing ISM strength in the Holocene 
following Northern Hemisphere sum-

mer insolation (Figure 3a), in line 
with the Riwasa-Kotla Dahar com-
posite record (Figure 3). This gradu-
ally declining monsoon intensity was 
punctuated by millennial-​scale abrupt 
changes in the composite Riwasa-Kotla 
Dahar records at ~4.0–4.2 ka, 5.9–6.0 ka, 
8.2 ka, 9.4 ka, 10.4 ka, and 11 ka that 
are also documented in independently 
dated speleothem records from south-
ern China (Y.J.  Wang et  al., 2005) and 
Oman (Fleitmann et al., 2003), and also 
in marine records from the Arabian Sea 
(Gupta et al., 2003; Figure 3). The coin-
cident timing of abrupt monsoon vari-
ability and North Atlantic cold events 
(i.e., Bond events) against a backdrop of 
gradual insolation forcing through the 
Holocene suggests an atmospheric tele-
connection (Gupta et al., 2003). The most 
prominent cooling event at 8.2 ka in 
the North Atlantic during the Holocene 
is consistent with an abrupt monsoon 
weakening episode recorded in Lake 
Riwasa and in a stalagmite from south-
ern Oman (Fleitmann et al., 2003; Gupta 
et  al., 2003), in speleothems in China 
(Y.J. Wang et al., 2005; Cheng et al., 2009) 
and on the Tibetan Plateau (Cai et  al., 
2015), and in Arabian Sea sediments 
(Gupta et  al., 2003; Staubwasser et  al., 
2003; Figure 3). 

The 4.2 ka climate event in lake Kotla 
Dahar (Dixit et  al., 2014a) has also 
been observed in several other terres-
trial records on the Indian subcontinent, 
including the Mawmluh Cave speleo-
thems (Meghalaya) in northeastern India 
(Berkelhammer et  al., 2012; Kathayat 
et  al., 2018). In fact, the most recent of 
the three subdivisions of the Holocene 
epoch (beginning at ~4.2 ka) is named 
Meghalayan Age, a reference to the north-
eastern Indian state of Meghalaya, where 
Mawmluh Cave is located (Walker et al., 
2019). A less abrupt, yet still arid, period 
that highlights significant regional vari-
ability is also documented in a peat pro-
file from north central India (Phadtare, 
2000), at Lonar Lake (~4.6–3.9 ka; Menzel 
et  al., 2013), and in western Nepal at 
Rara Lake (~4.2–3.7 ka; Nakamura et al., 
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Post Urban Phase (~3.9-2.3 ka)

Mature Urban Phase (~4.5-3.9 ka)

Early Harappan Phase (~5.2-4.5 ka)

Indus Cultural Transformation

Age (ka)

FIGURE 3. Comparison of Holocene summer monsoon history recorded in northwest 
Indian lakes with prominent distant marine and speleothem records. (a) δ18Ogastropod from 
Riwasa and Kotla Dahar lakes combined reflecting E/P changes in the region and summer 
insolation at 30°N in red (Berger, 1978). (b) and (c) Speleothem records from Dongge cave 
(China; Y.J. Wang et al., 2005) and Qunf cave (Oman; Fleitmann et al., 2003) with δ18O indi-
cating rainfall changes. (d) and (e) Marine records influenced by the Arabian Sea branch 
of the ISM: (d) foraminifera δ18O from the northern Arabian Sea indicating rainfall changes 
(Staubwasser et al., 2003). (e) G. bulloides abundance (%) indicating upwelling caused by 
monsoon surface winds (Gupta et al., 2003).) (f) and (g) Marine records influenced by the 
Bay of Bengal branch of the ISM: (f) δ13C of leaf wax indicating relative abundance of C3 
(high rainfall) compared to C4 (lower rainfall) plants (Ponton et al., 2012). (g) Foraminifera 
δ18O indicating rainfall changes (Rashid et al., 2011). Gray bars denote abrupt drying at 

~8.2 ka (observed as desiccation and formation of a hardground, seen at the top) and at 

~4.2 ka (coinciding with the end of the mature urban phase of the Indus Civilization). Indus 
cultural transformations during mid to late Holocene are also shown at top. 

2016). Recently, δ18O measured on a variety of 
foraminifera species from a sediment core col-
lected off Pakistan revealed a reduction in both 
summer and winter monsoon rainfall at ~4.1 ka 
over the general northwest Indian subcontinent 
(Giesche et al., 2019). 

Current understanding of the forcing respon-
sible for the 4.2 ka event highlights a prominent 
role of tropical Pacific Ocean dynamics, such 
as El Niño-Southern Oscillation (ENSO) and 
the Indian Ocean Dipole (IOD; Berkelhammer 
et al., 2012). The timing of ISM weakening at 
4.2 ka coincides, within chronological error, 
with proxy records from the Pacific Ocean, 
suggesting increased frequency and intensity of 
ENSO events (Toth et al., 2012), modulated by 
the IOD. Increased ENSO activity and the neg-
ative phase of the IOD act to suppress summer 
monsoon circulation via increased subsidence 
of the Indian subcontinent (Ashok et al., 2004; 
Berkelhammer et al., 2012; Ishizaki et al., 2012; 
C. Wang, 2019). 

CLIMATE-CULTURAL EVOLUTION 
IN NORTHWEST INDIA
During the middle Holocene (~5.2–2.3 ka), 
northwest India was occupied by the largest 
Bronze Age civilization, the Indus Civilization 
(Wright, 2010; Figure 4). There has been a 
longstanding debate on what led to the collapse 
of the urban phase of the Indus Civilization. 
Primarily based on agriculture, its cultural evo-
lution was likely linked with monsoon vari-
ability, with the transformation from early 
(~5.2–4.5 ka) to urban (4.5–3.9 ka) phase coin-
ciding with a period of high summer and winter 
rainfall in the region (Dixit et al., 2018; Giesche 
et al., 2019). Similar to its trading partners in 
Mesopotamia and Egypt, the collapse of the 
urban phase of the Indus civilization was likely 
triggered by an abrupt drying event at ~4.2 ka 
(Possehl, 2003; Staubwasser et  al., 2003; Dixit 
et  al., 2014a; Weiss, 2016). A rapid increase 
in δ18O values of gastropod shell carbonate in 
Lake Kotla Dahar sediments indicates an abrupt 
monsoon weakening, and corroborates marine 
sediment and speleothem studies (Gupta et al., 
2003; Staubwasser et  al., 2003; Berkelhammer 
et  al., 2012; Giosan et  al., 2012; Ponton et  al., 
2012; Kathayat et  al., 2016, 2018; Figure 3). 
Recent paleoclimate data suggests that Indus 
urbanism was flourishing around 4.2 ka, but 
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that de-urbanization soon followed, with 
new settlements preferentially located in 
eastern regions (Giosan et al., 2012; Petrie 
et al., 2017; Dixit et al., 2018; Figure 4). 
The hydroclimatic stress following the 
4.2 ka drying probably led to a decrease 
in agricultural surpluses that supported 
the Indus populations, which in turn con-
tributed to diminished social complex-
ity and gradual abandonment of Indus 
cities (Weber, 2003; Madella and Fuller, 
2006; Petrie and Bates, 2017; Pokharia 
et  al., 2017). Archaeobotanical analy-
ses revealed the 4.2 ka drought caused 
a shift in subsistence practices towards 
more drought-tolerant, rain-fed crops 

and increased reliance on two cropping 
seasons, Rabi (winter)-Kharif (summer) 
(Madella and Fuller et  al., 2006; Petrie 
and Bates, 2017). An eastward migra-
tion of populations following the 4.2 ka 
drought and a drastic increase in settle-
ments in the eastern regions, which expe-
rienced more reliable and direct sum-
mer monsoon rains, is suggested to have 
ultimately contributed to reduced popu-
lations and collapse of the urban Indus 
region (Figure 4; Giosan et  al., 2012; 
Petrie et  al., 2017; Dixit et  al., 2018). 
Although the hydroclimatic stress asso-
ciated with the 4.2 ka event would have 
been instrumental in shaping Indus cul-

tural transformation, it seems inappro-
priate to simply attribute the collapse of 
an entire civilization directly to a single 
climatic event. As the Indus civilization 
spanned a wide range of ecological and 
environmentally diverse regions, more 
regional studies documenting the local 
climate history are required to under-
stand the complex human-climate cor-
relation in the Bronze Age era.

RATIONALE FOR EXAMINING 
REGIONAL VS GLOBAL 
MONSOON VARIABILITY
The lacustrine records presented here 
illustrate the variable nature of monsoon 
signals recorded across northwest India. 
However, the northwest Indian lake 
records do not fully document the hydro-
climate of the entire Indian subcontinent 
because of the heterogeneity of monsoon 
expressions at regional and local scales. 
Considering the fact that terrestrial 
records exhibit local climatic conditions 
more effectively than marine sediment 
records, it is remarkable that records 
from the eastern lakes (Riwasa-Kotla 
Dahar) and marine sediments collec-
tively reflect the global monsoon signal. 
Both indicate gradual monsoon weaken-
ing following boreal summer insolation 
during the Holocene and abrupt dry-
ing at ~8.2 and 4.2 ka. While the work 
described here focuses on Holocene mon-
soon variability, marine sediments recov-
ered from International Ocean Discovery 
Program (IODP) Expedition 353 in the 
Bay of Bengal will enable further explora-
tion of the coupling of basin-scale mon-
soon winds and continental precipitation 
(Clemens et al., 2015). 

The divergent climate history of the 
Thar Desert and the eastern plains of 
northwest India demonstrate that regional 
monsoon responses differ in terms of 
sensitivity and timing. Indeed, the Thar 
Desert paleoclimate records may help to 
elucidate the regional characteristics of 
the monsoon and to better understand 
the internal feedbacks within the global 
climate system. Our records demonstrate 
that it is not appropriate to examine the 

Bap Malar

Urban Phase ~4.5–3.9 ka

Post-Urban Phase ~3.9–2.3 ka 

FIGURE 4. Map showing northwest Indian locations of lake records (black triangles) and archaeo-
logical sites described in the text along with Indus Civilization population concentrations. Red dots 
denote the post-urban phase of the Indus Civilization from ~3.9 ka to 2.3 ka. The inset map shows 
urban phase locations (orange dots) from 4.5 ka to 3.9 ka (Petrie et al., 2017). Notably, a clear con-
centration of post-urban settlements (mostly village-based) in the east after the ~4.2 ka drying event 
indicates eastward migration of Indus populations toward more reliable rain-fed regions. The far 
upper left inset map locates the main map in relation to the Indian subcontinent. Paleolakes Kotla 
Dahar and Riwasa lie in close proximity to several Indus sites and are well suited for reconstruct-
ing regional hydroclimate history in order to examine the climate-cultural relationship in the region.
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impacts of past and future climate change 
on societal changes in the entire region 
based on an oversimplified global mon-
soon signal or only from a single regional 
climate record. In order to understand 
intricacies within ancient civilizations 
(e.g.,  the Bronze Age Indus civilization), 
it is important to develop a network of 
well-dated paleoenvironmental records 
that spans the entire region occupied by 
that civilization. Regional paleoclimate 
records are equally important for assess-
ing the ability of climate models to simu-
late monsoon changes at regional scales 
and for testing model-derived hypoth-
eses. For example, to translate regional 
observations into larger, global mon-
soon dynamics, an integrative approach 
that superimposes regional energy and 
moisture conservation on global mon-
soon dynamics is needed. A recent mod-
eling study designed to examine cli-
mate extremes using Coupled Model 
Inter-comparison Projects (CMIP5 and 
CMIP6) highlights the need to con-
sider regional climate sensitivity as a dis-
tinct feature of Earth system models and 
a key determinant of regional impacts 
(Seneviratne and Hauser, 2020). Our 
data suggest that researchers undertake 
a coordinated effort to integrate terres-
trial and marine paleoclimate and paleo-
environmental records with multi-scale 
model-based quantifications in order to 
accurately project future climate changes. 
Such an approach will aid researchers in 
identifying the causes of observed mis-
matches between theory, models, and 
observations of monsoon dynamics, and 
ultimately in improving the accuracy of 
regional climate projections. 
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SIDEBAR. Illuminating the Past to See the Future 
of Western Boundary Currents

MICROPALEONTOLOGICAL INVESTIGATIONS OF THE KUROSHIO CURRENT EXTENSION

By Adriane R. Lam, R. Mark Leckie, and Molly O. Patterson

The most prominent features of the marine circulation system, 
the western boundary currents (WBCs), flow along the western 
edges of the major ocean basins. These fast-moving, deep, 
and narrow wind-driven surface currents rim the subpolar and 
subtropical ocean gyres. WBCs of subtropical gyres transport 
heat, moisture, salt, and gases from the tropical ocean pole-
ward, creating ocean-atmosphere interactions that impact 
regional weather patterns. Subtropical WBCs meet their sub-
polar WBC counterparts in the mid-latitudes, leading to sharp 
temperature and nutrient gradients (Figure 1a). Mixing of sub-
polar and subtropical water masses creates an ecotone, a 
region of overlap between biological communities. The WBC 
ecotones support rich ecosystems that contain some of the 
highest biodiversity in today’s world ocean (Tittensor et  al., 
2010), making them regions of significant biologic importance. 
Due to their high biological abundance and diversity, these 
currents are vastly important resources for countries with 
robust fishing industries. Currently, fish stocks are declining in 
some of these areas, with decreases mostly attributed to the 
increase in WBC sea surface temperatures (Noto and Yasuda, 
2011). Thus, understanding how these complex systems have 
responded to past warming and will respond to anthropo-
genic climate change scenarios has significant implications for 
predicting and mitigating future impacts on weather patterns, 
local biodiversity, and the human food supply. 

Long-term observational and modeling studies confirm that 
the effects of anthropogenic climate change are significant 
within WBC systems. Over the past half century, these currents 
have intensified and shifted poleward, with the surface ocean 
in WBCs warming two to three times faster than the globally 
averaged sea surface temperature (Wu et al., 2012). Projections 
of WBC behavior under increasing CO2 scenarios mostly fore-
cast continued and increasing intensification, warming, and 
transport due to strengthening of near-surface winds (with 
the exception of the Gulf Stream; Yang et al., 2016). However, 
most WBCs lack long-term monitoring data needed to effec-
tively assess how they behave beyond decadal timescales. 
One way we can improve our understanding of the response 
of WBCs to climate change is by examining the behavior of 
these systems through the lens of the geologic, and especially 
the paleontological, records. For example, our research on 
the Kuroshio Current (KC) and its Extension (KCE) using plank-
ton proxies reveals its behavior during periods of prolonged 
global warmth and climatic transition. This research, then, also 
has implications for the behavior of regional zooplankton pop-

ulations (specifically, planktic foraminifera), whose domain lies 
near the base of the oceanic food web. 

The KC and KCE in the Northwest Pacific Ocean, a leg of the 
North Pacific Subtropical Gyre (Figure 1a), is one of the most 
prominent WBCs in the world ocean. The KC is sourced from 
the western equatorial Pacific and flows north along the east-
ern Japanese coast. At approximately 36°N, 141°E, the current 
turns east and flows into the Pacific as the KCE, with volume 
transport reaching 130 Sv. The KCE meets the south-flowing 
Oyashio Current, the WBC of the North Pacific Subpolar Gyre 
(Figure 1a). The world’s highest latitude coral reefs are found 
within the KCE region at 33°N, and the KCE, along with the 
KC, serve as a dispersal corridor for some fish species, sup-
porting the large diversity (including planktic foraminifera) and 
biomass of marine life in the area. 

We have characterized the behavior of the KCE using micro-
paleontological methods, specifically biostratigraphy and 
paleobiogeography of planktic foraminifera, to better eval-
uate how this current system responded to prominent tec-
tonic and climate perturbations through the late Neogene 
and Quaternary periods (~7–0 million years ago). This time 
interval includes the closure of the Central American Seaway 
between North and South America (~3.8–2.5 million years 
ago); the mid-Piacenzian Warm Period (mPWP; 3.2–2.9 mil-
lion years ago) when global temperatures were >2°C above 
pre-​industrial levels; and the last major climate reorganization, 
the Mid-Pleistocene Transition (MPT; ~1.2–0.6 million years 
ago). We analyze deep-sea sediment cores recovered by 
the Ocean Drilling Program that cross the KCE (Figure 1a) to 
provide a multi-dimensional view of the current across these 
important time intervals. 

Our research indicates the KCE and the North Pacific 
Subtropical Gyre expanded and contracted in response to 
tectonic and climate events. From planktic foraminiferal diver-
sity curves calculated at the three deep-sea sites (Figure 1a), 
we infer that the KCE was likely a prominent feature through 
the late Neogene and Quaternary, as foraminifera diversity 
remained highest on the northern edge of the current, more so 
than tropical foraminiferal diversity (Lam and Leckie, 2020a). 
Paleobiogeographic analyses also indicate that throughout 
the entire time interval, the KCE was used as a corridor for 
species dispersal into the Northwest Pacific region. The timing 
and pattern of dispersals varied, but many species reveal a 
diachronous dispersal pattern from the cooler northern edge 
of the KCE to the warmer southern edge (Lam and Leckie, 
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2020b), indicating perhaps that differing water mass proper-
ties (e.g., temperature, salinity, nutrients) controlled the timing 
of species dispersals across the current. 

Plankton diversity gradually increased during the final 
phases of the constriction of the Central American Seaway 
(~3.8–2.5 million years ago), reaching a diversity apex at the 
northernmost site (Figure 1b) when surface water exchange 
was shut off between the Atlantic and Pacific basins. Diversity 
at the other two sites increased to levels observed in the west-
ern equatorial Pacific. We interpret these results to indicate 
a spin-up and strengthening of the North Pacific Subtropical 
Gyre, in which warmer waters were brought further north 
by more vigorous circulation as this important ocean gate-
way closed. Turnover rates increased within the KCE during 
final seaway constriction and closure (~5–3 million years 
ago; Lam and Leckie, 2020b), indicating this tectonic event 
had profound effects on plankton populations in response 
to gyre spin-up. 

During the mPWP (~3.2–2.9 million years ago), the KCE 
was incredibly sensitive to warming and cooling. With global 
warming during the mPWP, the North Pacific Subtropical Gyre 

and subtropical waters expanded poleward, with potentially 
steepened temperature and salinity gradients across the cur-
rent (Lam, 2020). Planktic foraminiferal data indicate decreas-
ing diversity on the northern edge of the KCE after seaway 
closure, with a slight uptick in diversity during the mPWP 
interval (Figure 1b; Lam and Leckie, 2020a). This may indicate 
another short-lived intensification of the gyre and the KCE in 
response to warming. During the MPT (~1.2–0.6 million years 
ago), plankton diversity again increased within the KCE at all 
three sites (Figure 1b; Lam and Leckie, 2020a), in parallel with 
long-term cooling over the last 800,000 years and another 
potential equatorward shift of the KCE. 

Micropaleontological data indicate that the KCE was a 
dynamic feature in the geologic past. It responded to rela-
tively small changes in global mean temperature, with current 
activity directly influencing the foraminiferal community and 
biodiversity within the region. Our data support other geo-
logic studies focused on the more recent past (reviewed in 
Gallagher et  al., 2015), observational and modeling studies 
that show the KCE shifts north and intensifies during warmer 
periods and shifts south during cooler periods. 

FIGURE 1. (a) Modern sea surface temperature map of the Northwest Pacific region characterized by two western boundary currents, the 
Kuroshio Current and its Extension (KCE) as part of the North Pacific Subtropical Gyre, and the Oyashio Current as part of the North Pacific 
Subpolar Gyre. The black dots denote Ocean Drilling Program (ODP) site locations discussed in the text. Image modified from Lam and Leckie 
(2020a) under the CC BY 4.0 license (https://creativecommons.org/licenses/by/4.0/) (b) Diversity differences of planktic foraminifera between 
ODP Site 806 in the western equatorial Pacific and ODP sites in the Northwest Pacific that cross the KCE. Negative values and darker colors 
indicate higher diversity within the KCE region relative to the western equatorial Pacific, with significant tectonic and paleoclimate events high-
lighted against the geologic timescale. Note that the difference in diversity between Site 806 in the western equatorial Pacific and Sites 1209 
and 1208 on Shatsky Rise is tightly coupled with the effective closure of the Central American Seaway by ~4 million years ago. The scanning 
electron image is of Globoconella puncticulata, a common Pliocene KCE species. 

https://creativecommons.org/licenses/by/4.0/
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As we show here, studies of plankton diversity and paleobio-
geography are excellent ways of establishing past KCE behav-
ior and can be used to better assess WBCs and illuminate the 
response of these systems to climate perturbations. Additional 
geochemical and X-ray fluorescence data sets utilizing these 
sedimentary sequences from the Northwest Pacific are under-
way to expand upon the hypotheses presented here. It is our 
hope that these studies can test, refine, and generalize find-
ings from the KCE in order to provide a deeper understanding 
of these currents that can help set a baseline for understand-
ing marine food web dynamics, the extent of WBC sea surface 
warming, and the latitudinal extent of WBC shifts associated 
with anthropogenic warming. 
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Extending the Instrumental Record of 
Ocean-Atmosphere Variability into the Last 

Interglacial Using Tropical Corals
By Thomas Felis

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD

Northern Red Sea coral reef. Photo credit: T. Felis, 
MARUM - Center for Marine Environmental Sciences, 
University of Bremen 
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INTRODUCTION
Tropical marine climate variability is an 
important component of the Earth sys-
tem. The variability of tropical sea sur-
face temperature and related hydrological 
changes have substantial climatic impacts 
throughout the tropics and beyond. The 
interaction of warm tropical ocean sur-
face waters with the overlying atmosphere 
modulates global rainfall patterns and cli-
mate extremes through atmospheric tele-
connections. Climate extremes origi-
nating from the tropical ocean include 
interannual internal climate oscillations 
such as the El Niño-Southern Oscillation 
(ENSO) and the Indian Ocean Dipole 
(IOD) as well as tropical cyclones and 
hurricanes, marine heatwaves, flash 
floods, and severe droughts. These climate 
extremes have severe effects on societies, 
economies, infrastructures, and marine 
and terrestrial ecosystems globally and are 
broadly thought to intensify in amplitude 
and frequency in a warming climate.

Our current understanding of the 
tropical ocean-atmosphere system and 
related climate extremes is limited by 
the shortness of the instrumental record 
of observations. Systematic monitoring 
of tropical surface ocean conditions by 
ocean observing systems and satellites 
began less than 40 years ago, in the 1980s. 
Measurements of sea surface tempera-
ture by ships of opportunity extend back 

to the late to mid-nineteenth century, but 
they are mostly located along major ship-
ping lanes and are sparse in key regions 
of intense tropical ocean-atmosphere 
interaction such as the equatorial Pacific. 
Furthermore, these ship-based obser-
vations usually do not include sea sur-
face salinity far back in time, limiting 
our knowledge of surface ocean hydro-
logical changes. Understanding tropical 
marine climate variability and improv-
ing insights into its responses to recent 
and future climate changes require a 
long-term perspective beyond the short 
instrumental record. In particular, warm 
climate intervals in Earth’s recent geo-
logic history as well as periods of sub-
stantial or rapid warming are of interest 
here. Examples of past climate conditions 
warmer than those of the pre-industrial 
(~1850 Common Era, CE) can be found 
during the Holocene thermal maxi-
mum (~11,000 to 5,000 years ago) and 
the last interglacial period (~129,000 to 
116,000 years ago). Although these past 
warm intervals are not strict analogues 
for future warming because they were 
orbitally forced and not a result of 
anthropogenic change, such periods 
can provide insights into regional cli-
mate responses under future warming, 
and thus provide a paleo-​observational 
constraint on projections of future cli-
mate change impacts (Fischer et  al., 

2018). Similarly, the last deglaciation 
(~18,000 to 11,000 years ago), an inter-
val of changing climate following the last 
glacial period, can be considered a partial 
analogue for modern warming.

During the last decade, tropical corals 
have continued to evolve into a power-
ful archive that extends the instrumental 
record of oceanic sea surface observations 
into the pre-instrumental period. These 
corals grow in shallow waters of warm 
tropical to subtropical ocean regions. 
Their massive aragonitic carbonate skel-
etons commonly reveal annual density 
banding patterns similar to tree rings. 
Along with their growth rates of about 
one centimeter per year or more, these 
corals can create huge dome-shaped col-
onies with life spans that may last for cen-
turies. Their continuous growth through-
out the year allows precise analysis, using 
isotopic and geochemical proxies, of their 
carbonate skeletons for temperature and 
hydrology at seasonal to monthly reso-
lution. This ultrahigh temporal resolu-
tion usually reveals annual cycles in the 
isotopic and geochemical proxies and 
enables construction of precise chronol-
ogies that can be supported by the annual 
density banding. Importantly, coral proxy 
records retrieved from living colonies 
overlap the instrumental record. Thus, 
they can be calibrated with instrumen-
tal time series of climate parameters of 
the tropical ocean-atmosphere system. 
Quantitative proxy records derived from 
large living coral colonies can extend the 
instrumental record of tropical marine 
climate variability back in time for cen-
turies at monthly resolution, with associ-
ated uncertainties of reconstructed vari-
ables and based on precise chronology.

Most tropical corals have life spans of 
a few decades to centuries, which lim-
its the use of living (“modern”) colonies 
for extending the instrumental record of 
tropical marine climate throughout the 
last millennium and beyond. Using dead 
(“fossil”) corals, for example, from the 
Holocene or the last interglacial is pos-
sible, but requires careful examination 
of their skeletal preservation. Under rare 

ABSTRACT. The interaction of warm tropical ocean surface waters with the over-
lying atmosphere on seasonal, interannual, and decadal timescales is the source of cli-
mate extremes throughout the tropics and beyond. Tropical cyclones, heatwaves, flash 
floods, droughts, and El Niño have severe effects on ecosystems and societies globally. 
Projecting their amplitude and frequency changes in a warming climate requires knowl-
edge of how the tropical ocean-atmosphere system operated in the past. Tropical shallow-​
water corals have great potential for extending the short and rather sparse instrumental 
record of sea surface observations at monthly resolution. Coral records deliver quanti-
tative information about the fluctuations of sea surface temperature and hydrology on 
seasonal, interannual, and decadal timescales, with precise chronology. They provide a 
paleo-observational constraint on climate model simulations of past and future tropi-
cal ocean-atmosphere variability. This article highlights selected recent achievements 
in coral-based reconstructions of surface ocean conditions during recent centuries, the 
Holocene, the last deglaciation, and the last interglacial period. Future work combining 
ultrahigh-resolution coral reconstructions, novel analytical techniques, advanced sta-
tistical methods, and Earth system modeling will contribute to improved projections of 
tropical marine climate variability and the fates of coral reef ecosystems.
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circumstances, splicing of coral proxy 
records derived from living and fossil col-
onies allows generation of longer records. 
More commonly, “floating” time win-
dows are derived from fossil corals. These 
records provide snapshots of past ocean-
atmosphere variability with precise inter-
nal chronology. The absolute age of fossil 
corals is established by radiometric meth-
ods such as uranium-series dating.

The seasonal to monthly resolution 
of coral proxy records is exceptional for 
a marine climate archive. The resolution 
of coral proxy records, along with their 
time span of up to centuries, permit us 
to truly reconstruct tropical marine cli-
mate variability in interannual to decadal 
ranges. Tropical climate variability plays 
an important role on these timescales in 
regional projections of recent and future 
climate change impacts. Furthermore, 
the seasonal to monthly resolution allows 
us to truly reconstruct tropical marine 
climate variability during specific seasons 
of the year and with respect to changes 
in the amplitude of the annual cycle. 
Tropical corals grow throughout remote 
regions of the tropical oceans, from equa-
torial waters up to the subtropics, where 
they provide an important source for 
insights into past interactions between 
the tropical ocean-atmosphere system 
and mid-latitude climate variability (Felis 
et al., 2004; Felis and Rimbu, 2010). This 
article highlights selected contributions 
of tropical corals to the field of paleocean-
ography during the last 10 years and 
their unique potential for extending the 
instrumental record of tropical marine 
climate observations into the more dis-
tant past. Particular emphasis is given 
on proxy records of tropical sea surface 
temperature and hydrology from paired 
strontium/​calcium (Sr/Ca, for tempera-
ture) and oxygen isotope (δ18O, for tem-
perature and hydrology) measurements 
in fossil corals of the Holocene, the last 
deglaciation, and the last interglacial 
period. For more comprehensive, tradi-
tional reviews of various aspects of coral 
paleoclimatology, see Lough (2010), 
Sadler et al. (2014), and Saha et al. (2016).

TROPICAL SEA SURFACE 
TEMPERATURE, EL NIÑO, IOD, 
AND MARINE HEATWAVES
Tierney et al. (2015) reconstruct tropical 
sea surface temperatures at annual res-
olution for the past four centuries from 
an extensive network of modern coral 
records. This study, conducted within the 
Past Global Changes (PAGES) Ocean2K 
project, suggests that the tropical oceans 
were cooling until modern warming 
began around the 1830s CE, especially 
during the early 1800s CE when there was 
an exceptionally cool period in the Indo-
Pacific region. This coral-based recon-
struction of tropical sea surface tem-
peratures was key to the finding of the 
relatively early onset of industrial-era 
warming across the ocean and conti-
nents (Abram et al., 2016). Decadal-scale 
variability was determined to be a quasi-​
persistent feature of all tropical ocean 
basins, but no evidence was found that 
either natural or anthropogenic forcings 
have altered ENSO-related interannual 
variability in tropical sea surface tem-
peratures (Tierney et al., 2015).

Coral-based reconstructions of Pacific 
sea surface temperature seasonality and 
ENSO strength provide fundamental 
constraints on tropical climate dynam-
ics and may ultimately lead to improved 
climate model projections of ENSO-
related climate extremes under green-
house warming (Emile-Geay et al., 2016). 
The two major El Niño event types dif-
fer in their impacts on regional temper-
ature and precipitation extremes at a 
global scale. A higher frequency of cen-
tral Pacific El Niño events and fewer but 
more intense “traditional” eastern Pacific 
El Niño events in recent decades relative 
to the past four centuries were detected 
in a tropical coral network by exploiting 
the seasonal resolution of the coral proxy 
records (Freund et  al., 2019). Climate 
model simulations suggest sensitivity of 
ENSO to large volcanic eruptions via aero-
sol forcing. However, records of modern 
and fossil corals of the central equatorial 
Pacific do not reveal a consistent ENSO 
response to volcanic forcing over the last 

millennium, suggesting that some mod-
els may overestimate the forced response 
relative to natural ENSO variability (Dee 
et  al., 2020). An extension of the ENSO 
proxy record over the past 7,000 years 
using snapshots provided by modern 
and fossil corals of the central equato-
rial Pacific (Cobb et  al., 2013) suggests 
that ENSO variability over the last five 
decades was stronger than during the pre-
industrial era and relatively weak between 
3,000 and 5,000 years ago (Grothe et al., 
2019). During this mid-Holocene interval 
of weak ENSO variability, an enhanced 
annual cycle and delayed seasonal growth 
was found in a 175-year-long coral record 
from the central equatorial Pacific from 
~4,300 years ago (McGregor et al., 2013).

The Pacific trade winds are an impor-
tant component of the tropical ocean-
atmosphere system and ENSO. These 
trade winds can modulate global tem-
peratures. Seasonally resolved records of 
manganese/calcium (Mn/Ca) in tropical 
Pacific corals from atolls with west-​facing 
lagoons were shown to offer a promising 
proxy for westerly wind strength, and sug-
gest that early twentieth-century warming 
was linked to weakening of tropical Pacific 
trade winds (Thompson et al., 2015). The 
relationship between trade winds, trop-
ical Pacific temperature, and global tem-
perature may allow reconstructions of 
tropical Pacific wind strength from coral 
Mn/Ca to provide important constraints 
on projections of global temperature 
evolution under greenhouse warming 
(Thompson et al., 2015).

The western Indian Ocean has been 
warming faster than any other tropical 
ocean during the twentieth century and 
is the largest contributor to the rise in 
global mean sea surface temperature. An 
annually resolved reconstruction of sea 
surface temperature from a set of west-
ern Indian Ocean coral records shows 
that a methodological bias, the so-called 
World War II bias, is the main reason for 
the differences between the various prod-
ucts of instrumental sea surface tempera-
ture observations and that it affects west-
ern Indian Ocean as well as global mean 
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temperature trends (Pfeiffer et al., 2017). 
Such multi-coral reconstructions may 
help in evaluation of different sea surface 
temperature products as they are truly 
independent from historical ship-based 
observations (Pfeiffer et al., 2017).

The IOD causes hydrological extremes 
in regions surrounding the Indian Ocean. 
A proxy record of the IOD over the last 
millennium based on snapshots provided 
by modern and fossil corals of the east-
ern equatorial Indian Ocean demon-
strates that extreme positive IOD events 
were rare before 1960 CE, but that at least 
one event larger than the most extreme 
event observed in the instrumental 
record occurred during the seventeenth 
century (Abram et al., 2020). The identi-
fication of extreme IOD variability, per-
sistent tropical Indo-Pacific climate cou-
pling, and a tendency toward clustering 
of positive IOD events in the reconstruc-
tion may improve projections at seasonal 
and decadal timescales that will help to 
improve management of the climate risks 
associated with future IOD variability in 
a warming world (Abram et al., 2020).

Increasing intensity of marine heat-
waves has caused widespread mass coral 
bleaching events. An annually resolved 
reconstruction of sea surface tempera-
ture for the past two centuries from mul-
tiple southeastern Indian Ocean corals 
demonstrates the important role of cou-
pling between the western and central 
Pacific in amplifying thermal stress in 
the southeastern Indian Ocean (Zinke 
et  al., 2015). Multi-century coral recon-
structions provide a long-term perspec-
tive on the regional impacts of large-scale 
climate coupling between ocean basins, 
which may lead to improved projections 
of extreme heatwaves and their ecologi-
cal impacts on coral reef ecosystems at 
regional scales (Zinke et al., 2015).

The monsoon systems are of criti-
cal importance to the densely populated 
areas of South Asia as they control the 
amount and intensity of precipitation as 
well as the severity of winters in some 
regions. An annually resolved recon-
struction of the East Asian Monsoon 

based on radiocarbon measurements in 
a coral of the South China Sea suggests 
a long-term decline in both summer and 
winter monsoon variability since the six-
teenth century (Goodkin et  al., 2019). 
Coral proxy records from the rim of con-
tinental Asia, for example, the South 
China Sea (Goodkin et  al., 2019) and 
the northern Red Sea (Felis and Rimbu, 
2010), have the potential to provide 

insights into past interactions between 
tropical marine and higher latitude con-
tinental climate variability.

Most centuries-long coral records are 
based on δ18O, a proxy that reflects both 
the temperature and the δ18O of the sur-
rounding seawater. This dual control can 
complicate the interpretation of coral 
δ18O records in terms of temperature 
through space and time. Furthermore, 
although seawater δ18O is thought to be 
closely related to salinity, the two vari-
ables have a complicated relationship that 
can vary with time and location. Proxy 
system models, also known as proxy for-
ward models (Dee et  al., 2015; Lawman 
et  al., 2020), can improve the inter-
pretation of coral δ18O records and better 
quantify their uncertainties. Paired with 
isotope-enabled climate model simula-
tions, they can be used to investigate the 
dynamics of seawater δ18O and salinity 
variations in relation to coral δ18O in dif-
ferent climate regimes (Dee et  al., 2015; 
Stevenson et al., 2018).

Centuries-long coral records based on 
Sr/Ca, a proxy thought to solely reflect 
temperature, are becoming increasingly 

available (DeLong et  al., 2012). Other 
temperature proxies that are increasingly 
analyzed in coral skeletons for longer 
time intervals include uranium/calcium 
(U/Ca; Felis et al., 2009), lithium/calcium 
(Li/Ca) and lithium/magnesium (Li/Mg; 
Hathorne et al., 2013a), as well as a com-
bination of the Sr/Ca and U/Ca prox-
ies termed strontium-uranium (Sr-U; 
DeCarlo et  al., 2016). When paired with 

coral δ18O measurements, temperature 
proxies such as Sr/Ca and U/Ca provide 
tools for reconstructing changes in sea-
water δ18O in the surface ocean (Felis 
et al., 2009), a hydrologically relevant vari-
able that reflects oceanic processes as well 
as variations in hydroclimate. Such coral-
based seawater δ18O reconstructions are 
considered to be an important source of 
information on hydroclimatic changes for 
the vast areas of the tropical to subtrop-
ical oceans during the pre-instrumental 
period. They can be used, in combination 
with terrestrial hydroclimate archives and 
climate model simulations, to constrain 
future hydroclimatic risks estimated 
from climate model projections (PAGES 
Hydro2k Consortium, 2017).

SURFACE OCEAN FRESHENING 
DURING THE LAST CENTURIES
Annually resolved reconstructions of sea-
water δ18O changes over recent centuries 
derived from paired coral Sr/Ca and δ18O 
records provide indications for transitions 
toward fresher surface conditions since 
the mid-nineteenth century in regions of 
the tropical to subtropical Indo-Pacific 

 “Ultrahigh-resolution coral proxy records 
provide a powerful tool for reconstructing past 

tropical marine climate and environmental 
variability and for understanding the temporal 
response of corals and coral reefs to ongoing 

climate and environmental changes.

”
.
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(PAGES Hydro2k Consortium, 2017). In 
the subtropical northern Red Sea (Ras 
Umm Sidd) and western North Pacific 
Ocean (Ogasawara), apparent regime 
shifts toward fresher conditions occurred 
relatively abruptly within about five years 
after 1850 CE and 1905 CE, respectively 
(Felis et al., 2009, 2018; Figure 1). At both 
sites, an increase in regional precipita-
tion could be excluded as a cause of the 
reconstructed surface ocean freshening. 
While a change in surface evaporation 
driven by a reorganization of the atmo-
spheric circulation over Europe at the end 

of the putative Little Ice Age provides a 
likely explanation for the arid northern 
Red Sea (Felis et  al., 2018), a change in 
the Kuroshio Current system and asso-
ciated westerly winds likely played a role 
in the western North Pacific (Felis et al., 
2009). Reconstruction of seawater δ18O 
changes from paired measurements of 
δ18O and Sr/Ca, U/Ca, or other element/
Ca temperature proxies in corals can pro-
vide unprecedented insights into the past 
dynamics of surface ocean hydrology 
at annual and higher resolution. These 
reconstructions have the potential to 

reveal surprises regarding abrupt changes 
and unexpected trends even during 
the last century for which instrumen-
tal observations of hydrologically rele-
vant variables such as salinity are sparse. 
In tandem with corresponding tempera-
ture reconstructions (Felis et  al., 2010), 
seawater δ18O reconstructions may pro-
vide a comprehensive understanding of 
ocean-atmosphere variability at seasonal 
and interannual to decadal timescales, 
including the dynamics of ocean to land 
moisture transport and related hydrolog-
ical extremes. The PAGES CoralHydro2k 

FIGURE 1. (top) Selected tropical and subtropical sites of coral paleoclimate work in the Indo-Pacific and Atlantic Oceans discussed in this paper are 
indicated on a map showing the multi-scale ultrahigh-resolution (MUR) sea surface temperature (SST) analysis from NASA/Goddard Space Flight Center 
(downloaded from https://svs.gsfc.nasa.gov/30008). The graphs show annual average proxy records of subtropical sea surface temperature and hydrol-
ogy during recent centuries derived from bimonthly resolved Sr/Ca (and U/Ca) and δ18O measurements in modern corals (Porites spp.) of (bottom left) 
the northern Red Sea (Ras Umm Sidd; Felis et al., 2018) and (bottom right) the western North Pacific (Ogasawara; Felis et al., 2009). The corresponding 
seawater δ18O reconstructions suggest abrupt shifts toward fresher conditions after 1850 CE and 1905 CE. Bold lines are 13-year (northern Red Sea) and 
three-year (western North Pacific) running averages. Modified from Felis et al. (2009) and Felis et al. (2018)
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project is a new initiative toward encour-
aging employment of paired Sr/Ca and 
δ18O measurements in corals for recon-
structing tropical ocean hydroclimate 
and temperature during recent centuries 
(Hargreaves et al., 2020).

HOLOCENE AND LAST 
INTERGLACIAL TROPICAL 
ATLANTIC TEMPERATURE 
VARIABILITY
The tropical Atlantic Ocean plays a funda-
mental role in the modulation of ocean-​
atmosphere variability on interannual to 

decadal timescales throughout the basin 
and adjacent continental areas. The trop-
ical Atlantic is the source of severe cli-
mate extremes such as hurricanes, floods, 
and droughts. Proxy records of tropical 
North Atlantic sea surface conditions for 
time intervals back to the mid-Holocene 
and during the last interglacial pro-
vided by fossil corals of the southern 
Caribbean (Bonaire) allow unprece-
dented insights into the pre-​​instrumental 
period at monthly resolution (Giry et al., 
2012, 2013; Felis et al., 2015; Brocas et al., 
2016, 2018; Wu et al., 2017). The paired 

coral Sr/Ca and δ18O records indicate 
pronounced interannual to decadal vari-
ability as well as longer-term trends in 
tropical Atlantic sea surface tempera-
ture and hydrology during the late to 
mid-Holocene and the last interglacial 
(Figure 2). The records show some ten-
dency for a positive relationship on these 
timescales when interpreted as tem-
perature and salinity variations. Quasi- 
​biennial variability is a persistent fea-
ture in many records. Pronounced inter-
annual variability at typical ENSO 
periods ~2,350 years ago could be indic-

FIGURE 2. (top) Monthly resolved proxy records of tropical Atlantic sea surface temperature (SST) and hydrology for time intervals during the last inter-
glacial (~130,000 to 118,000 years ago) and since the mid-Holocene (~6,000 years ago) derived from Sr/Ca and δ18O measurements in modern and 
fossil corals (Diploria strigosa) of the southern Caribbean Sea (Bonaire; Giry et al., 2012, 2013; Felis et al., 2015; Brocas et al., 2016, 2018). The corre-
sponding seawater δ18O reconstructions are shown. Bold lines are 51-month running averages. (bottom) Enlargement of monthly coral Sr/Ca and δ18O 
records for time intervals around 124,000 and 2,350 years ago. Modified from Giry et al. (2012, 2013), Felis et al. (2015), and Brocas et al. (2016, 2018)
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ative of a stronger influence of Pacific cli-
mate variability on the tropical Atlantic 
basin at that time (Giry et al., 2012, 2013). 
Indications for prominent decadal vari-
ability in sea surface temperature at a 
period of ~12 years identified during the 
peak of the last interglacial ~124,000 years 
ago (Brocas et al., 2016) are noteworthy. 
Similar decadal variability has been a 
typical feature in North Atlantic surface 
temperatures during the period of instru-
mental observations.

The monthly resolved Bonaire coral 
Sr/Ca records indicate that the seasonality 
of surface ocean temperature in the trop-
ical North Atlantic during the Holocene 
and the last interglacial was controlled 
mainly by insolation changes on orbital 
timescales (Giry et  al., 2012; Felis et  al., 
2015; Brocas et  al., 2016). The recon-
structed temperature seasonality closely 
follows the temporal evolution of orbitally 
controlled changes in insolation seasonal-
ity between ~130,000 and 118,000 years 
ago and from ~6,000 years ago until the 
present day (Figure 3). The maximum 
temperature seasonality relative to today 
reconstructed for 126,000 years ago, dur-
ing the peak of the last interglacial, is tem-

porally consistent with a corresponding 
maximum in insolation seasonality at this 
latitude and in line with climate simula-
tions using a coupled atmosphere-ocean 
general circulation model (Brocas et  al., 
2016). It is notable that a time interval of 
anomalously increased temperature sea-
sonality reached peak last interglacial 
amplitudes during the late Holocene 
~2,350 years ago and cannot be explained 
by an orbital forcing of insolation season-
ality (Giry et  al., 2012). Along with pro-
nounced interannual variability at typical 
ENSO periods, this anomalous time inter-
val might provide a paleo-observational 
constraint for substantial modulation of 
tropical Atlantic temperature seasonality 
through internal variability of the climate 
system, such as strengthened interactions 
between the Pacific and Atlantic basins via 
atmospheric teleconnections (Giry et  al., 
2012; Felis et al., 2015). Given the impor-
tant role of tropical surface ocean seasonal 
temperature changes in the development 
of hurricanes, floods, and droughts, a bet-
ter understanding of the dynamics behind 
such anomalous time intervals of the past 
might lead to improved projections of 
future climate extremes and their impacts 

on the tropical Atlantic region and adja-
cent continental areas.

The evolution of tropical ocean tem-
peratures at sub-basin to regional scales 
during the Holocene and the last inter-
glacial is still not well known. A note-
worthy result based on the Bonaire coral 
records is a reconstructed cooling in the 
tropical North Atlantic relative to today 
during the mid-Holocene ~6,000 years 
ago (Giry et  al., 2012) and especially 
during the peak of the last interglacial 
~126,000 years ago (Brocas et  al., 2019), 
with both time intervals accompanied by 
apparently fresher sea surface conditions 
(Giry et al., 2013; Brocas et al., 2019). That 
the tropical Atlantic Ocean did not warm 
during the peak of the globally warmer-
than-pre-industrial last interglacial is at 
first glance counterintuitive (Brocas et al., 
2019). However, this result is consistent 
with other proxy reconstructions and cli-
mate model simulations of the tropical 
oceans and with the annual orbital forc-
ing of insolation during this time interval 
(Fischer et  al., 2018). This highlights the 
potential for corals to shed more light on 
the temperature evolution of the tropical 
oceans during warm periods of the past.

FIGURE 3. (left) Evolution of tropical Atlantic sea surface temperature (SST) seasonality during the last interglacial (~130,000 to 118,000 years ago) and 
since the mid-Holocene (~6,000 years ago) derived from monthly Sr/Ca and δ18O measurements in modern and fossil corals (Diploria strigosa) of the 
southern Caribbean Sea (Bonaire; Giry et al., 2012, 2013; Felis et al., 2015; Brocas et al., 2016, 2018). Deviations of coral δ18O seasonality from coral 
Sr/Ca-temperature seasonality arise from hydrological effects. (right) Reconstructed coral Sr/Ca-temperature seasonality closely follows orbitally con-
trolled changes in insolation seasonality at this latitude and regional SST seasonality from a climate model simulation. Modified from Giry et al. (2012, 
2013), Felis et al. (2015), and Brocas et al. (2016, 2018) 
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LAST DEGLACIAL 
TEMPERATURES, EAST 
AUSTRALIAN CURRENT, AND 
THE GREAT BARRIER REEF
The last deglaciation (~18,000 to 
11,000 years ago) is a time interval of 
substantial global warming and sea level 
rise following the cold last glacial maxi-
mum that culminated 20,500 years ago 
with a sea level of about 125 m to 130 m 
lower than today (Yokoyama et al., 2018). 
Submerged shallow-water reefs that 
grew during the last deglaciation, how-
ever, are difficult to access. In the Great 
Barrier Reef, along the path of the south-
ward flowing East Australian Current, 
tropical Pacific corals that grew during 
the last glacial maximum were success-
fully recovered for the first time using a 
mission-​specific platform on Integrated 
Ocean Drilling Program (IODP) 
Expedition 325 (Felis et al., 2014; Webster 
et  al., 2018; Yokoyama et  al., 2018). 
Average Sr/Ca values of fossil corals from 
two IODP drilling sites separated by 
about 3° of latitude indicate a consider-
ably steeper meridional sea surface tem-
perature gradient than that of the present 
day between ~20,000 and 13,000 years 
ago, and is supported by the correspond-
ing coral δ18O data (Felis et  al., 2014; 
Figure 4). The result was interpreted as 
an indication for the northward expan-
sion of cooler subtropical waters along 
the eastern Australian coast during the 
last glacial maximum and the last degla-
ciation due to a weakening of the East 
Australian Current (Felis et al., 2014), the 
western boundary current of the South 
Pacific subtropical gyre. These findings 
also suggest a northward contraction of 
the southern boundary of the Western 
Pacific Warm Pool during the last gla-
cial maximum and the last deglacia-
tion. Furthermore, the reduction in the 
transport of warm tropical waters pole-
ward due to a weakened East Australian 
Current may have played an important 
role in dampening the amplitude of cool-
ing in the Western Pacific Warm Pool 
during the last glacial maximum (Felis 
et al., 2014). From an ecosystem perspec-

tive, the coral-based temperature recon-
structions (Felis et  al., 2014) along with 
the sea level reconstructions (Yokoyama 
et al., 2018) of IODP Expedition 325 pro-
vide the basis for the conclusion that the 
Great Barrier Reef has been more resilient 
to past temperature (Felis et al., 2014) and 
sea level changes than previously thought 
(Webster et  al., 2018), but there is little 
evidence for resilience during the next 
decades given the current rates of change 
(Webster et al., 2018).

The reconstruction of last degla-
cial temperature gradients at a regional 
scale from a large number of corals ana-
lyzed for Sr/Ca in multiple laborato-
ries within the international context of 

an IODP expedition is a challenge. Next 
to analytical precision, this reconstruc-
tion requires well-characterized reference 
material that is appropriate for the high 
Sr content of coral skeletons and the cor-
responding coral matrix. The coral paleo-
climatological work arising from IODP 
Expedition 310 to Tahiti strengthened 
the need for a direct comparison of coral 
Sr/Ca temperature proxy data generated 
in different laboratories (Asami et  al., 
2009; Hathorne et  al., 2011; Felis et  al., 
2012). The Geological Survey of Japan’s 
JCp-1 coral reference material was iden-
tified as appropriate and characterized 
in an interlaboratory study for coral Sr/
Ca and other element/Ca ratio measure-

FIGURE 4. Evolution of tropical South Pacific sea surface temperature (SST) during the last degla-
ciation and last glacial maximum (LGM) derived from average Sr/Ca and δ18O values of fossil cor-
als (Isopora palifera/cuneata) drilled by Integrated Ocean Drilling Program (IODP) Expedition 325 
to the Great Barrier Reef (Felis et al., 2014). Reconstructed coral Sr/Ca temperatures from north-
ern (NOG) and southern (HYD) sites indicate a steeper meridional SST gradient than at present day 
between ~20,000 years ago and 13,000 years ago, supported by the coral δ18O data. The coral 
Sr/Ca SST anomalies are not adjusted for changes in seawater Sr/Ca, and thus provide upper esti-
mates of the magnitude of cooling. Deviations of coral δ18O from coral Sr/Ca temperatures arise 
from hydrological effects. Coral data for a modern reference site (HER) and scaled relative SST at 
IODP sites are shown for comparison (short blue and red horizontal lines: solid = Sr/Ca-SST slope 
–0.084 mmol mol–1 per °C; dashed = Sr/Ca-SST slope –0.140 mmol mol–1 per °C). Warm Pool SST 
data are from Linsley et al. (2010). Modified from Felis et al. (2014)
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ments (Hathorne et  al., 2013b). It was 
suggested that future studies reporting 
coral element/​Ca data should also report 
the average value obtained for a refer-
ence such as the JCp-1 (Hathorne et al., 
2013b), a procedure that was followed in 
coral work of subsequent IODP expedi-
tions (Felis et al., 2014) and other studies 
(Giry et al., 2012; Felis et al., 2015; Zinke 
et al., 2015; Brocas et al., 2016; DeCarlo 
et al., 2016; Wu et al., 2017).

TROPICAL PACIFIC 
TEMPERATURE VARIABILITY 
DURING HEINRICH STADIAL 1
Fossil corals recovered in the tropi-
cal South Pacific at Tahiti by IODP 
Expedition 310 provide monthly resolved 
snapshots of sea surface temperature vari-
ability during the last deglaciation that 
coincide with key periods of Northern 
Hemisphere climate change such as the 
Younger Dryas cooling, the Bølling-
Allerød warming, and the Heinrich 
Stadial 1 cold interval (Asami et al., 2009; 
Hathorne et  al., 2011; Felis et  al., 2012). 
Average coral Sr/Ca values suggest rela-
tive cooling at Tahiti during the Younger 

Dryas at 12,400 years ago compared to 
14,200 years ago during the Bølling-
Allerød, which could indicate the reflec-
tion of a Northern Hemisphere-type pat-
tern of deglacial warming at ~17°S in 
the central tropical South Pacific (Asami 
et al., 2009).

During the early last glacial termi-
nation, the Heinrich Stadial 1 inter-
val (~18,000 to 14,600 years ago) was 
characterized by intense North Atlantic 
cooling and weak overturning circula-
tion. Heinrich Stadial 1 was accompa-
nied by a disruption of global climate, 
but its impact on interannual climate 
variability in the tropical Pacific is not 
well known. A monthly resolved Tahiti 
coral Sr/Ca record indicates pronounced 
interannual variability in tropical South 
Pacific sea surface temperatures at typ-
ical ENSO periods around 15,000 years 
ago (Felis et  al., 2012), different from 
today when ENSO influence on Tahiti sea 
surface temperatures is weak (Figure 5). 
The results indicate that ENSO was active 
during Heinrich Stadial 1. Furthermore, 
greater ENSO influence in the South 
Pacific at this time is suggested as poten-

tially resulting from a southward expan-
sion or shift of ENSO-related sea surface 
temperature anomalies (Felis et al., 2012). 
Such coral proxy evidence of tropical 
Pacific sea surface temperature charac-
teristics in an extreme climate of the past, 
at the end of the last glacial period, might 
help to constrain climate model projec-
tions of future climate change.

OUTLOOK
Proxy records derived from tropical 
shallow-​water corals have great poten-
tial for extending the instrumental 
record of sea surface observations into 
the past throughout the tropical to sub-
tropical oceans. The monthly resolution 
of coral proxy records provides quanti-
tative information on the fluctuations of 
sea surface temperature and hydrology 
on seasonal, interannual, and decadal 
timescales during the pre-​instrumental 
period, with associated uncertainties 
and precise chronology. This informa-
tion can be derived from δ18O measure-
ments in modern and fossil corals, paired 
with analysis of temperature proxies such 
Sr/Ca and U/Ca (Felis et al., 2009), Li/Ca 

FIGURE 5. (left) Monthly resolved proxy records of tropical South Pacific sea surface temperature (SST) for a time interval during the Northern 
Hemisphere’s Heinrich Stadial 1 cold interval (~18,000 to 14,600 years ago) derived from Sr/Ca measurements in a fossil coral (Porites sp.) drilled by 
IODP Expedition 310 off Tahiti (Felis et al., 2012). (center) Corresponding monthly coral Sr/Ca-SST anomaly records (annual cycle removed) filtered in the 
two- to seven-year band. (right) Results of spectral analysis. Pronounced interannual variability in tropical South Pacific SST at typical El Niño-Southern 
Oscillation (ENSO) periods is indicated around ~15,000 years ago, which is different from today when the ENSO influence on Tahiti SST is weak. Modern 
Tahiti coral data is from Cahyarini et al. (2008). Modified from Felis et al. (2012)
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and Li/Mg (Hathorne et al., 2013a), and 
Sr-U (DeCarlo et al., 2016) and clumped 
isotopes (Saenger et  al., 2012). Multi-
proxy approaches involving Sr/Ca and 
Li/Mg show potential for improving 
coral-based temperature reconstruc-
tions (D’Olivo et al., 2018), whereas other 
emerging proxies such as calcium iso-
topes (δ44/40Ca) reveal only a weak tem-
perature dependence (Pretet et al., 2013). 
Specially designed micromilling tech-
niques for skeleton sampling need to be 
applied to corals other than the com-
monly used Porites of the Indo-Pacific, 
such as Atlantic brain corals (Giry et al., 
2010). The use of fossil corals requires 
rigorous screening for potential effects 
of diagenesis (Hathorne et al., 2011; Felis 
et  al., 2012) as well as identification of 
appropriate skeletal elements for precise 
uranium-series dating (Obert et al., 2016).

Paired coral proxy records of sea sur-
face temperature and hydrology are of 
great importance for better assessment of 
ongoing and future changes in the tropi-
cal ocean-atmosphere system and related 
climate extremes. They can be used, in 
combination with proxy system models 
and isotope-enabled climate models (Dee 
et al., 2015; Brocas et al., 2018; Stevenson 
et  al., 2018; Lawman et  al., 2020), to 
investigate the fundamental dynam-
ics of tropical ocean-atmosphere vari-
ability, investigations that will ultimately 
lead to a better understanding of how 
this important component of the Earth 
system works. Following paleoclimate 
data reporting and archiving standards 
agreed on by the scientific community 
(Khider et  al., 2019), the growing net-
work of coral records can serve synthesis 
studies on various aspects of past tropi-
cal marine climate (Tierney et  al., 2015; 
Abram et al., 2016).

Other proxies that are beginning to 
be frequently analyzed in coral skele-
tons include boron isotopes (δ11B) and 
boron/calcium (B/Ca) for identifying 
the long-term effects of ocean acidifica-
tion on coral calcification (McCulloch 
et  al., 2017), nitrogen isotopes (δ15N) in 
skeleton-bound organic matter that pro-

vide information about the oceanic nitro-
gen cycle and the influence of anthro-
pogenic nitrogen on the open ocean 
(Wang et al., 2018), and barium isotopes 
(δ138/134Ba) as a potential proxy for oce-
anic barium cycling (Liu et  al., 2019). 
The combination of element/Ca and 
boron isotope records shows promise 
for detecting the response of coral calci-
fication and calcifying fluid to thermally 
induced bleaching stress (D’Olivo and 
McCulloch, 2017), which might contrib-
ute to the reconstruction of past bleach-
ing events and a better understanding of 
coral resilience under current and future 
warming. These new proxies are impor-
tant because systematic coral reef moni-
toring started only a few decades ago and 
is still absent in many remote reef areas. 
Consequently, in addition to paleocean-
ographic and paleoclimatic information, 
coral reconstructions can provide a long-
term perspective on the responses of 
coral reef ecosystems to environmental 
stresses. Together, such reconstructions 
provide the potential for insights into 
the effects of large-scale oceanographic 
and atmospheric processes on coral reef 
ecosystems (Zinke et al., 2015; Felis and 
Mudelsee, 2019). 

Key regions for future coral-based 
paleoclimatic research include the area 
of highest ENSO variability in the equa-
torial Pacific Ocean, including the 
Western Pacific Warm Pool; the tropi-
cal Atlantic Ocean as a source for climate 
extremes affecting the Americas, Africa, 
and downstream Europe; and the Indian 
Ocean, where warming is occurring 
faster than in any other tropical ocean 
and whose related climate extremes affect 
the adjacent continental areas of Africa, 
Asia, and Australia. Furthermore, sub-
tropical Northern Hemisphere sites that 
were affected by warming during the last 
interglacial period are of interest. In addi-
tion to the last interglacial, the Holocene 
thermal maximum is of primary interest 
as another period warmer than the pre-
industrial, as is the Common Era of the 
last 2,000 years as a time interval imme-
diately preceding the period of instru-

mental observations. Older interglacials 
that represent time intervals of substan-
tial warming might also provide well-
preserved fossil corals, as might the last 
deglaciation and earlier deglaciations 
that are of interest to studies of tropical 
marine climate variability during periods 
of rapid warming.

In summary, ultrahigh-resolution 
coral proxy records provide a power-
ful tool for reconstructing past tropical 
marine climate and environmental vari-
ability and for understanding the tem-
poral response of corals and coral reefs 
to ongoing climate and environmen-
tal changes. Used in conjunction with 
advanced statistical methods and Earth 
system modeling, these data can improve 
projections of tropical climate variability 
and the fates of coral reef ecosystems. 
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RECONSTRUCTION OF OCEAN CIRCULATION 
BASED ON NEODYMIUM ISOTOPIC COMPOSITION

Potential Limitations and Application to the Mid-Pleistocene Transition

By Kazuyo Tachikawa, William Rapuc, Quentin Dubois-Dauphin, 

Abel Guihou, and Charlotte Skonieczny

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD

increased carbon storage in the ocean 
via a more active biological pump in the 
Southern Ocean and/or more efficient car-
bon storage in the strongly stratified deep 
ocean (Hain et  al., 2010; Adkins, 2013). 
During the deglaciation, dissipation of 
old deep water that was rich in respired 
carbon in the Southern Ocean contrib-
uted to CO2 release to the atmosphere by 
the upwelling branch of the Atlantic over-
turning circulation (Skinner et al., 2010). 

Although proxy-based reconstruc-
tions have provided important insights 
into past ocean circulation, they do not 
always tell consistent stories because each 

proxy has its own bias. Recent advances 
in analytical instruments and coordi-
nated international programs such as 
GEOTRACES have provided abundant 
high-quality data and contributed to a 
better understanding of proxy behavior 
in the modern ocean. Furthermore, the 
spatial coverage of marine sediment cores 
has greatly improved over recent decades, 
thanks to international programs such 
as the Ocean Drilling Program (ODP)/
International Ocean Discovery Program 
(IODP) and the International MArine 
Global changE Study (IMAGES). Lastly, 
tremendous progress in climate model-
ing has revealed the physical and biogeo-
chemical processes involved in climate 
variability. In particular, proxy-enabled 
models make it possible to simulate proxy 
fields, which in turn can be compared to 
proxy reconstructions (Arsouze et  al., 
2009; Menviel et al., 2012; Rempfer et al., 
2012; Roche and Caley, 2013; Friedrich 
et  al., 2014), allowing evaluation of the 
capacity of climate models to predict 
deepwater circulation changes. 

The objective of this paper is to revisit 
the behavior of neodymium (Nd) isoto-
pic composition of seawater as a tracer of 
water mass provenance and to apply this 
tracer to a major climate transition, the 
Mid-Pleistocene transition (MPT, about 
one million years). In the modern ocean, 
the Nd isotope composition of seawater 
follows the global thermohaline circu-
lation (Figure 1), but factors other than 
water mass mixing influence its distribu-

INTRODUCTION 
The ocean contains approximately 
60 times more carbon than the atmo-
sphere. About 20%–35% of the carbon 
dioxide (CO2) emitted by burning fos-
sil fuels has been absorbed by the ocean 
(Khatiwala et  al., 2009). Changes in the 
ocean state, such as those that occurred 
during the last glacial maximum (LGM) 
and subsequent deglaciation, could sig-
nificantly affect the carbon cycle by releas-
ing absorbed carbon to the atmosphere 
in the future. The glacial atmospheric 
CO2 concentration was lower than the  
pre-industrial value mainly because of 

ABSTRACT. As the ocean is Earth’s largest reservoir of carbon, its circulation 
strongly influences the global carbon cycle. The neodymium (Nd) isotopic composi-
tion (143Nd/144Nd or εNd) of seawater has been used as a tracer for ocean circulation. 
We revisit the capacity of this tracer using compiled modern seawater data sets and 
recent data (≤10,000 years, 10 kyr) extracted from the sedimentary record. Empirical 
equations that predict seawater εNd values from hydrography parameters can be used 
to evaluate possible biases in Nd isotopic ratios. The good overall agreement between 
measured seawater and predicted εNd values confirms the usefulness of Nd isotopic 
composition as a tracer of large-scale deepwater circulation in many parts of the mod-
ern ocean. Offsets observed between the sedimentary record and predicted values 
in certain oceanic regions can be partly explained by the contribution of porewater-​
derived Nd to sedimentary authigenic fractions. We use Nd isotopic composition to 
study a major climate transition in the middle Pleistocene called the “900 ka event,” 
which is characterized by a major perturbation in ocean carbon chemistry. All avail-
able reconstructed seawater εNd data indicate an increase in isotopic composition at the 
900 ka event relative to the present value in the eastern Atlantic Ocean. This shift can-
not be explained solely by more active formation of southern-sourced water that has a 
higher εNd value than the northern-sourced water. We suggest that a reduction in the 
Atlantic meridional overturning circulation and/or changes in Nd sources to the North 
Atlantic were the main cause(s) of the change in εNd observed during the evolution of 
the Northern Hemisphere cryosphere. 
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tion. Using a compiled seawater data set 
and comparing it with other hydrogra-
phy parameters, it is possible to identify 
the oceanic regions significantly affected 
by local Nd inputs. Processes that may 
modify Nd isotopic signals recorded in 
marine sediments are reviewed using 
compiled archival data. Finally, we use Nd 
isotopes to infer changes that occurred 
during the MPT.

DISTRIBUTION OF MODERN 
SEAWATER Nd ISOTOPIC 
COMPOSITION 
Neodymium is among the rare earth ele-
ments (REE) that are characterized by 
coherent chemical and physical prop-
erties. It has seven isotopes, and one of 
them, 143Nd, is an α-decay product of 
147Sm, with a half-life of 1.06 × 1011 years. 

Samarium and Nd are fractionated 
during melting and crystallization, result-
ing in 143Nd/144Nd ratios that change in 
rocks as a function of age and lithology. 
Continental material is the major Nd 
source to the ocean (Figure 2), and the 
seawater Nd isotopic signature reflects 
the 143Nd/144Nd values of continents sur-
rounding the ocean basins. Because of the 
relatively small range of 143Nd/144Nd, the 
isotopic ratio is typically expressed by the 
notation εNd. 

εNd = [(143Nd /144Nd)sample /

(143Nd/144Nd)CHUR – 1] × 104,

where CHUR is a chondritic uniform res-
ervoir with a 143Nd/144Nd ratio of 0.512638 
(Jacobsen and Wasserburg, 1980) or 
of 0.512630 (Bouvier et  al., 2008). The 
advantages of the Nd isotopic composi-

tion of seawater, as compared to the car-
bon isotopic composition (13C/12C or 
δ13C) of seawater, another frequently used 
water mass tracer, is that the former expe-
riences negligible biological fractionation 
and is not influenced by air-sea exchange.

In modern deep waters (≥1,500 m), 
the lowest εNd values of about –15 are 
found in an area surrounded by an old 
craton in the Labrador Sea and area. In 
contrast, the highest values close to 0 are 
observed in tropical and North Pacific 
waters as a result of abundant young vol-
canogenic material found there (Jeandel 
et  al., 2007; Figure 1). The Southern 
Ocean and Indian Ocean present deep-
water εNd values intermediate between 
the North Atlantic and the tropical and 
North Pacific Oceans, which is consis-
tent with the pattern of global thermo-
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FIGURE 2. Neodymium sources 
and processes affecting oce-
anic Nd concentration and iso-
topic composition as well as 
possible marine sedimentary 
records of Nd isotopic compo-
sition. Figure based on data 
from GEOTRACES (http://www.
geotraces.org/) modified to sum-
marize the oceanic Nd cycle. 

FIGURE 1. Distribution of 
deepwater Nd isotopic com-
position in the modern ocean 
(Tachikawa et  al., 2017) and 
schematized global thermo-
haline circulation (Broecker, 
1991). The colored dots indi-
cate εNd values at 1,500 m 
depth in the water column 
or at a water depth closest 
to 1,500 m but deeper than 
1,500 m if εNd data are not 
available. The blue and the 
red curves indicate deep and 
surface flows, respectively. 
The figure was created using 
Ocean Data View (ODV; 
Schlitzer, 2015).

http://www.geotraces.org/
http://www.geotraces.org/
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haline circulation (Figure 1). The spa-
tial heterogeneity of deepwater εNd values 
is also coherent with the estimated resi-
dence time of Nd in the ocean of 360 to 
700 years (Tachikawa et al., 2003; Siddall 
et al., 2008; Rempfer et al., 2011), less than 
the mean mixing time of the deep ocean, 
which is about 1,500 years in the modern 
ocean (Broecker and Peng, 1982). 

Net Nd sources to the ocean include 
partial dissolution of atmospheric inputs 
and of river sediments as well as river 
water after Nd removal in estuaries 
(Tachikawa et al., 2003; Figure 2). In rec-
onciling both Nd concentration and iso-
topic distribution, water-sediment inter-
action along continental margins, called 
“boundary exchange,” has been con-
sidered the most important Nd source 
to the ocean (Lacan and Jeandel, 2005; 
Arsouze et al., 2009; Rempfer et al., 2012). 

The precise mechanism of boundary 
exchange, however, has not yet been fully 
identified, and it may include submarine 
groundwater discharge (Johannesson 
and Burdige, 2007) as well as benthic 
flux (Abbott et  al., 2019, and references 
therein). In the open ocean, away from 
continental inputs, reverse scavenging 
transports Nd isotopic signatures verti-
cally from shallower toward deeper water 
masses by dissolved/particulate inter-
action (Bertram and Elderfield, 1993; 
Figure 2). Even if this process is essen-
tial for producing observed depth profiles 
of seawater Nd concentration, the main 
control on deepwater εNd values in the 
open ocean is estimated to be the mixing 
of water masses characterized by distinct 
isotopic signatures (von Blanckenburg, 
1999; Frank, 2002; van de Flierdt et  al., 
2016; Tachikawa et al., 2017).

IS Nd ISOTOPIC COMPOSITION 
A RELIABLE TRACER OF OCEAN 
CIRCULATION? 
In order to identify oceanic regions sig-
nificantly affected by local/regional litho-
genic inputs that may mask water mass 
mixing effects, a compiled deepwater εNd 
database was compared with the values 
derived from empirical equations that 
predict seawater εNd from hydrography 
parameters (temperature, salinity, con-
centration of silicate, phosphate, and oxy-
gen; Tachikawa et  al., 2017). Assuming 
that the offset from the predicted val-
ues indicates the local/regional litho-
genic influence on deepwater εNd values, 
regions with strong local/regional effects 
were compared with the open ocean 
(Figure 3a,b). The most striking global 
feature is the positive offset in the tropi-
cal Pacific (Figure 3a,b) that is due to the 

FIGURE 3. Comparison of observed and predicted values for Nd isotopic composition. (a) Spatial distribution of εNd offsets between modern deepwater 
(≥1,500 m depth) and predicted values using empirical equations (Tachikawa et al., 2017). (b) Relationship between measured deepwater Nd isotopic 
composition and predicted values. (c) Spatial distribution of εNd offsets between archived Holocene (≤10 kyr) sediments and predicted seawater values. 
(d) Schematic presentation showing the porewater Nd contribution that creates εNd offsets between archival and predicted values. The white dashed 
ellipse in (a) and the black solid ellipse in (b) indicate the observed εNd offsets in the tropical Pacific. (a), (b), and (c) are adapted from Tachikawa et al. 
(2017) and (d) is adapted from Du et al. (2016)
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strong influence of boundary exchange 
(Lacan and Jeandel, 2001; Grenier et al., 
2013). In this region, abundant labile vol-
canogenic matter releases radiogenic Nd 
to deep water. Moreover, the deep water 
in this area is poorly ventilated, increas-
ing the importance of local Nd sources 
relative to water mass mixing effects.

Predicted εNd seawater signatures can 
be compared to marine archives of fish 
teeth/debris, deep-sea corals, and authi-
genic fractions associated with foramin-
iferal tests or bulk sediments (Tachikawa 
et al., 2017; Figure 3c). The archival εNd 
values from the major part of the Atlantic 
Ocean (except for the northern North 
Atlantic; Elmore et  al., 2011) show gen-
eral agreement with the predicted values, 
suggesting that this proxy is reliable. In 
contrast, some areas of the Pacific Ocean 
are characterized by positive offsets 
(Figure 3c). One possible reason for the 
offsets is the contribution of porewater 
Nd (Du et al., 2016; Skinner et al., 2019) 
that is more evident in the Pacific because 
the Nd isotopic composition of porewater 
could be significantly higher than that of 
the bottom water (Figure 3d). The detri-
tal fraction can contain exchangeable 
Nd such as volcanogenic matter, Fe-Mn 
coating, and clay minerals that release 
Nd to porewater during early diagenesis 
(Abbott et al., 2019; Du et al., 2016). 

It is possible that the predicted εNd 
values do not perfectly represent bot-
tom water isotopic composition because 
the equations are based on empiri-
cal relationships established using lim-
ited seawater data. Nevertheless, a pos-
sible porewater Nd contribution should 
be taken into account in the interpreta-
tion of Nd isotopic composition, in par-
ticular, at sites where recent marine sed-
iment values significantly differ from 
the seawater values. Additional process 
studies and further modeling efforts are 
required to better understand the possi-
ble contribution of local Nd inputs to the 
ocean. For paleoceanography studies, a 
multiproxy approach is recommended to 
obtain robust reconstructions. If proxy 
response diverges from predicted values, 

a better understanding of proxy behav-
ior will provide new insights into over-
looked processes.

CLIMATE TRANSITION DURING 
THE MID-PLEISTOCENE AND 
POSSIBLE OCEAN CIRCULATION 
CHANGES
In this final section, we reconstruct sea-
water εNd by studying cores from the 
eastern Atlantic in order to obtain 
insight into the role of ocean circulation 
changes during the MPT (1,200–800 kyr; 
Figure 4). The MPT is marked by an 
amplification of the glacial/interglacial 
cycle with the development of longer and 
more severe glacial periods and a shift 

from a 41 kyr to a 100 kyr cycle (Clark 
et  al., 2006) (Figure 4a). Because inso-
lation forcing does not explain such 
changes (Figure 4b), internal feedbacks 
are of primary importance. 

Among possible mechanisms explain-
ing the MPT, one hypothesis is rego-
lith removal that allowed the formation 
of thicker and more stable ice sheets by 
increasing basal stability (Clark et  al., 
2006) and subsequent atmospheric cir-
culation changes. A recent study sug-
gests that changes in ice sheet dynam-
ics alone could not explain the MPT and 
that the combination of regolith removal 
and reduced atmospheric CO2 concen-
tration by an efficient biological carbon 
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pump was necessary (Chalk et al., 2017). 
In addition to the biological pump, the 
development of Southern Ocean strati-
fication during glacial periods between 
900 ka and 600 ka was suggested as a 
physical mechanism that permitted the 
storage of more carbon in the deep ocean 
and resulted in colder and longer glacials 
(Hasenfratz et  al., 2019). To date, a pre-
cise evaluation of the carbon cycle at this 
transition is not possible because of the 
scarcity of atmospheric CO2 reconstruc-
tion for the MPT (Hönisch et  al., 2009; 
Bereiter et al., 2015; Higgins et al., 2015; 
Chalk et  al., 2017; Dyez et  al., 2018; 
Figure 4c). Regarding ocean circulation, 

benthic foraminiferal δ13C records show 
a prominent decrease centered at 900 ka, 
called the “900  ka event” on the global 
scale (Raymo et  al., 1990; Clark et  al., 
2006; Figure 4d). This change is consid-
ered to be a major perturbation of oce-
anic carbon chemistry. 

In order to investigate the ocean cir-
culation changes at the 900  ka event, 
seawater εNd values were reconstructed 
at ODP sites 1267 (28°S, 4,400 m water 
depth), 1088 (41°S, 2,080 m water depth), 
and 1090 (43°S, 3,700 m water depth) 
(Pena and Goldstein, 2014; Farmer 
et al., 2019) in the southeastern Atlantic 
(Figures 4e and 5a,b). We combine 

these εNd records with other reported 
data at ODP sites 1088 (Hu et  al., 2016; 
Dausmann et al., 2017) and 1090 (Howe 
et  al., 2016) to extract the main fea-
tures. ODP site 1267 is located north of 
Walvis Ridge where a bathymetric barrier 
minimizes the southern-sourced deep-
water contribution to the basin. Thus, it 
is mostly influenced by North Atlantic 
Deep Water (NADW; Farmer et al., 2019). 
In contrast, ODP sites 1088 and 1090 are 
currently bathed by the southern-sourced 
water masses, Upper Circumpolar Deep 
Water (UCDW) and Lower Circumpolar 
Deep Water (LCDW), with a possible 
contribution of Antarctic Bottom Water 
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(AABW) at 1090 (Figure 5b). Reflecting 
these water masses, the present-day εNd 
value at ODP site 1267 is lower than those 
at sites 1088 and 1090, and the difference 
has been maintained for the past 1,200 ka 
(Figure 4e). In general, glacial εNd values 
are higher than interglacial values, and 
smaller glacial/interglacial εNd amplitude 
is observed at the three sites before the 
900  ka event compared with the period 
after the MPT. At the 900  ka event, the 
reconstructed Nd isotopic composition 
is as high as in more recent glacial val-
ues. We define the high εNd values at the 
900 ka event relative to the modern isoto-
pic ratio as εNd anomalies.

We extended the spatial coverage 
of εNd anomalies at the 900  ka event 
by adding two new cores, MD03-2705 
(18°N, 3,090 m water depth) and 
ODP 1085 (29°S, 1,730 m water depth) 
from the Northeast and Southeast 
Atlantic (Figure 5a,b). In the modern 
ocean, the location of core MD03-2705 
is occupied by NADW, whereas the core 
from ODP site 1085 is located at the 
boundary between NADW and UCDW, 
with a higher εNd value (Figure 5b). It is 
worth mentioning that εNd values recon-
structed from eastern Atlantic Holocene 
sediment archives generally agree with 
predicted seawater values (Figure 3c). 
Our new results and previous studies 
all indicate positive εNd anomalies at the 
900 ka event. The details of new records 
are combined with epibenthic foramin-
iferal stable isotope records and model-
ing experiments in recent work of author 
Tachikawa and colleagues. 

If we assume that the observed εNd 
shift is produced by circulation changes 
alone, a possible explanation is either a 
reduction in the formation of northern-​
sourced water or enhanced formation 
of southern-​sourced water. To evaluate 
these possibilities, we compare the distri-
bution of the reconstructed εNd anomalies 
at the 900 ka event with simulated zonally 
averaged modeled Nd isotope anomalies 
using an Earth system model of interme-
diate complexity LOVECLIM (Friedrich 
et  al., 2014; Figure 5c,d). The enhanced 
southern-sourced water formation and 
the reduction in northern-sourced water 
formation were simulated by removal of 

fresh water from the Southern Ocean and 
input of excess fresh water to the North 
Atlantic (Friedrich et al., 2014). The sim-
ulation indicates that enhanced deep
water formation in the Southern Ocean 
has little impact on the εNd values of inter-
mediate and deep waters in the Atlantic 
Ocean (Figure 5c), whereas reduced 
NADW formation increases the seawater 
Nd isotopic signature in the major part of 
the Atlantic basin deeper than 1,000 m 
(Figure 5d). Comparison of the seawater 
εNd distribution pattern between the sim-
ulated and the reconstructed anomalies 
clearly demonstrates that the reduction 
in northern-sourced water formation 
better explains the change in seawater 
εNd. A source for excess freshwater is still 
to be elucidated. Perturbation of surface 
hydrology associated with the evolution 
of the Northern Hemisphere cryosphere 
could be a key process. 

Alternatively, the observed increase 

in Nd isotopic composition at the 900 ka 
event can be explained by changes in Nd 
sources to the North Atlantic that have 
higher εNd values. The northern-sourced 
water mass with higher εNd values may 
have been transported toward the South 
Atlantic if the Atlantic meridional over-
turning circulation was not completely 
shut down. We may infer this possibility 
by comparing the 900 ka event with the 
LGM state. The 900  ka event is the first 
time over the past 1,200 ka when sea
water εNd values were as high as the iso-
topic ratio of more recent glacial peri-
ods including the LGM (Figure 4e), and 
it is when the first drop in sea level com-

parable to that of the post-MPT gla-
cial levels occurred (Figure 4a). The εNd 
value of northern-sourced water has been 
assumed to be constant during the late 
Pleistocene glacial/interglacial cycles, but 
several modeling studies suggest the pos-
sibility of a more radiogenic glacial Nd 
isotopic ratio for northern-sourced water 
(Arsouze et  al., 2008; Menviel et  al., 
2020). For instance, the contribution of 
Labrador Sea water with a very low εNd 

value (Figure 1) to the northern-sourced 
water might have declined during the 
LGM because of sea ice coverage that pre-
vented deep convection in the Labrador 
Sea, leading to a higher εNd value in 
northern-​sourced water (Arsouze et  al., 
2008). If such a modification of northern-​
sourced water occurred, seawater εNd 
becomes generally more radiogenic in 
both reduced NADW and enhanced 
Southern Ocean deepwater formation 
cases (recent work of author Tachikawa 

 “The increase in high-quality data concerning seawater Nd isotopic 
composition in the modern ocean confirms the capacity of this proxy to trace 

large-scale ocean circulation patterns.
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and colleagues). This hypothesis should 
be further examined with direct evidence 
for changes in the deepwater convection 
zone in the North Atlantic at the 900 ka 
event and reconstruction of sea ice con-
figuration at that period. 

The evolution of the Northern 
Hemisphere cryosphere is estimated to 
have been involved in the mechanism of 
the 900 ka event either via reduced deep-
water formation or changes in Nd sources 
to the North Atlantic. Better spatial cov-
erage of records including data from the 
different ocean basins and the combi-
nation of Nd isotopic composition with 
other proxies will further clarify the pro-
cesses involved.

CONCLUSIONS 
The increase in high-quality data con-
cerning seawater Nd isotopic composi-
tion in the modern ocean confirms the 
capacity of this proxy to trace large-scale 
ocean circulation patterns. The tropi-
cal Pacific Ocean, which is potentially 
affected by regional/local lithogenic Nd 
inputs, is characterized by the presence 
of labile volcanogenic matter and less 
than vigorous bottom water circulation. 
The εNd offsets between the sedimen-
tary record and predicted values can be 
explained at least partly by a porewater 
Nd contribution of diagenetic origin that 
varies spatially.

At the 900  ka event, the eastern 
Atlantic records indicate a positive shift 
in the reconstructed seawater εNd values 
relative to the modern values in both the 
northern and the southern basins. This 
shift can be explained either by a reduc-
tion in North Atlantic Deep Water for-
mation and/or by changes in the Nd 
source to the North Atlantic with higher 
εNd values relative to the evolution of the 
Northern Hemisphere cryosphere. More 
active southern-sourced water formation 
alone cannot account for the observed 
changes in Nd isotopic composition. 
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SIDEBAR. Amundsen Sea Coastal Ice Rises
FUTURE SITES FOR MARINE-FOCUSED ICE CORE RECORDS

By Peter Neff

How much sea level rise will come from Antarctica’s ice loss 
and how quickly will it arrive at coastlines worldwide? These 
are the key questions for scientists seeking to improve pro-
jections of sea level rise through gathering of myriad new 
geophysical, geological, oceanographic, atmospheric, and 
paleoclimate data.

The Amundsen Sea sector of West Antarctica (~90°W 
to 130°W) is losing ice at an accelerating rate (Shepherd 
et al., 2018) through basal melting of ice shelves linked to 
atmosphere-​ocean processes. In a phenomenon first identi-
fied by oceanographic and remotely sensed observations in 
the mid-1990s, it is now established that regional winds drive 
upwelling of warm, nutrient-rich Circumpolar Deep Water onto 
the Amundsen Sea continental shelf via glacially carved bathy-
metric troughs. These troughs focus this relatively warm water 
beneath ice shelves and at glacial grounding lines, particu-
larly those of Pine Island Glacier, Thwaites Glacier, and Getz 
Ice Shelf (Jacobs et al., 2012). However, our understanding 
of these ice-ocean-atmosphere interactions is fundamentally 
limited in time and space. 

Circum-Antarctic weather observations begin during the 
International Geophysical Year of 1957–58, and spatiotempo-
rally complete climate reanalysis data sets become reliable 
after 1979. Remotely sensed observations of ice flow and sur-
face elevation begin in the early 1990s, as do Amundsen Sea 
oceanographic observations. Thus, regional records of climate 
and ice sheet behavior are limited to a 30-year time span, 
making observations ineffective for capturing longer-term 
ocean and ice sheet variability (Steig and Neff, 2018). This 
lack of knowledge of Amundsen Sea boundary conditions 
prevents evaluation of model results that suggest recent ice 
loss is related to regional winds, which have strengthened 
through the twentieth century, possibly related to anthropo-
genic warming (Holland et al., 2019). In order to understand 
the emergence of such trends and confirm anthropogenic 
linkages, a longer observational perspective is needed.

Ice cores provide the primary extension of our spatio-
temporal view of the modern Antarctic environment through 
continuous, annually dated proxy records that span recent 
decades, centuries, and millennia (Steig et al., 2013; Thomas 
et al., 2017). Most Antarctic ice cores have been recovered 
from the slow-flowing ice sheet interior (Figure 1a) in areas 
ideal for preserving stratigraphy and that avoid the complex-
ities of coastal climate, including warmer temperatures, oro-
graphic effects, faster ice flow, high snowfall, and crevassed 
transitional zones. A growing number of ice cores have been 
recovered from coastal ice rises, domes, ridges, promonto-

ries, or islands, including Law Dome, Siple Dome, Berkner 
Island, Fletcher Promontory, Roosevelt Island, Skytrain Ice 
Rise, and Sherman Island. 

Ice rises are like miniature ice sheets that fringe the larger 
Antarctic continent. They are independently flowing accumu-
lations of snow and ice grounded on bedrock highs, often 
within or at the margin of ice shelves. Ice rises are targeted 
for coring because, despite their coastal locations, they retain 
relatively simple domed stratigraphy and slow ice flow speed, 
they have high snow accumulation rates that yield thick annual 
layers, they are elevated above ice shelves prone to surface 
melt, they interact with coastal and ice-shelf processes, and 
their internal structure can record past ice flow dynamics (see 
Matsuoka et al., 2015). 

Along the Amundsen Sea coast, ice rises up to 800 m thick 
(Figure 1a,b) are bombarded by cyclonic storms, resulting in 
high annual snow accumulation rates, often in excess 0.5 m 
ice-equivalent on windward aspects (NASA Operation IceBridge 
snow radar data, not shown). Thick layering increases tempo-
ral resolution but reduces the age of ice preserved at depth. 
Here, mere kilometers from the ocean, a 100 m ice core may 
record at least a century beyond modern observations, while 
deeper cores to bedrock may record thousands of years of 
regional environmental history. Because ice rises are less than 
1,000 m thick, basal melting is limited and Pleistocene-age ice 
may be preserved where geothermal heating is minimal.

Due to the remote location of the Amundsen Sea coast, its 
notoriously foul weather and ocean conditions, and the com-
plexities of interacting ice, ocean, and atmospheric dynamics, 
fieldwork here requires international, interdisciplinary collab-
oration, such as the ongoing US-UK International Thwaites 
Glacier Collaboration. However, the paleoclimate rewards 
likely exceed the logistical risks. From existing near-coastal 
records, we know that sodium, chloride, and methanesulfonic 
acid present in ice enable reconstructions of wind strength 
and sea-ice/polynya conditions, while water stable isotopes 
reliably reflect temperature and moisture source (Steig et al., 
2013), and snow accumulation records reveal spatiotemporal 
trends in ice sheet surface mass balance driven by the compe-
tition of low and high pressure systems in the Ross-Amundsen 
and Bellingshausen Seas, respectively (Thomas et al., 2017). 
Two short ice cores, collected in 2017 from Mount Siple and in 
2020 from Sherman Island (Elizabeth Thomas, British Antarctic 
Survey, pers. comm., 2020; Figure 1a), contain multidecadal 
records that will provide scientists a first glimpse into the utility 
of Amundsen Sea coastal ice rises for centennial to millennial 
paleoclimate reconstructions. 
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To improve our ability to model past and present ice shelf 
and ice sheet behavior in the dynamic Amundsen Sea sec-
tor and beyond, scientists need direct high-resolution paleo-
climate records of regional decadal- to millennial-scale atmo-
spheric and oceanic conditions (Jacobs et al., 2012). Previously 
unstudied coastal ice rises, proximal to the Amundsen Sea, 
may contain such records. Better understanding of this remote 
yet globally relevant region is urgently needed to ensure that 
realistic, actionable sea level projections are available and 
usable for risk assessments and adaptation plans as society 
seeks to build resilience for the hundreds of millions of people 
populating coastal communities worldwide. 
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FIGURE 1. (a) West Antarctica. Locations of large ice rises are marked by triangles. Filled triangles indicate ice 
rises featured in panel (b). Black circles indicate existing ice cores. PIG = Pine Island Glacier. (inset) Antarctica, 
with the black box denoting location of panel (a). (b) Ice rises near the Getz Ice Shelf. (inset) Radar-​derived 
surface (solid line) and bed (dashed line) elevation data from NASA Operation IceBridge, November 3, 2011. 
Inset flight path is marked by solid bold line in panel (b). Data available at: ftp://data.cresis.​ku.edu/​data/​rds/​
2011_Antarctica_DC8/. Basemap: Reference Elevation Model of Antarctica.
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THE ANTARCTIC ICE SHEET
A Paleoclimate Modeling Perspective

By Edward G.W. Gasson and Benjamin A. Keisling

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD



Oceanography  |  June 2020 91

INTRODUCTION
The Antarctic Ice Sheet is the largest com-
ponent (by volume) of Earth’s cryosphere. 
It has a major impact on both regional and 
global climate through the modification 
of surface albedo and by altering atmo-
sphere and ocean circulation (DeConto 
et al., 2007; Bintanja et al., 2013; Colleoni 
et  al., 2018; Golledge et  al., 2019). The 
Antarctic Ice Sheet is the largest store of 
freshwater on Earth and has the potential 
to raise global sea level by 58 m if com-
pletely melted. Today, it receives 2,100 Gt 
of annual snowfall that is balanced by 
mass lost from ice flowing under grav-
ity toward the coast, where it is removed 
approximately equally by ocean melting 
of floating ice shelves and the calving of 
icebergs (Rignot et al., 2019). Unlike the 
Greenland Ice Sheet, which has an exten-
sive ablation zone, there is minimal melt-
ing on the Antarctic Ice Sheet surface at 
present, although surface meltwater is 
found in small areas (Trusel et al., 2013; 
Kingslake et  al., 2017; Lenaerts et  al., 
2017; Banwell et al., 2019).

Much of the ice sheet (~23 m sea level 
equivalent) is “marine,” meaning that 
it sits on bedrock currently below sea 
level (Fretwell et  al., 2013) and is often 
buttressed by floating ice shelves. There 
are concerns about the role ocean warm-
ing plays regarding the future stability of 
these parts of the ice sheet (Alley et  al., 

2015). Of particular concern is the stabil-
ity of the smaller West Antarctic Ice Sheet 
if its supporting ice shelves should be lost 
(Mercer, 1978; Fürst et  al., 2016; Pattyn, 
2018). There is also growing apprecia-
tion that marine portions (~19 m sea 
level equivalent) of the much larger East 
Antarctic Ice Sheet may be vulnerable to 
ocean warming (e.g., Rintoul et al., 2018; 
Wilson et  al., 2018). Although today 
~40% of the Antarctic Ice Sheet volume 
sits on bedrock below sea level, the frac-
tion that is marine has increased through 
time. This increase is a result of tecton-
ics and glacial evolution, which carved 
Antarctica’s landscapes, moved sediment 
to the expanding continental margins, 
and depressed the bedrock (Bart, 2003; 
Young et  al., 2011; Colleoni et  al., 2018; 
Paxman et al., 2018). Recent reconstruc-
tions of past Antarctic bedrock topog-
raphy for a number of intervals show 
how the marine fraction of Antarctica 
has changed through time (Figure 1; 
Paxman et al., 2019).

The remainder of the Antarctic Ice 
Sheet is “terrestrial,” that is, grounded 
on bedrock presently above sea level, so 
its stability is largely controlled by direct 
atmospheric melting and buttressing by 
surrounding ice and the basal topogra-
phy (e.g.,  Morlighem et  al., 2020). Most 
importantly, the marine sectors of the 
ice sheet have the potential to lose mass 

through ocean-driven melting and ice-
berg calving, as well as surface melting, 
whereas the terrestrial sectors lose mass 
when surface melting exceeds snowfall, 
or by ice flow. Whether retreat occurs in 
marine or terrestrial sectors can affect the 
rate at which mass is lost and therefore 
the rates at which the ice sheet contrib-
utes to sea level change. Understanding 
the style of past ice sheet retreat is there-
fore critical to understanding possible 
rates of future sea level rise (DeConto 
and Pollard, 2016; Rintoul et  al., 2018; 
Dowdeswell et al., 2020; Golledge, 2020). 

Our current understanding of the for-
mation and subsequent waxing and wan-
ing of the Antarctic Ice Sheet on million-​
year timescales is largely based on marine 
sediment records recovered over the 
past 50 years through scientific ocean 
drilling (e.g.,  Kennett and Shackleton, 
1976; Barker et al., 1999; Expedition 318 
Scientists, 2010). A recently published 
review in Oceanography focused on how 
scientific ocean drilling of marine sedi-
mentary records from the Antarctic con-
tinental margin has revolutionized under-
standing of the past behavior of the 
Antarctic Ice Sheet (Escutia et al., 2019). 
The ice proximal records discussed pro-
vide critical data in support of far-field 
records, which track the pacing of ice sheet 
change through changes in global ice vol-
ume and sea level, and also provide infor-
mation on the climate drivers that caused 
these changes (e.g., Littler et al., 2019). 

Although Antarctica was partially gla-
ciated during intervals of the Eocene, 
with glaciation in the high Gamburtsev 
Mountains (Rose et  al., 2013) and gla-
ciers reaching the coast during cooler 
intervals (Gulick et  al., 2017), the onset 
of continental-​sized glaciation occurred 
during the earliest Oligocene (Miller et al, 
1991; Zachos et  al., 1992). Immediately 
after the Eocene-Oligocene boundary, 
~32.8 million years ago, a continental-​
scale ice sheet reached the coast of 
Antarctica (Stocchi et  al., 2013; Galeotti 
et  al., 2016). Throughout the Oligocene 
and into the early Miocene, ice advanced 
and retreated across the expanding con-

ABSTRACT. The Antarctic Ice Sheet is the largest potential contributor to future 
sea level rise. Models and paleoceanographic data are often used to examine the past 
behavior of the ice sheet during both cooler and warmer intervals to understand the 
forcing and feedbacks that influence ice sheet behavior. Marine geologic studies have 
focused on understanding ice sheet response during warmer intervals, including the 
middle Miocene and Pliocene, that have been considered potential analogues to future 
anthropogenic climate change. Here, we discuss ice sheet modeling and the ways that 
marine geologic data are used to constrain ice sheet models of the Antarctic Ice Sheet 
during past warm intervals. We focus on the key challenge of simulating retreat of the 
“marine” and “terrestrial” sectors of the ice sheet in the geologic past. By integrating ice 
sheet models and geologic records, we can better characterize the processes that drove 
past ice sheet retreat. A more complete understanding of these processes, based on con-
tinuing engagement between the data and the modeling communities, is the key to pre-
dicting the ice sheet’s future.
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tinental shelf, but the magnitude of 
these oscillations is still subject to debate 
(McKay et  al., 2016; De Vleeschouwer 
et al., 2017). Although not a direct mea-
sure of ice volume, far-field reconstruc-
tions based on oxygen isotope records 
from benthic foraminifera suggest cycles 
similar in magnitude to that of modern 
day Antarctic Ice Sheet volume (de Boer 
et al., 2010; Liebrand et al., 2017; Miller 
et  al., 2020). The pacing of this early 
Antarctic Ice Sheet gradually shifted to a 
stronger sensitivity to obliquity (Earth’s 
axial tilt) toward the mid and then late 
Miocene, as there was increased ice-
ocean interaction (Levy et al., 2019). The 
ice sheet retreated substantially during 
the middle Miocene as atmospheric and 
ocean temperatures increased, and in this 
warmer and wetter climate, woody plants 
grew on the Antarctic coast (Warny et al., 
2009; Lear et  al., 2010; Feakins et  al., 
2012; Levy et al., 2016; Pierce et al., 2017; 
Sangiorgi et  al., 2018). Immediately fol-
lowing this period, across the middle 
Miocene climate transition (~14 million 
years ago), the climate cooled and the ice 
sheet expanded and became more stable 
(Shevenell et  al., 2004, 2008; Holbourn 
et  al., 2005; Lewis et  al., 2008). In the 
more recent geologic past, the Antarctic 
Ice Sheet likely retreated during warm 
intervals of the mid-Pliocene and during 
some of the warmest interglacials of the 
late Pleistocene, although this ice was 
likely sourced only from the marine sec-
tors (Cook et  al., 2013; Shakun et  al., 
2018; Wilson et al., 2018). High sea lev-
els during the last interglacial are often 
interpreted as evidence for retreat of 
the Antarctic Ice Sheet, in particular, 
marine sectors of the West Antarctic 
Ice Sheet (Dutton et  al., 2015; Rohling 
et al., 2019); however, direct evidence for 
the loss of the West Antarctic Ice Sheet 
during the last interglacial is still lack-
ing (e.g.,  Turney et  al., 2020). Note that 
aspects of this overview are disputed—
notably, the magnitude of past Antarctic 
Ice Sheet retreat has generated many vig-
orous debates (e.g., Barrett, 2013). 

Here, we focus on the separate chal-
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lenges of simulating retreat of the marine 
and terrestrial sectors of the ice sheet by 
drawing on two intervals: (1) the mid-
dle Miocene, an interval that occurred 
~15 million years ago, when atmospheric 
CO2 concentrations were similar to those 
projected for the coming decades under 
intermediate emissions pathways (Foster 
et al., 2012), and (2) the mid-Pliocene, an 
interval that occurred ~3 million years 
ago and likely the last time that atmo-
spheric CO2 concentrations were as 
high as they are today (Cook et al., 2013; 
Martínez-Botí et al., 2015; Shakun et al., 
2018). There is evidence for retreat of the 
terrestrial Antarctic Ice Sheet during the 
middle Miocene (e.g., Miller et al., 2020), 
and it is likely that there was retreat of 
the marine Antarctic Ice Sheet during the 
mid-Pliocene (Cook et al., 2013; Shakun 
et  al., 2018; Dumitru et  al., 2019; Grant 
et al., 2019). Note that in the rest of this 
paper, we purposely avoid distinction 
between the East and West Antarctic Ice 
Sheets, both of which contain terrestrial 
and marine sectors. 

TERRESTRIAL ICE SHEET 
RETREAT: COMPLETE COLLAPSE 
OF THE ANTARCTIC ICE SHEET 
DURING THE MIDDLE MIOCENE? 
Records from around the Antarctic mar-
gin (Levy et al., 2016; Gulick et al., 2017; 
Pierce et al., 2017) and from far-field sea 
level and ice volume estimates (Shevenell 
et  al., 2008; Miller et  al., 2020) support 
retreat of the Antarctic Ice Sheet during 
the warm middle Miocene. The change 
in ice mass led to sea level change on the 
order of ~60 m (Kominz et al., 2008; John 
et al., 2011) and fluctuations in the oxy-
gen isotope composition of seawater, an 
estimate of ice volume, of ~0.5‰ (Lear 
et al., 2010). These conditions would have 
required major retreat of the terrestrial- 
based ice sheet through surface melting—
possibly complete collapse of the ice sheet 
(Pekar and DeConto, 2006; Miller et al., 
2020). However, simulating this retreat 
with coupled climate and ice sheet mod-
els with boundary conditions appropriate 
for the middle Miocene has been chal-

lenging (Pollard and DeConto, 2005). 
The key middle-Miocene differences in 
boundary conditions that impact the ice 
sheets are differences in astronomical 
parameters, paleogeography (although 
these differences are relatively small com-
pared with modern), and greenhouse 
gas concentrations. To generate wide-
spread surface melting and retreat of 
the terrestrial Antarctic Ice Sheet with 
global circulation model (GCM)-forced 
ice sheet models requires a much larger 
increase in atmospheric CO2 than can 
be reconstructed from proxy records 
(Greenop et al., 2014). 

The growth of the Antarctic Ice Sheet 
cooled the Antarctic continent’s climate. 
Principally, increased albedo reflected 
more sunlight, and the atmospheric lapse 
rate led to cooling of the ice surface as 
the elevation of the growing ice sheet 
increased (Huybrechts, 1993). These 
strong positive feedbacks mean that sim-
ulating retreat of the Antarctic Ice Sheet 
requires a magnitude of warming that is 
inconsistent with proxy reconstructions 

of atmospheric CO2 during the middle 
Miocene (Pollard and DeConto, 2005; 
Langebroek et  al., 2009). Although sim-
ulations of the onset of Antarctic glaci-
ation are largely consistent with proxy 
reconstructions (DeConto and Pollard, 
2003; Pearson et  al., 2009), the simu-
lated deglacial CO2 threshold is much 
higher than indicated by proxy records 
and generally outside the error range 
of these reconstructions (Foster et  al., 
2012; Foster and Rohling, 2013; shown 
in red on Figure 2). Following its incep-
tion, the simulated Antarctic Ice Sheet 
is therefore much more stable than the 
geologic record suggests. This is a fun-
damental problem because models that 
cannot capture past collapse will be con-
servative with respect to projections of 
future sea level change. Proposed solu-
tions to this conundrum have targeted 
(a) the proxy records, for example, CO2 
was higher than thought in the middle 
Miocene (Goldner et  al., 2014), or we 
have been misinterpreting ice volume 
proxies; (b) climate and ice sheet mod-
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els simulating an overly stable ice sheet 
(Pollard and DeConto, 2005; Langebroek 
et  al., 2009); (c) a missing forcing, for 
example, a larger role of changes in ocean 
gateways and changes in paleogeography; 
or (d) some combination of these effects 
(e.g.,  Langebroek et  al., 2009; Gasson 
et al., 2016b; Stap et al., 2019).

The large ice volume changes in the 
Miocene Climate Optimum are based 
on assumptions inherent to our under-
standing of the oxygen isotope composi-
tion of benthic foraminifera, which pro-
vides a record of both global ice volume 
and deep ocean temperature that must be 
deconvolved (Shackleton, 1967). Multiple 
approaches have been used to extract ice 
volume from the benthic oxygen isotope 
records, including using an indepen-
dent temperature proxy (e.g.,  Shevenell 
et  al., 2008; Lear et  al., 2010), estimat-
ing ice volume to temperature parti-
tioning (e.g.,  Liebrand et  al., 2017), and 
inverse modeling (de Boer et  al., 2010). 
Langebroek et al. (2010) noted that pro-
ducing an accurate ice volume record also 
requires knowledge of the changes in oxy-
gen isotope composition of the ice sheets 
through time. Indeed, such changes, 
which are caused by changes in atmo-
spheric moisture transport and ice sheet 
height, could lead to an overestimation 
of past ice volume changes (Winnick and 
Caves, 2015). Reconstructions that do not 
take this process into account (e.g., Miller 
et al., 2020) should be viewed with cau-
tion. Similarly, sea level reconstructions 
from passive continental margins may 
also contain signals that are caused by 
mantle dynamic topography rather than 
eustasy caused by the waxing and waning 
of the ice sheets (Moucha et al., 2008). 

Alternatively, if ice-proximal recon-
structions of past ice sheet extent and 
past estimates of ice volume change are 
deemed reliable, and sea level did rise and 
fall by as much as 60 m, then it is import-
ant to determine why current climate and 
ice sheet models are unable to produce 
this level of dynamism. Improved repre-
sentation of ice sheet–climate feedbacks 
is one way of increasing ice sheet dyna-

mism. Recent simulations that used an 
asynchronous ice sheet–climate coupling 
and that accounted for changes in ice 
sheet oxygen isotopes are a better match 
to benthic oxygen isotope estimates 
and records from the Antarctic margin 
(Gasson et al., 2016b; Levy et al., 2016), 
although they still predict a smaller sea 
level amplitude (~35 m) than some sea 
level reconstructions (John et  al., 2011; 
Miller et  al., 2020). These simulations 
also include a mechanism for the struc-
tural failure of marine ice cliffs, discussed 
in more detail below.

The problem of simulating the retreat 
of terrestrial Antarctic ice is linked to 
another well-studied model-data dis-
agreement in paleoclimate (Barron, 
1983)—​the reduced temperature gradient 
between the poles and the tropics during 
warm periods and, in particular, the 
strong polar warming shown by tempera-
ture proxies that is generally not matched 
in coupled ocean-atmosphere model sim-
ulations (cf. Huber and Caballero, 2011; 
Sagoo et  al., 2013). Successive genera-
tions of GCMs have failed to capture this 
polar amplification (Lunt et al., 2012); the 
models that come closest to the proxies 
require unrealistically high CO2 forcing 
or model tuning. However, recent results 
from the latest generation of GCMs show 
promise for resolving this long-standing 
problem (Lunt et al., 2020).

The reduced equator-to-pole tem-
perature gradient is perhaps best asso-
ciated with the early Eocene, a warm 
interval when there were no ice sheets 
on Antarctica. Improvements to climate 
model cloud physics has led to enhanced 
Eocene warming at high latitudes 
through shortwave cloud feedbacks; 
these results are closer to proxy-derived 
temperature reconstructions at high lat-
itudes (Zhu et  al., 2019), although they 
may now be too warm in the tropics (Zhu 
et  al., 2020). The new generation of cli-
mate models includes a subset of models 
that have much higher climate sensitiv-
ity (the amount of warming for a dou-
bling of atmospheric CO2) than earlier 
models, in part because of developments 

in the representation of cloud physics 
(Zelinka et  al., 2020). Paleoclimate data 
are a key test as to whether this higher 
climate sensitivity is plausible or not 
(Zhu et al., 2020).

It remains to be seen how the presence 
of significant ice on Antarctica affects 
polar amplification and shortwave cloud 
feedbacks in this new generation of cli-
mate models, something missing in stud-
ies of the early Eocene. Another model-
ing target is the Miocene. The advantage 
of focusing on the Miocene is that it is an 
interval during which the global conti-
nental configuration was fairly similar to 
today—importantly including the pres-
ence of ice on Antarctica (Goldner et al., 
2014). It is possible that with greater polar 
amplification there will be enhanced sur-
face melting and a strong surface mass 
balance feedback as the ice elevation 
decreases and melt accelerates at a lower 
atmospheric CO2 threshold than previ-
ously simulated. Idealized simulations 
have shown that the ice sheet hysteresis 
problem can be reduced with an increase 
in polar amplification, although a mech-
anism to drive this increase is lacking 
(Langebroek et  al., 2009). It is therefore 
an exciting time to reassess the long-
standing problem of simulating past 
changes to the terrestrial sectors of the 
Antarctic Ice Sheet.

There is still much work to be done to 
understand how the Antarctic Ice Sheet 
responded to past climate changes and, 
in particular, what drove past retreat of 
terrestrial ice. Advances will come from 
a combined approach targeting both far-
field and ice-proximal data (Kennicutt 
et  al., 2015). Clearly defined model-
ing targets, such as quantitative ice-​

volume estimates or locations with evi-
dence for meltwater, are incredibly 
useful (e.g.,  Lewis et  al., 2006; Warny 
et al., 2009; Mudelsee et al., 2014; Gulick 
et al., 2017). The recent retrieval of new 
ice-proximal records from three sectors 
of Antarctica as part of the International 
Ocean Discovery Program are already 
providing some of these key records 
(Escutia et al., 2019; McKay et al., 2019). 
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If the retreat of the terrestrial Antarctic 
Ice Sheet through surface melting did 
occur under modest atmospheric CO2 
concentrations, we may be forced to 
reassess long-term future projections (on 
millennial timescales) of the response of 
the ice sheet to anthropogenic warming 
(e.g., Winkelmann et al., 2015). 

MARINE ICE SHEET RETREAT: 
ICE SHEET RESPONSE TO 
MID-PLIOCENE WARMTH
During the middle Miocene Climate 
Transition, the climate cooled and the 
terrestrial Antarctic Ice Sheet became 
more stable (Kennett, 1977; Shevenell 
et al., 2004). This scenario is supported by 
cosmogenic isotope data from the Ross 
Sea suggesting that for the past 8 million 
years there has been no retreat of the ter-
restrial Antarctic Ice Sheet (at least of the 
sectors draining through the Ross Sea) 
that would expose land (Shakun et  al., 
2018). Any ice loss that raised sea lev-
els during this interval would have come 
from the marine sectors of Antarctica, 
such as the West Antarctic Ice Sheet, 
the large basins of East Antarctica, and 
the Wilkes and Aurora subglacial basins 
(shown in Figure 1). As mentioned pre-
viously, these sectors contain enough ice 
to raise global sea level by ~23 m. This 
figure is similar to some estimates of sea 
level rise during the mid-Pliocene warm 
interval (3.0–3.2 million years ago; Miller 
et  al., 2012), the last time atmospheric 
CO2 concentrations exceeded 400 ppm 
(Martínez-Botí et  al., 2015). The sea 
level maximum during the mid-​Pliocene 
remains poorly constrained, with large 
uncertainties (Dutton et  al., 2015). 
However, there is physical evidence for 
substantial ice retreat in the marine sec-
tors of East Antarctica (Cook et al., 2013) 
as well as far-field evidence for >10 m sea 
level fluctuations (Dumitru et  al., 2019; 
Grant et al., 2019).

Marine ice sheets have long been of 
interest because of their potential vulner-
ability to ocean warming (Mercer, 1978). 
A grounded ice sheet and a floating ice 
shelf connect at the grounding line. The 

rate of ice flow from grounded to float-
ing ice is very sensitive to the ice thick-
ness at the grounding line. Analytical 
solutions suggest that the ice flow across 
the grounding line increases highly non-
linearly in response to increases in the 
grounding line ice thickness. In places 
where the ice sheet bed is on a slope that 
deepens upstream of the grounding line, 
including in the large marine basins men-
tioned above, the geometry of the ice 
sheet creates the potential for a runaway 
retreat (Schoof, 2007). As the grounding 
line retreats backward across this deep-
ening bed, a positive feedback called the 
“Marine Ice Sheet Instability” (MISI) 
develops because of the strong increase 
in ice flow (Mercer, 1978). Restabilization 
only occurs when the profile of the bed 
topography changes and the grounding 
line retreats to sufficiently shallow topog-
raphy (Figure 3a; Alley and Joughin, 
2012). The ability for ice sheet models 
to correctly simulate the MISI is a key 
test conducted in inter-model compari-
son projects (Cornford et al., 2020). The 
mid-Pliocene warm interval could be 
considered a real-world test of marine 
ice sheet behavior, with the caveats that 
the forcing and the response both have 
uncertainties (DeConto and Pollard, 
2016; Dolan et al., 2018). 

Similar to the problem of simulat-
ing retreat of the terrestrial Antarctic Ice 
Sheet, model simulations have largely 
failed to reproduce retreat in marine sec-
tors of the ice sheet during the Pliocene. 
This is true for a range of ice sheet mod-
els (although they are all relatively low- 
resolution models with simplified phys-
ics) and climate model forcing (de Boer 
et al., 2015; Dolan et al., 2018). The only 
models that have successfully simulated 
retreat have required additional processes 
that enhance losses from ocean melt-
ing (Mengel et  al., 2016; Golledge et  al., 
2017), surface melting (Hill et al., 2007), 
or calving (Pollard et al., 2015). We next 
review each of these approaches and their 
potential limitations. 

Golledge et al. (2017) simulated retreat 
of the Antarctic Ice Sheet by ~9 m during 

the early Pliocene. This model includes a 
parameterization that affects ocean melt-
ing at the grounding line. The “sub-grid 
melt parameterization” applies a reduced 
ocean melt rate proportional to the frac-
tion of model cells that are floating ver-
sus grounded (Figure 3c). This is con-
troversial because it applies an ice shelf 
melt rate, albeit reduced, to all parts of 
the cell, including the grounded frac-
tion that is upstream of the grounding 
line. This parameterization is used to 
overcome the limitations of using low-​
resolution ice sheet models in order to 
perform long-duration simulations that 
can be compared with paleoclimate data. 
It also builds on the increasing recogni-
tion that ice-ocean interactions occur 
over a broader grounding “zone” rather 
than a fixed grounding line. Similar sub-
grid schemes are used to calculate the ice 
flux across the grounding line (Pollard 
and DeConto, 2009). However, tests of 
the sub-grid melt parameterization with 
higher-resolution models that are able to 
resolve the grounding line in more detail 
show that this scheme may overestimate 
mass loss from ice shelf melting (Seroussi 
and Morlighem, 2018). The sensitivity 
of ice sheet simulations to the inclusion 
of this parameterization can be large—
the Antarctic Ice Sheet sea level projec-
tions for the emissions scenario RCP8.5 
of Golledge et  al. (2015) vary from 
1.6 m to 3.0 m by 2300, with and without 
sub-grid melt. 

Hill et  al. (2007) forced an ice sheet 
model with constant climate forcing from 
a climate model run with an already par-
tially retreated Antarctic Ice Sheet. This 
simulation resulted in retreat of the 
Antarctic Ice Sheet equivalent to ~9 m 
of sea level, driven by surface melting. 
This study is one example of a common 
approach to ice sheet modeling stud-
ies in which the ice sheet model and the 
climate model are not directly coupled. 
Therefore, the global surface topography, 
including the ice sheets, is prescribed in 
the climate model and large differences 
can develop between ice sheet extent in 
the ice sheet model and in the climate 
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model. Any feedbacks from the retreat of the ice 
sheet are applied to the climate forcing before 
the ice sheet has retreated. There is therefore 
concern that the experimental design led to this 
result. Indeed, tests of alternative climate model 
forcing, without a collapsed ice sheet, do not 
produce a similar magnitude of retreat (Dolan 
et  al., 2018). Approaches to forcing ice sheet 
models are evolving as more attention is paid to 
direct or asynchronous climate coupling to cap-
ture feedbacks between the ice sheets, the ocean, 
and the atmosphere (e.g., Golledge et al., 2019). 

Pollard et  al. (2015) introduced a scheme 
for the structural failure of large marine-​
terminating ice cliffs in combination with the 
hydrofracture of ice shelves. This scheme was 
based on earlier work of Bassis and Walker 
(2012) and is called “Marine Ice Cliff Instability” 
(MICI; DeConto and Pollard, 2016). Based on 
theoretical work, Pollard et  al. (2015) intro-
duced an upper limit for the height above water 
level that ice cliffs can reach. Beyond this limit, 
stresses exceed the strength of ice and there 
is brittle failure of the ice cliff. Ice cliffs can 
form when the buttressing ice shelves are rap-
idly removed. In the model, this is done using 
a scheme for hydrofracturing, which is caused 
by the rapid calving of ice shelves when melt-
water and rain drain into surface crevasses. This 
process is similar to the disintegration of the 
Larsen B ice shelf, which occurred very rapidly 
(in ~1 month). Once an ice cliff fails, as long as 
the grounded ice is thick enough to keep failing, 
a runaway retreat can occur (Figure 3b). 

There are many uncertainties associated with 
MICI, including the potential rate of ice cliff col-
lapse, what is the failure threshold for subaerial 
ice cliffs, and whether ice shelves can be removed 
fast enough to generate sheer cliffs before ice 
flows into a more stable state (Bell et al., 2017; 
Clerc et  al., 2019; Parizek et  al., 2019; Robel 
and Banwell, 2019). Understanding the poten-
tial significance of MICI is limited by a lack of 
observations because there are only a few loca-
tions where MICI-like behavior occurs. Most 
Antarctic glaciers that have bedrock geometry 
favorable for MICI are currently protected by 
ice shelves, with the possible exception of Crane 
Glacier. In Greenland, the calving fronts of 
Helheim and Jakobshavn Isbræ Glaciers termi-
nate with subaerial ice cliffs that reach ~100 m 
in height (Meredith et al., 2019). Observation of 

(a) Marine Ice Sheet Instability (MISI)

(b) Marine Ice Cliff Instability (MICI)

(c) Sub-Grid Grounding Line Parameterization

FIGURE 3. Schematics of processes discussed in the text. (a) Marine ice sheet insta-
bility on a retrograde slope. (b) Marine ice cliff instability (DeConto and Pollard, 2016). 
(c) The sub-grid grounding line melt parameterization (adapted from Seroussi and 
Morlighem, 2018).
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calving events at these glaciers is ongoing 
to improve understanding of MICI. 
However, these glaciers are situated in 
confined valleys and are not perfect ana-
logues to the much wider calving fronts 
of Antarctica, such as that of Thwaites 
Glacier (Parizek et al., 2019). This active 
area of research has been stimulated in 
part by the rapid rates and high magni-
tudes of future sea level change in simu-
lations that include these processes—up 
to ~8 m by 2300 under emission scenario 
RCP8.5 (DeConto and Pollard, 2016). 

An alternative take on the Pliocene 
sea level problem is that retreat was con-
fined to the marine sectors of the West 
Antarctic Ice Sheet. This scenario would 
be consistent with model predictions 
that do not include MICI (de Boer et al., 
2015). When the uncertainties regarding 
Pliocene sea level estimates are interro-
gated more closely, this scenario is a possi-
bility for at least some methods (Winnick 
and Caves, 2015; Gasson et  al., 2016a). 
Indeed, Edwards et al. (2019) suggest that 
the simulations of DeConto and Pollard 
(2016) that do not include MICI and ice 
shelf hydrofracture are consistent with 
the lowest bounds on Pliocene sea level. 
The lack of consensus on the Pliocene sea 
level maximum means that this warm cli-
mate interval is currently of debated util-
ity in discriminating between different 
ice sheet physics (Raymo et  al., 2018). 
This situation was improved recently by 
the publication of two new studies on 
Pliocene sea level, one concerning over-
growths on speleothems measured in 
caves on Mallorca (Dumitru et al., 2019) 
and another the amplitude of glacial- 
interglacial sea level cycles based on 
grain-size analysis of cores drilled in New 
Zealand (Grant et al., 2019). Both of these 
support retreat of marine ice throughout 
Antarctica during the Pliocene. However, 
the uncertainties are still large and may 
not alter the conclusions of Edwards 
et al. (2019). Better constrained sea level 
estimates of the mid-Pliocene warm 
period remain critically important to 
resolving the debate over the stability of 
Antarctica’s marine ice. 

OUTLOOK AND CONCLUSIONS
We have described the broad chal-
lenges that currently exist in simulat-
ing the response of the Antarctic Ice 
Sheet to climate changes in the geo-
logic past. In sum, proxy records suggest 
greater ice sheet instability than is often 
captured by ice sheet modeling stud-
ies (Pollard and DeConto, 2005; de Boer 
et  al., 2015). Maintaining a critical view 
of both data- and model-based histo-
ries of the Antarctic Ice Sheet is critical 
for connecting, and ultimately bridging 
the two related but often isolated disci-
plinary communities. We have focused 
on the separate challenges of simulating 
retreat of the “terrestrial” and “marine” 
sectors of the ice sheet and the different 
styles and mechanisms of ice sheet retreat 
during the warm intervals of the middle 
Miocene and the mid-Pliocene. These 
intervals were chosen as they arguably 
best characterize the model-data mis-
match and provide clear examples of how 
new modeling approaches are probing 
longstanding mysteries. 

Many other avenues not mentioned in 
this paper should be further explored by 
the next generation of ice sheet modelers. 
The role of opening and widening ocean 
gateways, in particular Drake Passage, 
in the inception, fluctuations, and per-
sistence of ice on Antarctica remains 
debated (Figure 1; Kennett, 1977; Goldner 
et  al. 2014). Coupling of ice sheet and 
solid Earth models demonstrates how 
and why different sectors of Antarctica 
may have become more or less prone to 
retreat through time (Austermann et al., 
2015; Whitehouse et al., 2019). Ice sheets 
exert local influences on sea level and the 
surrounding ocean that can affect their 
stability, and these processes have only 
recently been included in ice sheet mod-
eling studies (Golledge et al., 2019). Novel 
observations collected by marine mam-
mals near calving fronts (e.g.,  Treasure 
et  al., 2017) and autonomous vehicles 
under floating ice shelves (e.g.,  Spears 
et al., 2016) are challenging model param-
eterizations of the interactions between 
warm ocean water and the ice sheet. Such 

techniques will be critical for under-
standing active subglacial meltwater fea-
tures (e.g.,  Drews et  al., 2017) that may 
extend over a kilometers-​wide “ground-
ing zone” beneath the grounded ice sheet 
(e.g., Christianson et al., 2016). As obser-
vations become more detailed, we also 
find small-scale geological features that 
can be directly linked to ice sheet pro-
cesses and thus offer tantalizing targets for 
models—for example, the observation of 
corrugation ridges in Pine Island Trough 
(Wise et  al., 2017), “ladders and rungs” 
on the seafloor of the eastern Antarctic 
Peninsula (Dowdeswell et al., 2020), and 
paleo-meltwater channels in the Ross 
Sea region (Lewis et  al., 2006; Simkins 
et al., 2017) and along the Sabrina Coast 
(Gulick et al., 2017). In these realms and 
others, the convergence of geologic data, 
new observations, and continental-scale 
models offers many productive paths 
forward for understanding past fluctu-
ations of the Antarctic Ice Sheet. In fur-
ther addressing the data-model incon-
sistencies highlighted in this paper, new 
developments in ice sheet models may 
reveal still more mysteries. Close col-
laboration between data- and model-​
focused communities will remain critical 
for moving forward. 
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SIDEBAR. The Mid-Pleistocene Enigma 

By Heather L. Ford and Thomas B. Chalk

Variations in Earth’s orbit affect incoming solar radiation and 
have guided past glacial-​interglacial oscillations. These rhyth-
mic changes in insolation are known as Milankovitch cycles. 
Approximately 900,000 years ago, Earth’s climate pace-
maker skipped a beat and switched from the 41,000-year 
obliquity (Earth’s axial tilt) pacing of the Early Pleistocene to 

~100,000-year eccentricity (circularity of Earth’s orbit around 
the sun) pacing of the Late Pleistocene. This glacial-to- 
interglacial shift, called the Mid-Pleistocene Transition (MPT), 
remains one of the most enduring mysteries of the Quaternary 
and in the field of paleoceanography. Recent reconstructions 
of atmospheric and oceanic processes and studies of the 
dynamic linkages between them have paved the way for a 
more detailed mechanistic understanding of this climatic tran-
sition and of Earth’s climate system at large.

Advances in geochemical techniques applied to studies 
of ocean sediment cores recovered by scientific ocean drill-
ing enable reconstruction of higher-resolution paleoclimatic 

records of atmospheric CO2, ocean remineralized carbon 
content, ocean circulation change, and ice volume. We now 
understand that the characteristic timescales of glacial-​
interglacial variability are primarily linked to dynamical pro-
cesses modulated by the ocean and its interaction with ice 
sheets—in particular, we understand much more about the 
Southern Ocean’s role in moderating Earth’s climate and its 
characteristic beats. 

The MPT occurred in at least two steps (Figures 1 and 2). The 
first was the “900 kyr event” around Marine Isotope Stage1 
(MIS) 22, when the quasi-eccentricity signal emerged. The 
second was MIS 16 when the transition was complete. The 
first step had the largest impact on ocean carbon cycling and 
(likely) on atmospheric carbon. The Early Pleistocene had 
symmetrical ice age cycles and a glacial-​to-​interglacial atmo-
spheric CO2 of ~240–285 μatm (Yan et al., 2019, and refer-
ences within). Between MIS 22 and MIS 16, there were weak 
interglacial and increasingly severe glacial periods. At MIS 16, 
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FIGURE 1. A selection of records across 
the Mid-Pleistocene Transition: (a) Benthic 
oxygen isotope stack (Lisiecki and Raymo, 
2005). (b) Ice volume as a proxy for sea 
level, derived from δ18O of seawater from 
benthic foraminifera (Ford and Raymo, 
2020). The light blue is the 1 sigma error 
envelope from a Monte Carlo simulation. 
(c) Atmospheric CO2 reconstructions, 
where the black line is the Antarctic ice 
core record and gray dots are the Antarctic 
blue ice record. The colored records are 
from marine sediment reconstructions 
(Chalk et al., 2017, and references within). 
Error bars are 2 sigma. (d) Carbonate ion 
records derived from foraminiferal trace 
element (B/Ca) (Farmer et al., 2019, and ref-
erences within). (e) Southern Hemisphere 
iron dust based on analysis of marine sed-
iments from Ocean Drilling Program Site 
1090, located in the Atlantic sector of the 
subantarctic (Martínez-Garcia et al., 2011). 
Marine Isotope Stages (MIS) discussed 
in text are annotated, and the yellow bar 
highlights the 900 kyr event.

1 Marine isotope stages are alternating warm and cool periods in Earth history deduced from oxygen isotope ratios of fossil benthic foraminifera 
shells recovered from deep-sea sediments. Even numbers represent cold glacial periods and odd numbers represent warmer interglacial peri-
ods. MIS 1 is the present day.
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the strong glacial periods of the Late Pleistocene emerged, 
and after MIS 12, glacial-to-interglacial atmospheric CO2 
ranged from ~200 μatm to 280 μatm.

The role of CO2 as a driving mechanism for the MPT is 
debated, largely due to the absence of a continuous high-​
resolution record over the transition. Within the next few 
years, ice drilling in Antarctica may yield some of Earth’s old-
est ice, with potential for recovering a continuous record of 
ancient atmospheric composition back to 1.5 million years ago 
(Dahl-Jensen, 2018). Nevertheless, existing high-resolution 
atmospheric CO2 snapshots before, during, and after the MPT 
suggest that a combination of ocean and ice sheet dynamics 
controls atmospheric CO2 cycles (e.g., Chalk et al., 2017). 

Ocean dynamics played an increasingly important role in 
sequestering carbon in the deep ocean over the MPT, par-
ticularly during the glacial intervals. Neodymium isotopes 
and benthic foraminifera δ13C, which are used as water mass 
tracers, show that intermediate- to deep-ocean circulation 
reorganized between MIS 25 and MIS 21 (Pena and Goldstein, 
2014; Ford et al., 2016). Prior to the MPT, deep water formed in 
the polar north extended toward southern subpolar latitudes 
during glacial and interglacial periods. During the 900  kyr 
event, southern-​sourced deep water flooded the Atlantic, 
and its spatial range continued to be extensive during subse-
quent glacial intervals. This southern-sourced deep water is 
carbon-rich and has low carbonate ion values (e.g., more acidic, 
higher carbon content water; Farmer et al., 2019, and refer-

ences within) and increased the deep ocean carbon reservoir.
In addition to changing the geometry of major water masses, 

enhanced biological production changed the carbon content 
of the water subducting into the ocean’s interior from the 
Southern Ocean, effectively sequestering more carbon in 
the global deep ocean. During the early stages of the MPT, 
the amount of iron-bearing dust supplied to the Southern 
Ocean began to increase (Figure 1), particularly during ice 
ages (Martínez-Garcia et  al., 2011). This iron fertilized the 
Southern Ocean, increased biological productivity and biolog-
ical pump efficiency, and contributed to the drawdown of CO2 
(Chalk et al., 2017). 

The triggers for these alterations in Southern Ocean circu-
lation and biological dynamics remain unknown. A Southern 
Hemisphere insolation minimum around the 900 kyr event 
points toward an Antarctic trigger that allowed sea ice to 
expand. Raymo et  al. (2006) hypothesized that Antarctica’s 
ice sheets transformed from terrestrial-based to marine-
based at this time, though there is little physical evidence 
to support this. Changes in sea ice and ice sheet margins 
would have altered the freshwater balance of the Southern 
Ocean, strengthened water-column stratification, and con-
tributed to sequestration of carbon into the ocean’s interior 
(Hasenfratz et al., 2019).

Deciphering when, where, and how much ice volume 
growth occurred over the MPT from benthic δ18O records is 
difficult. An individual record reflects the regional signal from 

FIGURE 2. Schematic of biological pro-
ductivity, carbon storage, ocean circu-
lation, sea ice, and ice volume changes 
over the Mid-Pleistocene Transition 
derived from data displayed in Figure 1. 
SCW is southern component water, which 
is carbon-rich. NCW is northern com-
ponent water. The 900 kyr event rep-
resents a large reorganization of Southern 
Hemisphere processes. SCW and NCW 
are derived from Nd and δ13C records.
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where deep waters are formed (temperature and evaporation 
and precipitation processes that are imprinted in the δ18O of 
seawater), the circulation history of the water mass, and the 
global signal of both temperature and ice volume. Lisiecki and 
Raymo’s (2005) original “LR04 stack” (updated by Ahn et al., 
2017) was revolutionary because these regional imprints were 
largely “averaged out,” allowing them to create a global pic-
ture of temperature and ice volume over the last few million 
years (Figure 1). The question of where ice volume increased 
can only be inferred, even in a benthic stack.

Isolating δ18O of seawater is crucial for reconstructing 
changes in global ice volume over the MPT. The δ18O of ben-
thic foraminifera calcite reflects both the temperature and 
δ18O of seawater in which the calcite formed. The magnesium-​
to-​calcium ratio of benthic foraminifera calcite can be used 
to independently constrain temperature so that the δ18O of 
seawater can be teased apart. Although early interpretations 
from individual sediment cores were complicated by changes 
in ocean circulation, a recent stack of δ18O of seawater that 
includes North Atlantic, South Pacific, and North Pacific sites 
aims to construct a global picture of ice volume change (Ford 
and Raymo, 2020). It shows that ice volume grew during both 
MIS 22 and MIS 16 (Figure 1), though we don’t know the pre-
cise location of this ice. Given the Southern Hemisphere inso-
lation minimum during the 900 kyr event, ice volume growth 
likely occurred in Antarctica during MIS 22 and consequently 
increased the sensitivity to the 100 kyr cycle through hemi-
spheric phase locking (Raymo and Huybers, 2008). Ice vol-
ume growth during MIS 16 likely had Northern Hemisphere 
origins, possibly related to Laurentian regolith removal and 
ice sheet stability (Clark and Pollard, 1998), and this growth 
completed the transition. 

The MPT is a prime example of a gradual climate transition 
whereby small, additive changes in Earth’s internal climate 
dynamics can force a large response, and the transition occurs 
with relatively minor changes to average CO2 levels (less than 
20 year’s average at current rates of anthropogenic emis-
sions) and with no apparent changes to the structure of orbital 
parameters that have governed much of Cenozoic climate 
change. Studying exactly how these changes were triggered 
and how they interact with one another is going to be crucial 
as we enter the next phase of human-caused climate change. 
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INTRODUCTION
Given the rate and societal impact of 
ongoing human-caused warming, under-
standing the geographical extent, magni-
tude, and frequency of past global climate 
variations is essential. Ocean tempera-
ture is a critical parameter in the climate 
system. While sea surface temperature 
reflects heat exchange between the ocean 
and atmosphere, as well as large-scale 
ocean circulation, the average tempera-
ture of the upper ocean (0–1,000 m) is a 
useful estimate of upper ocean heat con-
tent. Thus, a top priority in paleoceanog-
raphy is to provide accurate proxy-based 
ocean temperature reconstructions across 
all timescales (millions to hundreds of 
years). This information, gleaned from 
geological records, is essential for vali-
dating numerical models used to proj-
ect future change and to inform policy-
makers who are developing strategies for 
mitigation and adaptation. 

Efforts to reconstruct past surface 
and bottom water temperatures have 
expanded to include the polar regions 
(e.g.,  Shevenell et  al., 2011; Fietz et  al., 
2016), where reliable instrumental tem-
perature data are only available for the 
past 100 years (e.g., Hansen et al., 2010; 
IPCC, 2019, and references therein). Part 
of the impetus for this focus is the rev-

elation that retreating grounding lines 
accompanied by warming ocean waters 
are resulting in Antarctic ice sheet mass 
loss and global sea level rise (Jacob et al., 
2012; Rintoul et al., 2018). Furthermore, 
the Intergovernmental Panel on Climate 
Change states with high confidence that 
“both polar oceans have continued to 
warm in recent years, with the Southern 
Ocean being disproportionately and 
increasingly important in global ocean 
heat increase” (IPCC, 2019).

As calcium carbonate microfossils are 
not always continuously preserved in 
high-latitude sediments (e.g.,  Zamelczyk 
et  al., 2012), paleoceanographers turn to 
non-carbonate-based molecular fossils to 
determine past variations in high-​latitude 
ocean water temperatures (e.g.,  Sluijs 
et  al., 2006; Bijl et  al., 2009; Shevenell 
et  al., 2011). Lipids preserved in marine 
sediments that have been successfully 
used in paleotemperature reconstructions 
include algal alkenones and archaeal iso-
prenoidal glycerol dialkyl glycerol tetra-
ethers (isoGDGTs), which are sensitive to 
temperature change and relatively resilient 
to degradation compared to other lipids 
(e.g., Huguet et al. 2008; Zonneveld et al., 
2010; Schouten et al., 2013; Herbert, 2014, 
and references therein). For example, the 
most mature of these paleothermometers, 

the alkenone unsaturation index UK
37, was 

developed in 1986 (Brassell et  al., 1986) 
and is widely used to reconstruct sea sur-
face temperatures (e.g.,  Ho et  al., 2013; 
Herbert, 2014, and references therein). 
Subsequently, the archaeal isoGDGT-​
based paleotemperature proxy known 
as the TetraEther indeX of 86 carbons, 
TEX86, was proposed (Schouten et  al., 
2002) and well received by the organic 
geochemistry community. 

One advantage of proxies that employ 
archaeal membrane lipids is that these 
molecules are ubiquitous in globally 
distributed marine sediments, making 
them useful for calibration and estimat-
ing low-to-high latitude thermal gradi-
ents (Schouten et al., 2002). However, as 
with all proxies, researchers have discov-
ered a number of non-thermal factors 
that affect the distribution of isoGDGTs 
in marine sediments. Because archaea 
occupy almost every niche on Earth, a 
number of studies have been undertaken 
to improve our understanding of archaeal 
distribution, ecophysiology (e.g.,  Hayes, 
2000), and membrane molecular struc-
ture (e.g., Chugunov et al., 2015).

Here, we review current knowledge of 
the archaeal isoGDGT paleotemperature 
proxies, including the recent hydroxyl-
ated isoGDGT (OH-isoGDGTs) paleo-
thermometer. We focus our review on 
recent insights gained from using these 
archaeal membrane lipid paleothermom-
eters in the polar regions. 

ARCHAEAL MEMBRANE LIPIDS 
AND PALEOTHERMOMETRY 
Membranes are the interfaces between 
(micro)organisms and their environ-
ments. The key roles they play in metab-
olism (e.g.,  providing energy to the cell 
using ion gradients across the membranes; 
Konings et  al., 2002; Zhou et  al., 2020) 
and environmental sensing and signal-
ing (Ren and Paulsen, 2005) require con-
stant composition adjustments (Oger and 
Cario, 2013). Archaea synthesize tetra- 
ether lipids that span the entire mem-

ABSTRACT. To establish whether ongoing climate change is outside the range of 
natural variability and a result of anthropogenic inputs, it is essential to reconstruct 
past oceanic and atmospheric temperatures for comparison with the modern world. 
Reconstructing past temperatures is a complex endeavor that employs indirect proxy 
indicators. Over the past two decades, promising paleothermometers have been devel-
oped that use isoprenoidal glycerol dialkyl glycerol tetraethers (isoGDGTs) from the 
membrane lipids of archaea preserved in marine sediments. These proxies are based on 
the observed relationship between lipid structure and temperature. As with all proxy 
indicators, observed relationships are often complex. Here, we focus on the applica-
tion of isoGDGT paleotemperature proxies in the polar oceans, critical components 
of the global climate system. We discuss the application of and caveats regarding these 
archaeal membrane lipid-derived proxies and make recommendations to improve 
isoGDGT-derived polar ocean temperature reconstructions. We also review initial suc-
cesses using hydroxylated (OH) isoGDGTs proxies in cold Arctic and Southern Ocean 
regions and recommend that multi-proxy approaches, including both hydroxylated 
and non-hydroxylated isoGDGTs, be used to contribute to the robustness of paleo-
temperature reconstructions. 
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brane and form a monolayer (Koga and 
Morii, 2007). The isoGDGTs are a sub-
set of these archaeal tetraether lipids, and 
their composition is group specific; for 
example, Thaumarchaeota preferentially 
synthesize isoGDGTs with cyclopentane 
rings (Sinninghe Damsté et  al., 2002). 
Archaea also produce OH-isoGDGTs 
(Lipp and Hinrichs, 2009) that were 
first discovered in methanotrophic 
archaea (Hinrichs et  al., 1999) and later 
in Thaumarchaeota (Elling et  al., 2017; 
Bale et al., 2019). 

The stability of archaeal membranes 
increases with ambient growth tem-
perature, especially in thermophilic 
extremophiles (De Rosa et  al., 1980). 
Yet, it was not until the 2000s that geo-
chemists exploited this observation to 
develop quantitative temperature prox-
ies (e.g.,  Schouten et  al., 2002; Kim 
et  al. 2010; Ho et  al., 2014; Tierney and 
Tingley, 2014). Of particular importance 
for understanding isoGDGT-based prox-
ies is that, at all temperatures, archaea 
must maintain semi-permeability with-
out impacting rigidity (e.g.,  Chugunov 

et al., 2015). Most isoGDGTs involved in 
paleothermometry contain one or more 
cyclopentane rings, resulting in tighter 
packing and a more stable membrane 
(see Figure 1 in Zhou et al., 2020). At low 
temperatures, archaea reduce the number 
of cyclopentane rings in their membrane 
structures, thereby preventing mem-
brane rigidity (Gabriel and Chong, 2000; 
Schouten et al., 2002). Indeed, Schouten 
et al. (2002) observed that the cyclization 
of isoGDGTs in surface marine sediments 
is correlated globally with measured sur-
face water temperature in mesophilic 
(non-extreme) environments, resulting 
in the development of the first archaeal 
lipid paleothermometer, TEX86 (Table 1). 
In addition, in Thaumarchaeota, hydrox-
ylation increases membrane fluidity and 
transport (Huguet et  al., 2017), which 
compensates for increased rigidity at 
lower temperatures. The observation 
that the number of rings in hydroxylated 
isoGDGTs changes with temperature 
led to the development of ring-number-
based OH-isoGDGT proxies (Fietz et al., 
2013; Lü et al., 2015; Table 1). 

TEX86 RECONSTRUCTIONS 
IN POLAR OCEANS: 
OPPORTUNITIES AND 
CHALLENGES
The general relationship between the 
number of rings in sedimentary GDGTs 
and the overlying mean annual sea sur-
face temperature is that the warmer the 
seawater, the more isoGDGTs there are 
with higher numbers of cyclopentane 
rings (e.g., isoGDGT-2 and isoGDGT-3), 
resulting in higher TEX86 index val-
ues; incorporation of the isomer of 
crenarchaeol adds accuracy (Sinninghe 
Damsté et al., 2002). Kim et al. (2010) pro-
posed a variant of TEX86, termed TEXL

86, 
that employs a different GDGT combina-
tion (TEXL

86; Table 1) and is intended for 
temperatures below 15°C. 

The isoGDGT-derived indices in sur-
face sediments are generally well cor-
related with seawater temperatures in the 
overlying upper water column (e.g., Kim 
et al., 2010; Ho et al., 2014; Tierney and 
Tingley, 2014; Figure 1). In global cali-
brations, the standard errors of tempera-
ture estimates vary between 4.0°C and 

TABLE 1. Isoprenoid and hydroxylated GDGT-derived indices proposed for paleotemperature estimates. In the equations, the abbreviation GDGTn rep-
resents isoGDGTs with n number of cyclopentane rings. For example, isoGDGT-1 represents the non-hydroxylated isoprenoid GDGT with one cyclo-
pentane moiety. The abbreviation OH-isoGDGTn stands for hydroxylated isoprenoid GDGTs with n number of cyclopentane rings. The term ΣisoGDGTs 
refers to the sum of all non-hydroxylated isoprenoid GDGTs (e.g., isoGDGT-1, isoGDGT-2, isoGDGT-3, crenarchaeol and its isomer, abbreviated in this 
table as cren'). The term ΣOH-isoGDGTs refers to the sum of OH-isoGDGT-0, OH-isoGDGT-1 and OH-isoGDGT-2. 

INDEX EQUATION REFERENCE

TEX86

[isoGDGT – 2] + [isoGDGT – 3] + [cren']

[isoGDGT – 1] + [isoGDGT – 2] + [isoGDGT – 3] + [cren']
Schouten et al., 2002

TEXL
86

[isoGDGT – 2]
 log (  )

[isoGDGT – 1] + [isoGDGT – 2] + [isoGDGT – 3]
Kim et al., 2010

OH−GDGT%
ΣOH – isoGDGTs   × 100

(ΣOH – isoGDGTs + ΣisoGDGTs )
Huguet et al., 2013

OH−GDGT1318/1316

OH – isoGDGT – 0

OH – isoGDGT – 0 + OH – isoGDGT – 1
Fietz et al., 2013

RI-OH
[OH – isoGDGT – 1] + 2 × [OH – isoGDGT – 2]

[OH – isoGDGT – 0] + [OH – isoGDGT – 1] + [OH – isoGDGT – 2]
Lü et al., 2015

RI-OH'
[OH – isoGDGT – 1] + 2 × [OH – isoGDGT – 2]

[OH – isoGDGT – 1] + [OH – isoGDGT – 2]
Lü et al., 2015

OHc
[isoGDGT – 2] + [isoGDGT – 3] + [cren'] – [OH – isoGDGT – 0]

[isoGDGT – 1] + [isoGDGT – 2] + [isoGDGT – 3] + [cren']+ΣOH – isoGDGTs
Fietz et al., 2016
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5.2°C for TEXL
86 and TEX86, respectively (Kim et  al., 2010). Inter-

laboratory error (3°–4°C) for TEX86 are the same order of mag-
nitude as other commonly used quantitative temperature prox-
ies (Schouten et al., 2013). There is, however, a larger scatter in the 
TEX86–sea surface temperature (SST) relationships at the low tem-
perature end of the calibrations (Figure 1; Kim et al., 2010; Ho et al., 
2014; Tierney and Tingley, 2014). The scatter is partly due to bias 
from terrestrial input, especially in the Arctic Ocean (Ho et al., 2014; 
Y. Park et al., 2014), and potentially from the use of satellite-assigned 
sea surface temperatures below the seawater freezing point for some 
calibrations (Pearson and Ingalls, 2013). Large scatter in TEX86–SST 
relationship is not an issue unique to the polar oceans. It also exists 
at the high-temperature end in the Red Sea (Figure 1), likely due to 
an endemic Thaumarchaeota population (Trommer et al., 2009). As 
such, TEX86 and its variants may be affected by environmental con-
ditions other than temperature, such as pH (Elling et al., 2015), oxy-
gen availability (Qin et al., 2015), cellular physiological acclimation 
including ammonia oxidation rates (Elling et al., 2014; Hurley et al., 
2016), and shifts in season and depth of production (Huguet et al., 
2007; Ho and Laepple, 2016; Chen et al., 2018). Many of the caveats 
mentioned above have been reviewed for the global ocean in gen-
eral (see, for example, comprehensive reviews by Pearson and Ingalls, 
2013; Schouten et al., 2013; and Tierney, 2014). Figure 2 illustrates 
concerns raised for the polar oceans. 

A solution for overcoming some of the caveats is to develop a 
regional calibration. For instance, Shevenell et  al. (2011) applied a 
regionally calibrated TEX86 equation instead of TEXL

86 to recon-
struct Holocene temperature evolution in the Antarctic Peninsula 
(Figure 1a). Some sources of uncertainty, such as spatial change in 
the archaeal community, cannot be included in ordinary least squares 
regression approaches for global calibration. Thus, alternative sta-
tistical approaches have also been adopted to improve correlation 
of TEX86 with upper ocean temperature, such as Bayesian regres-
sion (BAYSPAR; Tierney and Tingley, 2014) and machine-learning 
approaches (OPTiMAL; Eley et al., 2019). 

Despite calibration challenges, inherent to all paleotemperature 
proxies, the TEX86 paleothermometer revolutionized understand-
ing of past ocean temperature changes in the carbonate-poor polar 
regions. In the Arctic Ocean, TEX86 provided one of the first quan-
titative temperature estimates for past warm climates characterized 
by high atmospheric CO2, such as the Cretaceous and the Eocene. 
TEX86 revealed that the Arctic surface ocean during these time peri-

FIGURE 1. Selected global calibrations for paleothermometers (a) TEX86 
(TetraEther indeX of 86 carbons), (b) TEXL

86 (which employs a different combina-
tion of glycerol dialkyl glycerol tetraethers from TEX86 and is intended for tem-
peratures below 15°C), and (c) RI-OH' (the weighted average number of cyclo-
pentane rings) against sea surface temperatures. The data for the scatterplots 
in (a) and (b) are sourced from Tierney and Tingley (2015). A new, extended 
compilation of published data sets is presented here for RI-OH' (Fietz et al., 
2013; Huguet et al., 2013; Lü et al., 2015; Kaiser and Arz, 2016). In (c), linear plots 
illustrate published calibrations for all three indices as well as a new linear fit for 
the extended RI-OH' data set. 
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ods was as warm as today’s subtrop-
ics, a stark contrast to the currently ice-​
covered Arctic (e.g.,  Jenkyns et al., 2004; 
Brinkhuis et al., 2006; Sluijs et al., 2006). 
Similarly, in the Southern Ocean, TEX86 
and its variants have made it possible to 
reconstruct the temperature evolution 
from the Jurassic to the Holocene (sum-
marized in Table 2). Thanks to this large 
body of work, we now know that the sur-
face temperature of the Southern Ocean 
was once as high as 30°C during the 
Jurassic (Jenkyns et  al., 2012) and has 
cooled through the Cenozoic, resulting 
in present-day temperatures surrounding 
the Antarctic Peninsula (Shevenell et  al., 
2011; Etourneau et al., 2013). Importantly, 
TEX86-based reconstructions have helped 
characterize past greenhouse climates, 
suggesting that Antarctic surface water 
temperatures were >10°C during the 
Early Eocene Climatic Optimum (e.g., Bijl 

et  al., 2009). These reconstructions also 
improved understanding of tempera-
ture magnitude ranges over major climate 
transitions, including the >4°C cooling 
across the Eocene-Oligocene transition 
(e.g., Bijl et al., 2009; Z. Liu et al., 2009). 
TEX86-based paleotemperature studies 
also indicate that in climatically sensi-
tive regions, surface ocean temperatures 
fluctuated abruptly during the Holocene 
(Shevenell et  al., 2011), suggesting the 
potential for rapid polar ocean tempera-
ture fluctuations with continued warm-
ing. Furthermore, both long-term cool-
ing and millennial-scale variability on the 
western Antarctic Peninsula are similar to 
changes in the low latitudes (i.e., the tropi-
cal Pacific) and in regional ice core records 
(Mulvaney et al., 2012), suggesting climate 
teleconnections between the low and high 
latitudes via the Southern Hemisphere 
westerlies (Shevenell et al., 2011). 

DOES INCLUDING OH-isoGDGTs 
IN TEMPERATURE PROXY INDEX 
IMPROVE THE ESTIMATES?
At some sites in the Arctic and Southern 
Oceans, TEX86 and TEXL

86 do not show 
expected changes. For example, analy-
ses using these proxies do not reflect the 
warmer conditions during glacial retreat 
in the Pliocene Arctic (Knies et al., 2014), 
during the Plio-Pleistocene transition and 
Pleistocene deglaciations in the Southern 
Ocean (e.g.,  McKay et  al., 2012; Fietz 
et al., 2016), and during the late Holocene 
Arctic sea ice melting (e.g.,  Fietz et  al., 
2013). Some inconsistencies in warmer 
reconstructed temperatures during the 
deglacials compared to peak interglacials 
may be attributed to increased melt
water stratification (Shevenell et al., 2011; 
McKay et  al., 2012). Another caveat of 
particular importance here is the poten-
tial lack of TEX86 sensitivity at tempera-

FIGURE 2. Overview of processes in the water column that can bias the isoprenoidal glycerol dialkyl glycerol tetraether (isoGDGT)-based paleo-
temperature reconstruction, especially in the polar oceans. Recommendations on how to work with such caveats and how including hydroxylated 
isoGDGTs (OH-isoGDGTs) in the paleothermometry toolbox may help are included. 1Kim et al. (2010), 2Ho et al. (2014), 3Tierney and Tingley (2014), 4Fietz 
et al. (2013), 5Fietz et al. (2016), 6Ho et al. (2014), 7Y. Park et al. (2014), 8Hopmans et al. (2004), 9Kaiser and Arz (2016), 10Lü et al. (2019), 11Kang et al. (2017), 
12Wei et al. (2019), 13Ionescu et al. (2009), 14Shevenell et al. (2011), 15Huguet et al. (2007), 16Wuchter et al. (2004), 17Qin et al. (2015), 18Zhang et al. (2016), 
19Shah et al. (2008), 20Ho and Laepple (2016).
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tures below 10°C as observed in meso-
cosms studies (e.g., Wuchter et al., 2004). 
In cold waters, archaea adjust the perme-
ability of their membranes by changing 
the number of rings and adding hydroxyl 
groups. Including only one of the pro-
cesses in the proxy index may there-
fore underestimate the full range of tem-
perature acclimations of archaea in polar 
oceans. Hence, accounting for both pro-
cesses by adding OH-isoGDGTs to the 
paleothermometer index should, in prin-
ciple, improve the sensitivity of the proxy.

Like isoGDGTs, OH-isoGDGTs are 
globally distributed in the water column 
and in sediments (X.-L. Liu et  al., 2012; 
Huguet et  al., 2013; Figure 3). X.L. Liu 
et al. (2012) suggested that OH-isoGDGTs 
had potential for paleothermometry, 
and Huguet et  al. (2013) proposed the 
first OH-isoGDGTs-based temperature 
proxy after observing a strong correla-

tion between the relative abundance of 
OH-isoGDGTs and sea surface tempera-
tures in globally distributed seawater 
and sediment samples. Thereafter, sev-
eral indices were proposed for applica-
tions in the polar oceans (Table 1). While 
the addition of hydroxylated isoGDGTs 
in the isoGDGT toolbox was originally 
proposed as an alternative for cold water 
paleothermometry (e.g., Fietz et al., 2013; 
Huguet et al., 2013), it was later suggested 
that an OH-isoGDGT-temperature rela-
tionship also exists globally (Lü et  al., 
2015). The finding of OH-isoGDGTs in a 
large set of surface sediments in Chinese 
coastal seas (n = 70; Figure 3) led Lü et al. 
(2015) to propose the weighted average 
number of cyclopentane rings (RI-OH 
index) as a proxy for sea surface tem-
peratures, as well as a polar variant, the 
RI-OH' (Table 1; Figure 1c), with a resid-
ual standard error of 6.0°C (compared to 

5.2°C for TEX86; Kim et  al., 2010). This 
RI-OH index reasonably reproduced 
TEX86-derived temperatures dating back 
30–40 million years for the US New 
Jersey shelf (de Bar et al., 2019). 

Thus far, OH-isoGDGT-based proxies 
have been applied to Arctic and Southern 
Ocean sediments to reconstruct seawater 
temperatures and to help elucidate ice-
ocean dynamics (Fietz et al., 2013, 2016; 
Knies et  al., 2014; Kremer et  al., 2018). 
In these cases, OH-isoGDGT prox-
ies were utilized instead of TEX86 as the 
latter did not yield changes in accordance 
with other proxies (Figure 4). For exam-
ple, in Fram Strait, the gateway to the 
Arctic Ocean, the OH-isoGDGT-derived 
indices indicated sea surface cooling 
of ~5°C (OH-isoGDGT%) and ~3°C 
(RI-OH') across the Plio-Pleistocene 
transition, suggesting an increasing influ-
ence of polar water masses (Knies et al., 

TABLE 2. isoGDGT-inferred Jurassic-Holocene upper ocean temperature evolution in the Southern Ocean. 

TIME PERIOD STUDIED
GDGT 
INDEX

MAIN FINDING IN TERMS OF TEMPERATURE CHANGE REFERENCE

Jurassic-Cretaceous TEX86 Persistent high temperatures of 26°–30°Ca Jenkyns et al., 2012

Eocene TEX86
Cooling from ~25°C during early Eocene to ~21°C 

during late Eoceneb Bijl et al., 2009

Eocene-Oligocene TEX86 Substantial cooling of >5°C across the Eocene-Oligocene boundary Z. Liu et al., 2009

Oligocene-Miocene TEX86 ~5°–6°C cooling from Oligocene to mid-Miocene Hartman et al., 2018

Miocene TEXL
86

Cold (–1°–3°C) and warm (6°–10°C) intervals during 
early to mid Miocenec Levy et al., 2016

Miocene TEXL
86

~14°C before the mid-Miocene climatic optimum, 
and ~8°C thereafterc Sangiorgi et al., 2018

Pliocene TEXL
86

Cooling, from ~5°C during early Pliocene to ~2°C during 
the late Pliocened McKay et al., 2012

Pleistocene TEXL
86 ~5°C warming from glacial to deglaciation Hayes et al., 2014

Last Glacial-Holocene TEX86
Warming from ~10°C during the last glacial to ~19°C during 

the early Holoceneb Kim et al., 2009

Holocene TEXL
86 ~3°C of cooling over the Holocene Etourneau et al., 2013

Holocene TEX86
3°–4°C of cooling over the past 12,000 years;  

superimposed series of millennial-scale warm and cold events Shevenell et al., 2011

Holocene TEXL
86 No long-term trend over the Holocene Kim et al., 2012

Holocene TEXL
86

Abrupt warming of ~1.5°C in the early Holocene, 
possibly associated with ice shelf disintegration Etourneau et al., 2019

a 5.2°C standard error of the estimate for TEX86 (Kim et al., 2010) 
b 1.7°C standard error of the estimate for TEX86 (Kim et al., 2008)
c 2.8°C standard error of the estimate for TEXL

86 (Kim et al. 2012)
d 4.0°C standard error of the estimate for TEXL

86 (Kim et al. 2010)
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2014). In contrast, TEXL
86 temperatures 

did not reveal consistent temporal pat-
terns. Meanwhile, a reconstruction over 
the past ~120,000 years (Kremer et  al., 
2018) revealed more reasonable RI-OH'-
inferred temperatures (–2.5° to 2.5°C; cal-
ibration error of 6°C) than TEXL

86-derived 
temperatures (–17° to 9°C; calibration 
error of 4°C). Over the Holocene, tem-
peratures based on the OH-isoGDGT% 
and RI-OH' indices also followed trends 
in temperature and water mass changes 
indicated by multiple proxies, in contrast 
to the TEXL

86-based temperatures (Fietz 
et al., 2013; Figure 4). 

The reasons for the mismatch between 
TEX86-related temperatures and other 
proxies in the Arctic are unknown. The 
isoGDGT-based Ring Index (Zhang 
et al., 2016) may shed light on the extent 

of non-thermal bias of the TEX86-related 
reconstructions, especially potential ter-
restrial input. Ring Index offset values 
lower than 0.3 at the Plio-Pleistocene 
transition (Knies et al., 2014) and in the 
Holocene (Fietz et al., 2013) do not point 
to a specific non-thermal bias. The factors 
driving the mismatch between TEX86-
related temperatures and other proxies in 
the Arctic do not seem to affect the utility 
of OH-isoGDGT proxies, as the recon-
struction based on them coevolves with 
other temperature proxies (Figure 4).

The OH-isoGDGT proxy has not been 
widely tested in the Southern Ocean. 
E. Park et  al. (2019) recently published 
the very first sediment trap-based study 
indicating that several OH-isoGDGT-
based proxies show promise as tempera-
ture proxies for both the Arctic and the 

Southern Oceans. To date, only one study 
has applied the OH-isoGDGTs for recon-
structions in the Southern Ocean (Fietz 
et  al., 2016). Here, in the subantarctic 
Atlantic, TEX86 (Figure 3) suggests 
warmer conditions during glacials than 
interglacials in the past 500,000 years, 
in contrast to other paleotemperature 
proxies based on the same sediment 
core (Fietz et  al., 2016). Located north 
of the winter sea ice extent during the 
last glacial maximum, some inconsisten-
cies of warmer reconstructed tempera-
tures during the glacial and colder tem-
peratures during the interglacial may be 
attributed to increased meltwater stratifi-
cation (Shevenell et al., 2011; McKay et al., 
2012). Another possible explanation for 
the “warm” glacial TEX86-temperatures 
in the subantarctic Atlantic record 
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FIGURE 3. An Ocean Data View (Schlitzer, 2018) map illustrates the progress made since the OH-isoGDGTs were first proposed in 2013 as paleotem-
perature proxies, including surface sediment sample locations used for calibrations of initial OH-isoGDGT% (unlabeled filled circles; Huguet et al., 2013). 
Orange circles roughly indicate the locations of the additional sample sets for calibrations of cyclization variants, such as OH-isoGDGT1318/1316 (Table 1) 
by Fietz et al. (2013, #1), RI-OH and RI-OH' (Table 1) by Lü et al. (2015; #2), and improved calibrations thereof by Kaiser and Arz (2016; #3), as well as for 
OHc index determination (Table 1) by Fietz et al. (2016; #4). Blue circles highlight focus areas of surface sediment studies that improve our understand-
ing of OH-isoGDGT production, settling, and thus ultimately, distribution in the sediment (#5, Lü et al., 2019; #6, Kang et al., 2017; #7, Davtian et al., 2019). 
White stars indicate two sediment trap studies (#8, Wei et al., 2019, South China Sea; #9, E. Park et al., 2019, Fram Strait and Southern Ocean). Red cir-
cles roughly indicate downcore temperature reconstructions (#1, Fietz et al., 2013; #10, Knies et al., 2014; #4, Fietz et al., 2016; #11, Kremer et al., 2018; 
#12, de Bar et al., 2019). Circles and stars are not to scale and may not represent 100% of the data set. 
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could be the bias toward warmer TEX86-
temperatures caused by low ammonium 
oxidizing rates (Hurley et  al., 2016). 
However, higher eolian iron input during 
the glacials (Martinez-Garcia et al., 2009) 
would contribute to increased oxida-
tion rates (Shafiee et  al., 2019) and thus 
toward a cold bias of the TEX86 tempera-

tures and vice versa in the interglacials. 
This is the opposite of the temporal pat-
terns in the TEX86 records and, hence, a 
bias introduced by such nutrient dynam-
ics does not explain the warm tempera-
tures reconstructed during the glacials. 

Adding OH-isoGDGTs in the tem-
perature index improves the reconstruc-

tion to some degree. Unlike their counter-
parts TEX86 and TEXL

86, the OH-isoGDGT 
indices exhibit temporal patterns that 
are more consistent with other non-
isoGDGT-based proxies (Figure 4) and 
expectations (lower temperatures during 
glacials), with the OHc index showing the 
best match in the temporal trend. In the 
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FIGURE 4. Multi-proxy based 
reconstructions of sea surface tem-
perature and related parameters in 
the polar oceans. (a) Modern annual mean 
sea surface temperatures (from WOA2013, 
Locarnini et al., 2013). Black diamonds indicate 
the two sediment core sites in the Arctic (b–c) 
and Atlantic Southern Ocean (d–f). (b) Relative 
abundance of C37:4 alkenones and UK

37 sea sur-
face temperature (SST) anomalies (Rueda et al., 
2013) as well as SST anomalies reconstructed 
using modern analogue technique (MATforam-
SST, Spielhagen et al., 2011). (c) TEX86-, TEXL

86-, 
and RI-OH'-derived SST anomalies using cali-
brations in Kim et al. (2010) and Lü et al. (2015), 
as well as OHc-derived SST using calibration in 
Fietz et al. (2016). (d) Benthic δ18O stack (Lisiecki 
and Raymo, 2005), summer SST (SSST) anom-
alies reconstructed using the modern ana-
logue technique (MATforam-SSST; Becquey 
and Gersonde, 2002) and UK

37 SST anomalies 
(Martinez-Garcia et al., 2009). (e) Relative abun-
dance of C37:4 alkenones to total C37 alkenones, 
indicating cold water mass influence (Martinez-
Garcia et al., 2009) and ice rafted debris (IRD) 
concentration (Becquey and Gersonde, 2002). 
(f) TEX86- and RI-OH'-derived SST anomalies 
using calibrations in Kim et  al. (2010) and Lü 
et al. (2015) as well as OHc-derived SST (Fietz 
et  al., 2016). Data and graphs (b–c) adapted 
from Fietz et al. (2013). Data and graphs (d–f) 
adapted from Fietz et  al. (2016). Blue shaded 
bars in (d–f) denote glacial stages. All index 
equations are provided in Table 1. All anomalies 
refer to the core top value as “0.” 
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OHc index, the assumed cold-water end-​
member OH-isoGDGT-0 is subtracted 
from the numerator (Table 1). The fact 
that this approach improves the recon-
struction of temperature evolution sug-
gests that the addition of OH-isoGDGT 
in the temperature index may help to 
fully capture the temperature responses 
of archaeal membranes to temperature 
changes in polar waters. The global cal-
ibration of RI-OH (Lü et al., 2015) con-
sists of 107 data points, a far cry from 
the TEX86 calibration data set (n >1,000; 
Tierney and Tingley, 2015). Here, we 
show that combining recently published 
surface sediment OH-isoGDGT data 
(n = 167; Figure 1c) does not change 
the global calibration equation nor the 
closeness of fit, but the database should 
be expanded to improve its robustness. 
Improvement of both the isoGDGT- 
and the OH-isoGDGT-based proxy cal-
ibrations remains a priority task for the 
future. As for TEX86, one approach is to 
develop more regional calibrations or use 
alternative statistical approaches, such as 
BAYSPAR (Tierney and Tingley, 2014) 
and OPTiMAL (Eley et al., 2019).

Nonetheless, some uncertainties 
remain. Even though OH-isoGDGTs 
have been found in cultured meso-
philic Group I Thaumarchaeota and 
methanogenic Euryarchaeota (X.-L. Liu 
et  al., 2012), and that OH-isoGDGTs 
have been proposed to be produced 
autochthonously in the marine water 
column (Lü et al., 2015; Kaiser and Arz, 
2016; Lü et al., 2019; Davtian et al., 2019) 
and thus may circumvent the impact of 
terrestrial bias in TEX86-reconstructions 
(Figure 1), the possibility of terrestrial 
influence has recently been put forward 
(Kang et  al., 2017; Wei et  al., 2019). In 
addition, OH-isoGDGT proxies may 
also respond to environmental factors 
other than temperature, such as salin-
ity, the presence of sea ice (Fietz et  al., 
2013), and/or seasonality (Lü et al., 2019; 
Wei et  al., 2019). More ground truthing 
in water column and surface sediments, 
and most importantly culture incubation 
studies, are needed. 

CONCLUSIONS 
Over the last few decades, the TEX86 
paleothermometer has been used to 
help reconstruct past changes in sea sur-
face temperatures in the polar regions 
(e.g.,  Table 2). However, several caveats 
exist (Figure 2) and structurally different 
isoGDGTs have been identified, such as 
OH-isoGDGTs. More work is needed to 
shed light on these compounds and the 
proxies based on them, but a few prelim-
inary studies show that incorporating 
OH-isoGDGTs in the temperature proxy 
index may lead to improved reconstruc-
tions in the polar oceans. We thus rec-
ommend that the OH-isoGDGTs be ana-
lyzed simultaneously during standard 
isoGDGTs analysis, as this multi-proxy 
approach will increase the robustness of 
paleotemperature reconstructions. 
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Algal strands hang beneath the sea ice in  
Salmon Bay, western McMurdo Sound, Antarctica.  
Photo credit: Cecil Shin/B043 archive

Diatoms can live almost anywhere, but one of the most unusual 
places is within sea ice. These single-celled algae concentrate 
in newly forming sea ice and tinge the slushy surface a golden 
brown. They live in small channels between ice crystals and also 
on algal strands that hang from the underside of the ice. When 
the spring melt comes, diatoms in the sea ice serve as the seed 
population for ice-marginal blooms. The use of polar marine dia-
toms as a proxy for past sea ice relies upon their abundance, 
diversity, and preservation. In sediments, the presence of obligate 
sea ice diatoms, those species whose habitat is limited to within 
the sea ice, is reliable evidence of overlying sea ice. However, 
these species tend to be lightly silicified and underrepresented 
in marine sediments. Hence, while their presence is diagnostic, 
their absence is more difficult to interpret. Consequently, most 
sea ice reconstructions rely on species common in the marginal 
ice zone, seeded from melting sea ice into the adjacent open 
water. Many of these taxa have robust frustules that are well pre-
served at the seafloor. 

Diatom-based sea ice reconstructions date to the early 1980s, 
with increasingly quantitative work beginning in the mid-1990s 
and continuing today. Reconstructing past Southern Ocean sea 
ice presence is most readily accomplished in sediments with 
extant species, ground truthed by modern observations. Thus, it 
is more difficult to use diatom-based sea ice proxies for time peri-
ods that harbored extinct species because the paleoenvironmen-
tal affiliation of these species is uncertain. Several approaches, 
in combination, are possible to circumvent this issue. First, diag-
nostic evolutionary lineages can be traced (e.g., at present, many 

small pennate taxa within the genus Fragilariopsis are associ-
ated with sea ice)—but can we assume their ancestors had the 
same preferences? Second, specific morphologic characteristics 
(e.g., the development of resting spores or more heavily silicified 
winter stages) may have evolved following the initial or persistent 
occurrence of annual sea ice. 

The use of diatom proxies for paleo sea ice extent also has 
its shortcomings, including biases associated with preferential 
grazing, water column dissolution, horizontal displacement by 
surface and bottom currents, and degradation within the sedi-
ments. Thus, while diatom assemblages reveal important clues 
to past sea ice presence, the imperfect sedimentary record of 
diatom assemblages has motivated development of new comple-
mentary biomolecular sea ice proxies.
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The Potential of Sedimentary Ancient DNA to 
Reconstruct Past Ocean Ecosystems

SPECIAL ISSUE ON PALEOCEANOGRAPHY: LESSONS FOR A CHANGING WORLD

ABSTRACT. Sedimentary ancient DNA (sedaDNA) offers a novel approach to investigating 
past marine ecosystems—from the smallest bacteria to phytoplankton and their predators—
over geological timescales. Knowledge about such paleo-food webs can provide broad-scale 
biological context to paleoceanographic and environmental reconstructions. However, the 
field of marine sedaDNA research is still in its infancy; community reconstructions are com-
plicated by the minuscule amounts of ancient DNA preserved in the sediments. Consequently, 
the identification of most prokaryotes and eukaryotes in sedaDNA is difficult, and sedaDNA 
sampling, extraction, and analysis require optimized procedures and rigorous contami-
nation control to ensure that the sedaDNA signal is authentic and not overridden by mod-
ern environmental DNA. This article describes some of the latest developments in marine 
sedaDNA research, including the use of metagenomics to study past marine food webs, and 
new experimental and computational techniques to maximize taxonomic resolution, partic-
ularly that of eukaryotes. An example of bioinformatic techniques designed to increase taxo-
nomic insight is presented, demonstrating the breadth of paleogenetic signals that could be 
extracted from marine sediments. With ongoing improvements in genetic reference databases, 
sedaDNA extraction techniques, species-specific enrichment approaches, and computational 
tools, marine sedaDNA will continue to improve our understanding of how marine ecosystems 
evolved in concert with changing environmental conditions.

By Linda H. Armbrecht

Piston core recovered 
during an R/V Investigator 
voyage to East Antarctica 

in 2017. Photo credit: 
Asaesja Young, CSIRO
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WHAT INFORMATION CAN BE 
GAINED FROM SEDIMENTARY 
ANCIENT DNA?
Analysis of marine sedimentary ancient 
DNA (sedaDNA) allows identification 
of deceased organisms that have sunk 
from the upper water layers to the bot-
tom of the ocean and become preserved. 
As a result of the sedimentation process, 
the remains of deceased organisms accu-
mulate over time, forming a continuous 
record of past communities that have 
inhabited the ocean. Marine sedaDNA 
can be used to study a broad variety of 
taxa, including viruses, archaea, prokary-
otes (bacteria), and eukaryotes (phyto-
plankton to larger predators). Eukaryotic 
planktonic organisms, such as diatoms, 
dinoflagellates, coccolithophores, and 
foraminifers, are particularly interest-
ing targets for sedaDNA studies because 
of their established reliability as environ-
mental indicators. However, the breadth 
of taxa for which genetic signals are pre-
served in the sediments—including spe-
cies that do not fossilize—means that 
sedaDNA holds enormous potential to 
go beyond these standard environmental 
proxies and facilitate reconstruction of 
past marine ecosystems across the food 
web. Further, in cases where the preser-
vation, or information content, of micro-
fossil, physical, (biogeo)chemical or bio-
marker proxies is limited, sedaDNA can 
provide novel insights into past oceano-
graphic and environmental conditions. 

WHAT MAKES ANCIENT DNA 
DIFFERENT FROM MODERN DNA? 
Ancient DNA is highly fragmented and 
degraded. Once an organism dies, cellu-
lar processes such as DNA repair mech-
anisms are no longer active, and the 
unmaintained DNA degrades over time. 
Previous research has shown that ancient 
DNA is usually <100 base pairs (bp) long 
(e.g.,  Pääbo, 1989; Weyrich et  al., 2017), 
and marine sedaDNA fragments also tend 
to be very short (~69 bp; Armbrecht et al., 
2020). Although ancient DNA extracted 
from bones and teeth has been used 

extensively to study human and mega-
fauna evolution for more than 30 years 
(Hagelberg et  al., 2015), its application 
to marine settings is still relatively new. 
Consequently, sedaDNA laboratory pro-
tocols, as well as downstream bioinfor-
matic processing and analysis of sedaDNA 
data, are not yet well established. This is 
especially the case for eukaryotes for 
which only trace amounts of sedaDNA 
are preserved in the forms of both extra- 
and intracellular DNA (e.g., within robust 
resting stages such as cysts and spores). 
Further, ancient DNA fragment size and 
damage analysis, standard procedures 
for validating ancient DNA signals in 
human- and megafauna-related ancient 
DNA research, have not yet been com-
monly applied to sedaDNA, making it dif-
ficult to evaluate sedaDNA authenticity 
across existing studies. 

In contrast to ancient DNA, DNA 
from living organisms (modern DNA) 
is highly intact and overwhelmingly 
abundant in the environment, includ-
ing the ocean. For example, the aver-
age size of the small subunit ribosomal 
RNA gene—SSU rRNA, a gene com-
monly used as a taxonomic marker—
is approximately 20 times that of a typ-
ical ancient DNA molecule (~1,800 bp; 
Tanabe et al., 2016) and can occur in copy 
numbers of ~12,000 in a single cell of a 
marine phytoplankter (Zhu et al., 2005). 
Molecular biological techniques used to 
detect and investigate marine organisms 
in present-day ocean settings are well 
established and have greatly improved 
our knowledge about the functioning, 
composition, and dynamics of marine 
food webs (Amaral-Zettler et al., 2009; 
De Vargas et  al., 2015; Carradec et  al., 
2018). In addition, metagenomic research 
of the modern ocean continues to gener-
ate invaluable reference sequences of liv-
ing marine organisms to which ancient 
sequences can be compared. 

Due to the sheer abundance of mod-
ern DNA in the ocean, contamination 
is a negligible issue in contemporary 
marine genomics because contaminant 

sequences are largely outweighed by the 
target genetic signal. The opposite pat-
tern is the case for sedaDNA, however, 
and thorough contamination control is 
required at each step along the process of 
sedaDNA acquisition and analysis.

HOW IS sedaDNA ACQUIRED 
FROM THE SEAFLOOR?
The recovery of sedaDNA from deep 
ocean sediments usually involves the 
acquisition of sediment cores from 
research vessels or platforms (Figure 1). 
Armbrecht et al. (2019) describe in detail 
such coring operations and best practice 
techniques. In brief, among the differ-
ent coring methods currently available, 
gravity-based coring and advanced pis-
ton coring (APC) systems are preferred 
for sedaDNA analyses, as they recover 
the least disturbed sediments and mini-
mize the likelihood of modern seawater 
ingress. Gravity-based corers simply “free 
fall” into the sediment, cutting a core 
from the seafloor. To trigger the APC 
system, hydraulic pressure is applied by 
pumping drill fluid toward the shear pins 
at the top of the core barrel (Sun et  al., 
2018). Only small volumes of drill fluid 
can enter the space between the core bar-
rel and the collar from above after strok-
ing, greatly reducing the risk of contam-
ination. However, because the standard 
drill fluid is seawater, which inevitably 
contains vast amounts of modern marine 
organisms, contamination is still a risk, 
and strict contamination measures are 
necessary. This potential contamina-
tion source can be tracked by infusing a 
non-toxic, non-volatile chemical tracer 
(e.g.,  perfluoromethyldecalin, PFMD) 
at a constant rate into the drill fluid and 
testing sediment subsamples along the 
length of the core for the presence of the 
tracer (Figure 1). 

When the core is on deck, measures 
can be taken to prevent contamination 
derived from core handling and the sur-
rounding environment. Readily applied 
contamination control measures while 
working on board a research vessel or 
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platform include wearing personal pro-
tective equipment; decontaminating the 
working environment, core liners, and 
cutting and splitting tools; instituting 
a variety of controls (e.g.,  air sampling, 
work bench swabbing, using PFMD con-
trols alongside sedaDNA samples), and, 
if possible, working fast in cold, still-air 
conditions. Core storage under cold and 
anoxic conditions and/or freezing of sed-
iment subsamples is also recommended, 
as well as subsequent sample process-
ing at specialized ancient DNA facilities. 
The latter comprise ultraclean, low-DNA 

environments achieved by following a 
unidirectional workflow from sample 
preparation to extraction and sequenc-
ing library preparation in separate work-
ing areas, and positively pressured and 
frequently decontaminated laboratories 
(Fulton and Shapiro, 2019). 

ARE THERE OPTIMAL MARINE 
sedaDNA EXTRACTION 
TECHNIQUES?
While a “one-fits-all” extraction protocol 
for sedaDNA would be highly desirable, 
optimized protocols are usually required, 

depending on the type of sediment and 
the target organisms to be analyzed. The 
efficiency of sedaDNA extraction can 
be highly variable, depending on sedi-
ment type and composition. Sediments 
rich in clay, borate, and organic con-
tent, and those kept at low temperatures 
and protected from oxygen and irradia-
tion, usually contain relatively well pre-
served sedaDNA (Armbrecht et al., 2019, 
and references therein). A recent study 
showed that extracellular DNA binds 
well to clay minerals, which may protect 
it from being degraded by living bacte-
ria in the subseafloor environment, and 
such DNA-substrate interactions are 
important to consider during sedaDNA 
extractions (Vuillemin et al., 2019).

Both intra- and extracellular sedaDNA 
can be extracted from sediments using 
a sequence of chemical and mechan-
ical treatments. At the initial step of 
sedaDNA extractions, shaking the sam-
ple in a solution containing small beads 
(bead-beating) is commonly employed 
to break robust resting cells and to facili-
tate the recovery of intracellular as well as 
extracellular sedaDNA (e.g.,  Shaw et  al., 
2019). Phosphate-containing buffers have 
also been incorporated into sedaDNA 
extraction protocols, as phosphate has 
similar charge and structural properties to 
DNA so that it creates a competitive envi-
ronment in which more DNA remains 
in solution, thereby aiding its isolation 
(Direito et al., 2012). We recently devel-
oped an optimized extraction protocol 
for marine eukaryote sedaDNA that com-
bines two-step DNA-isolation (extract-
ing DNA from fragile as well as robust 
organisms) with a DNA binding reac-
tion in silica solution (Armbrecht et  al., 
2020). This technique facilitates recov-
ery of particularly small and degraded 
DNA fragments (down to 27 bp), which 
is important for studies of ancient marine 
deposits, as sedaDNA fragmentation is 
expected to increase with the depth and 
age of the sediments. 

Hypothetical changes in 
paleo-communities through time 
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FIGURE 1. Schematic of a drilling vessel recovering a sediment core for sedaDNA analysis and hypo-
thetical past marine community composition. The pink dashed line indicates the use of a chemical 
tracer for contamination tracking during coring. The white dashed line depicts the sediment core. 
Small yellow circles indicate theoretical sedaDNA sampling intervals, corresponding to pie charts on 
the right. Pie charts represent hypothetical paleo-communities detectable from sedaDNA shotgun 
analysis, where the majority (~75%, see text and Figure 3c) of the recovered sedaDNA sequences 
originate from bacteria, and where sedaDNA from fossilizing/cyst-forming taxa increases relative to 
non-fossilizing/non-cyst-forming taxa with subseafloor depth (assuming that sedaDNA of fossilizing/
cyst-forming taxa preserves better than that of non-fossilizing/non-​cyst-forming taxa). The decreas-
ing size of the pie charts with subseafloor depth indicates an expected decrease in sedaDNA. 
Schematic not to scale. 
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WHICH GENOMICS AND 
SEQUENCING APPROACHES 
ARE SUITABLE FOR STUDYING 
sedaDNA? 
Studies that rely on the analysis of 
sedaDNA should demonstrate data 
authenticity (i.e.,  the DNA recovered is 
ancient and free from modern contam-
ination; Willerslev and Cooper, 2005). 
Validation protocols for ancient DNA 
include DNA damage analysis—for 
example, by applying mapDamage soft-
ware, which was specifically developed to 
detect nucleotide misincorporations and 
fragmentation patterns that are charac-
teristic of ancient DNA (Ginolhac et al., 
2011; Jónsson et al., 2013). MapDamage 
has become a routine tool for authenticat-
ing ancient DNA across studies focusing 
on megafauna and humans (e.g., Llamas 
et al., 2015; Tobler et al., 2017). However, 
in highly complex metagenomic data, 
the identification and authentication of 
ancient sequences of very rare organisms 
remains challenging, partly due to the 
lack of high-quality reference sequences 
for the thousands of marine organ-
isms thriving in the global ocean, and as 
the threshold of ~250 reads per species 
required to analyze and plot DNA dam-
age patterns in mapDamage is often not 
reached (Collin et al., 2020). To overcome 
this issue, recent studies have focused on 
developing new bioinformatic techniques 
suitable for identification and authenti-
cation of low abundance ancient DNA in 
metagenomic data. For example, Hübler 
et al. (2019) developed HOPS (Heuristic 
Operations for Pathogen Screening) to 
screen for ancient pathogens in meta
genomic samples, and Collin et al. (2020) 
described a new approach for process-
ing and analyzing ancient metagenomic 
shotgun data focusing on the conserva-
tion of rare reads. The application and 
optimization of such tools for identify-
ing and authenticating marine eukary-
otes in sedaDNA appear highly prom-
ising and relevant to future sedaDNA 
research. A much less ideal but simpler 
authenticity assessment can be achieved 
through DNA fragment size analysis (as 

noted above, fragmentation is expected 
to increase with age of the sediment 
sample), which should be the minimum 
authenticity analysis undertaken in any 
marine sedaDNA study. 

To date, however, most sedaDNA stud-
ies have used a metabarcoding approach 
to investigate paleocommunities. This 
commonly used method targets a specific 
DNA region used as a taxonomic marker 
to identify different species that are aggre-
gated in a sediment sample (Taberlet 
et  al., 2012). These genetic markers are 
amplified using primers (short sequences 
matching the start and end of the tar-
get gene) in a polymerase chain reaction 
(PCR) and are subsequently sequenced 
(Figure 2). This technique has been 
shown to be unsuitable for the study of 
ancient DNA (e.g., Weyrich et al., 2017) 
for the following reasons: 
1.	 Ancient DNA is typically highly dam-

aged so that primers may not bind.
2.	 The DNA segments to be ampli-

fied are usually longer (>100 bp) 
than most ancient DNA fragments 
(<100 bp; Pääbo, 1989), introducing 

biases toward longer sequences that 
favor modern contaminants where 
present, and skew the taxonomic 
composition.

3.	 PCRs are prone to inherent biases such 
as random amplification in the first 
few amplification cycles and PCR drift; 
hence, biases become more severe 
with increasing numbers of ampli-
fication cycles (Wagner et  al., 1994; 
Taberlet et  al., 2012) as necessitated 
with sedaDNA protocols. 

4.	 The characteristic DNA damage pat-
terns described above are no longer 
detectable in metabarcoding data as 
polymerases correct these patterns 
during amplification, preventing this 
mode of authenticity testing.

Studies that have applied metabarcoding 
should therefore be interpreted with cau-
tion unless they have shown authenticity 
of the sedaDNA through complementary 
analyses (e.g., fossils, biomarkers). 

With ongoing increases in sequenc-
ing power and decreases in cost (Reuter 
et  al., 2015), metagenomics is becoming 

(a) Metabarcoding                     (b) Metagenomics                (c) Target-capture-
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FIGURE 2. Schematic of different methodological approaches in modern and ancient marine 
genomics. (a) Metabarcoding is the amplification and analysis of equally sized DNA fragments 
from a total DNA extract. (b) Metagenomics is the extraction, amplification, and analysis of all 
DNA fragments independent of size. (c) Target-capture describes the enrichment and analy-
sis of specific (chosen) DNA fragments independent of size from a total DNA extract.
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a viable alternative to metabarcoding. 
Metagenomics studies extract and 
amplify the “total” DNA in a sample 
(i.e., potentially all species), thereby facil-
itating the recovery of DNA sequences 
proportionate to their original repre-
sentation in that sample and indepen-
dent of DNA fragment-size (“shotgun 
sequencing”; Figure 2). Thus, meta
genomics approaches are better suited to 
studying sedaDNA, as they permit detec-
tion of bacteria, archaea, and eukaryotes, 
and they recover DNA damage patterns 
and fragment size variability without 
the biases inherent to metabarcoding. 
Community composition can then be 
reconstructed from this large pool of 
metagenomic data by screening for the 
occurrence of taxonomic marker genes. 
Additionally, metagenomic data sets offer 
the opportunity to draw functional infor-
mation (“what organisms were doing”), 
as recently shown by Giosan et al. (2018), 
through their identification and use of 
chlorophyll biosynthesis proteins to esti-
mate paleoproductivity. If the representa-
tion of the target organisms/genes is rel-
atively low in the pool of total DNA data 
(e.g., in the case of eukaryote sedaDNA), 
very deep sequencing is required to 
recover sufficient genetic information to 
perform meaningful statistical analyses.

An attractive alternative that combines 
the specificity of the PCR approach but 
avoids the biases of the PCR method is the 
targeted enrichment of specific genetic 
sequences via hybridization-capture 
techniques (Horn, 2012). This approach 
uses short RNA probes (also called 
“baits,” analogous to the baits used in a 
fishing context) that are designed to be 
complementary to any DNA sequences 
the researchers may choose (e.g.,  spe-
cific genes of a target organism). By 
binding to the target sequence, these 
genetic baits “capture” DNA fragments 
in a manner that is akin to the PCR tar-
geting, but independent of fragment size 
and with the preservation of damage pat-
terns, allowing detailed authenticity test-
ing (Figure 2). A recent study success-
fully applied this capture technique to 

Northern Hemisphere permafrost sam-
ples by developing PaleoChip Arctic 1.0 
for investigating ancient Arctic plants 
and animals (Murchie et al., 2019).

HOW DETAILED ARE THE 
COMMUNITY DATA GENERATED 
FROM sedaDNA? 
Most marine organisms are known genet-
ically only by short segments of their 
genome, such as “taxonomic marker 
genes,” which occur in a large group of 
organisms but with slight variations in 
each species that allow taxonomic differ-
entiation. An example are the ribosomal 
genes: small subunit ribosomal RNA 
(18S rRNA or SSU rRNA) or large sub-
unit ribosomal RNA (28S rRNA or LSU 
rRNA). Applying metabarcoding of the 
18S rRNA gene (V9 region only, ~130 bp 
long), De Vargas et  al. (2015) estimated 
a taxa richness of ~150,000 eukaryotes in 
the modern global surface ocean, detect-
ing over 3,000 diatoms alone (categoriz-
ing the latter as a “hyperdiverse” group). 
This estimate stands in comparison to 
only 12 complete diatom genomes cur-
rently available via the National Center 
for Biotechnology Information’s (NCBI) 
Genome database (https://www.ncbi.​
nlm.nih.gov/​genome/; search terms: 
“Eukaryota”[Organism] AND “Bacillari- 
ophyta”[Organism], June 16, 2020). The 
abundance of references for taxonomic 
marker genes over whole genomes of 
major marine eukaryotic taxa plainly 
illustrates why the use of marker genes 
for community composition assess-
ments is popular. 

Two of the best-known curated data-
bases containing marine eukaryote 
sequences are the Protist Ribosomal 
Reference Database (PR2; Guillou et  al., 
2012) and the SILVA ribosomal RNA 
database (Quast et  al., 2013). PR2 con-
tains SSU rRNA sequences, while SILVA 
is split into two separate databases, one 
containing full-length sequences of the 
same gene (SSU rRNA) and the other 
full-length sequences of the LSU rRNA 
gene. Both SILVA databases contain 
sequence information from a variety of 

marine organisms—the latest release 
of the SILVA SSU database (SSURef 
NR 132) contains 592,561 bacterial, 
25,026 archaeal, and 77,584 eukary-
otic sequences, and the LSU database 
(LSURef 132) contains 168,075 bacte-
rial, 1,440 archaeal, and 29,319 eukary-
otic sequences (https://www.arb-silva.de/​
documentation/​release-132/). Although 
PR2 and SILVA comprise extensive 
resources, it is important to consider 
the use of additional databases, depend-
ing on the target organisms and/or 
study focus. For example, in sedaDNA 
research, the NCBI database, the largest 
genetic database available (https://www.
ncbi.nlm.nih.gov/), may also be con-
sidered as well as the Marine Microbial 
Eukaryote Transcriptome Sequencing 
Project (MMETSP) database, an exten-
sive resource for marine eukaryote RNA 
sequences (Keeling et  al., 2014). While 
there is no standard approach to choos-
ing a reference database (or combina-
tion of databases) for sedaDNA research, 
it is recommended to use one that is as 
complete as possible regarding refer-
ence sequences of the target organisms 
(Keeling et al., 2014; Collin et al., 2020). 

Despite the usefulness of taxonomic 
marker genes for investigating marine 
eukaryotes, some limitations are yet to 
be overcome to achieve comprehensive 
community estimates and/or reconstruc-
tions. Even in modern marine investi-
gations, part of the detected sequences 
can remain unidentified due to missing 
reference sequences, possibly because 
some organisms are (1) not easy or are 
impossible to culture and/or sequence, 
(2) rarely the subject of scientific inves-
tigations, or (3) entirely unknown and 
undescribed. For example, in their global 
study of marine eukaryotes, De Vargas 
et  al. (2015) were able to assign tax-
onomy to two-thirds of the generated 
sequences, with the remaining third fall-
ing into the “unknown sequences” cat-
egory. As a result of this imbalance in 
reference sequences across eukaryotes, 
some groups are better represented than 
others in genetic databases, which in turn 

https://www.ncbi.nlm.nih.gov/genome/
https://www.ncbi.nlm.nih.gov/genome/
https://www.arb-silva.de/documentation/release-132/
https://www.arb-silva.de/documentation/release-132/
https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
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will impact a study’s taxonomic resolu-
tion. Crucially, low taxonomic resolution 
can inhibit paleoenvironmental recon-
struction efforts, where species-level 
identification is often pivotal in order to 
estimate key environmental or oceano-
graphic conditions in a region of interest 
(Weckström et al., 2020). 

An unfortunate consequence when 
applying taxonomic marker gene filters 
to metagenomic data is that the majority 
of the recovered sequencing data is not 
used. In fact, we recently showed that of 
a metagenomic marine sedaDNA shot-
gun data set, less than 1% of the quality- 
filtered sequencing reads were assigned 
taxonomy after alignment using the SILVA 
SSU reference database (Armbrecht et al., 
2020). With high enough sequencing 
depth, a sufficient number of reads may 
remain available for statistical analy-
ses; however, studies may wish to pursue 
optimizations in the experimental phase 
(e.g., hybridization-capture), or bioinfor-
matic analysis (e.g., integrating complete 
databases), or both, where achieving high 
throughput is of concern.

EXAMPLE OF INCREASING 
TAXONOMIC RESOLUTION BY 
COMBINING INFORMATION 
FROM TWO MARKER GENES
The following example shows how the 
rarely used LSU, when combined with 
the more widely used SSU, may pro-
vide increased taxonomic resolu-
tion in metagenomic sedaDNA data. 
Metagenomic sedaDNA sequence data, 
acquired from a sediment sample col-
lected during the Sabrina Seafloor Survey 
2017 (IN2017_V01) off East Antarctica 
(Armand et al., 2018), was extracted and 
analyzed using optimized laboratory 
and bioinformatic procedures described 
in detail in Armbrecht et al. (2020). The 
DNA fragment length distribution of 
the filtered sequences was analyzed and 
showed a predominance of very short 
sedaDNA fragments (76 bp), as expected 
(Figure 3a). The filtered sequences were 
aligned against both the SILVA SSURef 
NR 132 and the LSURef 132 databases 

(Huson et  al., 2016). Read counts were 
determined for the SSU and LSU mark-
ers and analyzed separately, and then in 
combination, to avoid overrepresentation 
of any given taxon if detected by both. 
The read counts per taxon were summed 
if the taxon was identified exclusively by 
either SSU or LSU, and averaged if iden-
tified by both. 

Using the combined markers showed a 
significant improvement in species reso-
lution for eukaryotes (i.e., an increase in 
the number of eukaryotic taxa detected) 
relative to single markers (91 taxa deter-
mined using combined markers across 
all three samples vs. 59 and 51 for SSU 
and LSU alone, respectively; Figure 3b). 
Approximately 17% of the combined data 
was of eukaryote origin, including fossil-
izing as well as non-fossilizing taxa. For 
example, silica-skeleton-forming diatoms 
(Bacillariophyta) and Radiolaria were 
represented in the sedaDNA data, while 
non-fossilizing taxa such as cnidarians, 
copepods, and molluscs were also pres-
ent (summarized under Eukaryota in 
Figure 3c). While the SSU appeared to be 
better suited for detecting major marine 
groups such as tintinnids (a group of cil-
iates), cnidarians, molluscs, and fish, the 

LSU provided better resolution for crus-
taceans (e.g., copepods) and haptophytes 
(e.g., Phaeophyceae). This example for a 
single sedaDNA sample shows that tax-
onomic resolution can be considerably 
improved when merging information 
from different taxonomic marker genes, 
and that the latter approach may be help-
ful for gaining a much more detailed 
understanding of marine paleocommu-
nities in future sedaDNA studies. 

WHAT DOES THE FUTURE HOLD 
FOR MARINE sedaDNA…
The emergence of the new marine 
sedaDNA research field has shown that 
genetic signals preserved in the marine 
seafloor are a precious reservoir of bio-
logical information that can be used 
for paleoceanographic reconstructions. 
However, several key points have been 
identified to consider in future sedaDNA 
research, outlined below.

…In Terms of Reference Sequences 
and Genetic Databases?
Obtaining a more detailed taxonomic 
picture of marine paleocommunities will 
rely closely upon the continuous addi-
tion of new reference sequences from 

FIGURE 3. Taxonomic resolution achieved through different databases from short reads in meta
genomic sedaDNA data. (a) Sequence-length distribution of a marine sedaDNA sample (counts 
of filtered reads classified into 51 DNA fragment size classes; sequenced on an Illumina HiSeq 
[2x 150 bp] at Garvan Institute for Medical Research, Sydney, Australia). (b) Total number of eukary-
ote taxa determined from metagenomic sedaDNA in a marine sediment sample using the SILVA 
small-subunit ribosomal RNA (SSU), large-subunit ribosomal RNA (LSU), and both SSU and LSU as 
reference databases. (c) Taxonomic composition derived from metagenomic sedaDNA of the same 
sample based on the combined SILVA SSU+LSU approach.

0

50

100

150

200

250

300

0 200 400

N
um

be
r o

f r
ea

ds
 (x

 1
,0

00
)

Sequence length 
(basepairs)

0

50

100

SSU  LSU SSU + LSU

N
um

be
r o

f t
ax

a 
de

te
rm

in
ed

 (t
ot

al
)

Bacteria

Archaea

Eukaryota
(91 taxa)

Cellular
organisms

SSU + LSU

(a) (b)

(c)



Oceanography |  Vol.33, No.2122

modern marine organisms to taxonomic 
databases. This is achieved by both mor-
phological and molecular characteriza-
tion of individual species (e.g.,  through 
the application of single cell genomics), 
providing modern reference genomes 
against which ancient specimens can be 
aligned. Such references will be invalu-
able in efforts to achieve species-level 
community estimates and to detect indi-
cator species of paleoenvironments using 
sedaDNA. Additionally, it is important to 
further optimize and develop bioinfor-
matic tools that enable the streamlined 
analysis of the vast amounts of genetic 
data (millions of sequencing reads) 
generated from highly diverse marine 
sedaDNA samples. Currently, no stan-
dard bioinformatic approaches exist for 
the study of ancient marine sedaDNA, 
and their development should be a focus 
of future research to facilitate rapid analy-
sis and comparison of results across stud-
ies and research groups.

…In Terms of Optimizations of 
Experimental Procedures?
sedaDNA extraction techniques may 
need further optimizations, depending 
on the study organisms. For example, 
diatoms are one of the most productive 
classes of phytoplankton in the Southern 
Ocean and are extremely useful paleo-
environmental indicators due to their 
sensitivity to changing oceanographic 
conditions and their excellent preserva-
tion as microfossils in marine sediments 
(Deppeler and Davidson, 2017). In con-
trast to their prevalence in the micro-
fossil record, diatoms are often under-
represented in sedaDNA data (e.g., Shaw 
et al., 2019), which may be due to biases 
in DNA extraction methods, relatively 
poor preservation of ancient diatom DNA 
possibly linked to physical and chemi-
cal sediment characteristics, and/or cur-
rent limitations in reference databases. 
Continuous improvement of extraction 
methods, application of targeted enrich-
ment approaches, and addition of mod-
ern diatom sequences to genetic refer-
ence databases may help to tackle this 

important question in the future and 
enable detailed investigation of both dia-
toms and similar keystone marine species 
over geologic timescales. 

…With Regard to Authenticity 
Testing of the Ancient Signal?
It will be important to move from 
metabarcoding to metagenomic tech-
niques to allow authentication of ancient 
signals in genetic data (Taberlet et  al., 
2012; Weyrich et  al., 2017; Collin et  al., 
2020). If the study organisms are expected 
to be a rare component of the metage-
nomic data, sequencing depth should 
be maximized, and sedaDNA damage-​
preserving target-​enrichment techniques 
should be considered (Horn, 2012). 
Sequence-length distribution analy-
ses offer a simple measure for assess-
ing authenticity of sedaDNA data; how-
ever, DNA damage analysis should be 
applied in the future to test and ensure 
sedaDNA authenticity (Ginolhac et  al., 
2011; Jónsson et al., 2013; Huebler et al., 
2019; Collin et al., 2020), especially when 
working with increasingly old sediment 
samples. Additionally, blank and envi-
ronmental controls should be included in 
the processing and analysis of sedaDNA 
and lists of contaminant taxa made pub-
licly available alongside each study’s 
results. This will allow interlaboratory 
comparisons of common contaminants 
introduced by reagents and/or databases, 
as well as laboratory or extraction meth-
od-specific contaminants, which might 
otherwise confound the results from 
which conclusions are drawn. 

…For the Investigation of 
Species- and Location-Specific 
Degradation Patterns?
Preservation of marine sedaDNA in var-
ious locations should be investigated 
alongside environmental variables that 
might influence preservation and deg-
radation patterns. Taxon-specific degra-
dation patterns and taphonomic biases 
require in-depth investigation to deter-
mine whether calibrations of the commu-
nity data are required in sedaDNA data. 

Much more research is required to deter-
mine the variations in sedaDNA fragment 
size by location, age, and taxonomic com-
position, and the environmental factors 
that contribute to sedaDNA degradation.

The points listed above are fundamental 
aspects to be addressed in future marine 
sedaDNA research, an area that is still in 
its infancy and that holds great potential 
for providing novel insights into the evo-
lution and dynamics of marine ecosys-
tems. Keeping these key points in mind 
is vital to continued efforts to reconstruct 
past marine communities from sedaDNA 
and will help to generate and authenti-
cate better resolved data for exploring in 
detail the history of life in our ocean. 
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Deep Sea Drilling Project (DSDP) Leg 28 initiated a new era 
of seafloor exploration when Glomar Challenger departed 
Fremantle (West Australia) for a 69-day expedition from late 
December to February in the austral summer of 1972–73. 
Along with Elizabeth (Liz) Truswell, the author of A Memory 
of Ice: The Antarctic Voyage of the Glomar Challenger, we 
were members of the shipboard science party, and we value 
the opportunity to relive this pioneering Antarctic expedition 
through her account. Not every ocean drilling leg is fortunate 
enough to have its shipboard and science activities docu-
mented in such an interesting, permanent, and colorful fash-
ion, and we feel privileged to have the opportunity here to 
share a few memories from that spring that surfaced while 
reading A Memory of Ice.

Liz Truswell skillfully interleaves diary-based personal rec-
ollections of deep ocean drillship science from five decades 
ago, the significant events in polar exploration and science of 
the preceding two centuries, and the more significant south 
polar Earth science achievements in the time since 1973. As 
the reader journeys through A Memory of Ice, the author 
discusses a wide spectrum of science topics, with particular 
attention devoted to her career-long research emphases in 
paleobotany, palynology, and plant biogeography. The use 
of high-quality illustrations, many reproduced from archival 
sources, strengthens the impact of the text. A bibliography 
and a glossary of terms are also provided. 

Why has almost a half-century elapsed before the telling of 
this expedition’s events, its scientific results, and the thoughts 
surrounding its place in science history? A pre-syn-post 
approach that spans a few decades allows a much more valu-
able understanding of how science evolves and progresses. 
This makes Liz Truswell’s presentation a meaningful source 
for aspiring Earth scientists and perhaps even some expe-
rienced researchers. Published expedition accounts from 
the heroic-era expeditions by Scott, Shackleton, Amundsen, 
Mawson, and others were usually published shortly after an 
expedition, emphasizing exploration and the associated suf-
fering and hardships and offering relatively little in the way 
of scientific information. This latter publication style satisfied 
the immediate needs of a curious public and the generous 
expedition sponsors.

The scientific objectives of DSDP Leg 28 were rooted in 
forging a better understanding of the high-latitude Cenozoic 
sedimentary record. Let us briefly recall the status of Antarctic 

Cenozoic Earth science before the arrival of Leg 28 aboard 
Glomar Challenger. Prior to 1972, the Cenozoic geology of 
Antarctica was very poorly known. Cenozoic sediments and 
fossils had been documented at the northern end of the 
Antarctic Peninsula—West Antarctica—in the early twentieth 
century. The record in East Antarctica was confined to surfi-
cial Quaternary terrestrial glacial deposits along the Ross Sea-​
Transantarctic Mountains margins together with volcanic 
rocks, some of which are now known to be late Cenozoic in 
age. Cenozoic geology was not a primary program during 
the 1957–1959 International Geophysical Year (IGY) activities 
in West and East Antarctica. In one of the earlier reviews of 
Antarctic geology, Harrington (1965) noted: “There is as yet 
no sedimentary record of the history of East Antarctica from 
the later Jurassic to the Pliocene.” Cenozoic data from the 
Antarctic continental shelves and floors of the circum-​Antarctic 
deep ocean were equally absent. In the late 1960s, the associ-
ation of terrestrial glacial and fjordal marine deposits and vol-
canic extrusions in the Dry Valleys (now McMurdo Dry Valleys) 
adjacent to the Ross Sea provided the first concrete evidence 
that glaciation in the Transantarctic Mountains predated the 
Quaternary and might span the late Miocene and Pliocene.

Prior to the availability of direct evidence derived from 
sources in Antarctica, biogeographers, paleontologists, 
stratigraphers, sedimentologists, and isotope geochemists, 
among others, working in lower latitude locales, searched for 
environmental indicators of widely oscillating polar, temper-
ate, and tropical paleoclimate across Southern Hemisphere 
latitudes in the past. In 1953 and 1962, C.A. Fleming explored 
the possible impact Late Cenozoic expansion of cool glacial-​
interglacial water-mass circulation of Antarctic origin had on 
marine biota, basin histories, and stratigraphy in New Zealand. 
In 1963, Fleming proposed that Antarctic and subantarctic cli-
mate change drove alpine vegetation zones further north and 
treeline elevations to higher altitudes (including that of the 
southern beech genus Nothofagus) in New Zealand and in the 
Southwest Pacific. These thoughtful speculations were subtle 
hints to later investigators that there were indeed paleoclimat-
ically important linkages between the cryogenic terrestrial and 
marine Antarctic Cenozoic and coeval records in temperate 
latitudes to the north.

As Glomar Challenger recovered Cenozoic biogenic and 
clastic sedimentary successions from six drillholes in the 
Southern Ocean and four in the Ross Sea, it was instantly 
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apparent to the paleontology group that we had entered a 
distinctly different paleo-biological world from that we were 
accustomed to back home, way to the north. The high-​
resolution pelagic and benthic biostratigraphic zonations 
of New Zealand and Australia could not be applied in these 
extreme southern high latitudes. The paleontologists of 
Leg 28 made the first attempts to develop austral biostrati-
graphic zonations that were based principally on diatoms but 
that also included other microfossil groups such as foramin-
ifera and radiolaria and the occasional temperate zone invad-
ers from the north. These efforts continue today. Our prelim-
inary time controls proved adequate for contributing to the 
principal expedition objectives.

The scientific and technical successes of DSDP Leg 28 were 
many. We quote a few of them directly from Liz’s account.

The 69 days at sea that we had enjoyed—or endured, 
depending on one’s experience and point of view—had 
produced results that were outstanding for the time. Our 
mandate, when we left Fremantle in December 1972, had 
bee​n to explore the history of the Antarctic icecap and the 
high-latitude circulation of the seas surrounding that con-
tinent; and to investigate the timing and nature of sea-floor 
spreading between Australia and Antarctica… Overall, the 
most demanding of aims was to test the feasibility of drilling 
the sea floor in high southern latitudes under the constant 
threat of icebergs and the storms that characterise those 
regions… By all measures, the voyage had been a success. 
We had succeeded in pushing back the age of the icecap 
from the 3–5 million years that was accepted when we left 
port, to something close to 26 million years… We had tested 
the age and rates of sea-floor spreading across the Southeast 
Indian Ridge separating Antarctica and Australia, using ages 
from tiny fossils in the sediments lying atop the volcanic base-
ment of the sea floor. We confirmed that these were in accord 
with magnetic ages deduced from earlier seismic mapping…
More recent reviews of the whole program of drilling the sea 
floor of the deep oceans, reviews that can now look back 
over 50 years, classify the Deep Sea Drilling Project (DSDP), 
and its rugged Glomar Challenger, as belonging to an initial 
phase of ‘curiosity driven’ exploration—a rather simplified 
‘looking to see what’s there’ approach. In contrast, according 
to these reviews, more recent phases have singled out par-
ticular issues in Earth science and have sought answers to 
global problems through focusing on carefully selected drill-
ing programs. Perhaps that is so in general, but the history of 
the polar ice sheet, an issue to which several DSDP expedi-
tions contributed substantially, is a subject of ongoing scien-
tific concern at a global level.

Successes emanating from DSDP Leg 28 spurred the launch-
ing of a number of highly technical deep stratigraphic drilling 
programs over the last half century, all aimed at sampling and 
deciphering the Antarctic Cenozoic cryogenic record. These 

projects include: Dry Valley Drilling Project (DVDP), McMurdo 
Sound Sediment and Tectonic Studies (MSSTS), Cenozoic 
Investigations in the Ross Sea (CIROS), Ross Ice Shelf Project 
(RISP), Cape Roberts Project (CRP), and ANtarctic DRILLing 
Project (ANDRILL). All of these programs were international 
initiatives to some degree. Examination of Leg 28 drill core 
has continued through the decades and is still being incorpo-
rated in research activities today. Countless graduate students 
prepared theses and dissertations based on Leg 28 core from 
the Southern Ocean and Ross Sea. Many proceeded on to 
careers in academia and industry. Some continued to con-
tribute to the Antarctic Earth sciences, often becoming lead 
investigators of the drilling initiatives noted above.

We conclude by quoting a few lines by Liz Truswell from the 
prologue of Memory of Ice:

The book gives my personal story—that of a young scientist 
feeling largely unprepared—thrown into the excitement and 
absorbing interest of field work in one of the most remote 
regions of the globe…This is a world full of stories. Many have 
been told before, but fresh details continue to emerge. There 
are stories of human endurance in encounters with the ele-
ments, of competing national and individual ambitions, of 
dealing with the novel and unexpected in nature and of per-
sistence in the everyday tasks of mapping and recording. It 
has often proved difficult to separate these different threads 
that are interwoven with the story of Leg 28.

The often deeply personal recollections that are so central 
to the success of this account will reverberate with many read-
ers, especially those who have had like experiences in the 
remotest parts of Earth. This is a truly scholarly contribution 
and likely to figure prominently in future research by polar his-
torians. The legacy of DSDP Leg 28 is certainly secure.
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The Origins of Oceanography in France
THE SCIENTIFIC EXPEDITIONS OF TRAVAILLEUR AND TALISMAN (1880–1883)

By John R. Dolan

THE BEGINNINGS OF SCIENTIFIC 
STUDY OF THE DEEP SEA
Development of Scientific Interest in 
the Deep Sea and British Efforts
Histories of scientific interest in the deep 
sea often, and curiously, give prominence 
to a proposition credited to Edward 
Forbes (1844) that the deep sea was a vast 
lifeless, or azoic, zone (e.g.,  Rice et  al., 
1976). In reality, Forbes reported findings 
only with regard to the vertical distribu-
tion of mollusks and echinoderms in the 
Aegean Sea based on dredging. He found 
nothing below a depth of 230 fathoms 
(420 m), and his report included a dia-
gram of faunal depth zones that labeled 
the layer below 300 fathoms “Zero of 
Animal Life probably about 300 fath-
oms.” He did not propose the depth as 
a general rule, nor did he use the term 
“azoic”; it appears only once in passing 
in the posthumously published book, 
The Natural History of the European 

Seas (Forbes and Godwin-​Austen, 
1859, pg. 247). Regardless, testing the 
idea that no life existed at great depths, 
despite long-standing but scattered evi-
dence to the contrary (as summarized in 
Carpenter, 1868), provided a marvelous 
straw man that justified early explorations 
for deep-sea life. Additionally, there was 
great interest in the nature of the seabed 
and physical conditions in the deep sea as 
attempts were being made to lay undersea 
telegraph cables. In fact, some of the early 
discoveries of deep-sea life forms were 
made through soundings carried out to 
determine the depth and nature of the 
seabed in the North Atlantic by the British 
(e.g., Wallich, 1860) and during retrieval 
of broken cables in the Mediterranean by 
the French (e.g., Milne Edwards, 1861). 

The proposition of the deep sea as per-
haps azoic provided in no small part the 
justification for the first systematic explo-
rations of the deep sea led by British biolo-

gists through the expeditions of Lightning 
in 1868 and Porcupine in 1869 in the 
North Atlantic (Thomson, 1873). These 
first cruises dedicated to dredging the 
deep sea yielded the conclusions below, 
presented to the Royal Society of London 
by William Carpenter, vice president of 
the society (Carpenter et al., 1870): 

1.	 That the Ocean bottom, at depths of 
500 fathoms or more, presents a vast 
field for research, of which the system-
atic exploration can scarcely fail to 
yield results of the highest interest and 
importance, in regard alike to Physical, 
Biological, and Geological Science.

2.	 That the prosecution of such a system-
atic exploration is altogether beyond the 
reach of private enterprise, requiring 
means and appliances which can only 
be furnished by Government.

These observations led directly to the 
first large-scale exploration of the sea, 
the well-known Challenger Expedition 
of 1872–1876. Preliminary results of 
the Challenger Expedition appeared rel-
atively quickly and were made widely 
available in 1878 by the chief scientist, 
Sir Charles Wyville Thomson, in two 
volumes under the title The Voyage of 
the Challenger: The Atlantic: a prelimi-
nary account of the general results of the 
exploring voyage of the H.M.S. Challenger 
during 1873 and the early part of the year 
1876. The complete scientific results were 
eventually published from 1885 to 1895 
in the famous massive series of over 
80 monographs, mostly under the guid-
ance of John Murray following Thomson’s 
death in 1882.

ABSTRACT. This article describes the earliest French oceanographic expeditions ded-
icated to investigating the deep sea. Though these expeditions, conducted from 1880 to 
1883, were quite successful in terms of both science and what today we call “outreach,” 
they are often overlooked in histories of oceanography or mentioned only in passing. 
They produced a substantial literature of over 100 scientific publications. Participants’ 
descriptions of 176 new species are still considered valid today. Among the remark-
able scientific discoveries were culturable and pressure-tolerant bacteria in deep-sea 
sediment samples, which led to the origin of deep-sea microbiology, and iconic deep-
sea fish such as the gulper eel. Specimens, instruments, and equipment from these 
expeditions were on display for the general public at an exhibition at the National 
Museum of Natural History in Paris in early 1884. Between 1885 and 1891, expedi-
tion scientists authored three mass-market books on deep-sea life and the expeditions. 
Following a summary of the expeditions and their results, some speculation is pro-
vided as to why such an auspicious nineteenth century beginning of oceanography in 
France did not lead to a sustained interest in oceanography. A supplementary file con-
tains a bibliography of expedition publications and a list of the species described from 
expedition collections. 
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French Interest in Exploring 
the Deep Sea 
Long-standing French interest in the 
deep sea is evidenced by Alphonse 
Milne Edwards’s descriptions of organ-
isms attached to the undersea telegraph 
cables laid between Sardinia and Algeria 
(Milne Edwards, 1861). In 1867, while 
Carpenter and Thomson were occu-
pied with planning the Lightning expedi-
tion, the Marquis Léopold Folin, harbor-
master of the Port of Bayonne, founded 
the first serial publication dedicated to 
marine sciences, including one focused 
on the deep sea: Les Fonds de la Mer 
(The Bottom of the Sea). A naturalist as 
well as a harbormaster, Folin specialized 
in tube-forming mollusks on which he 
would later contribute to the Challenger 
Reports (Folin, 1886). 

Les Fonds de la Mer was originally 
printed in 16-page issues of text with 
plates (Figure 1). The first “volume,” com-
posed of issues published from 1867 to 
1872, contained contributions by George 
S. Brady, who would later contribute to 
the Challenger Reports (Brady, 1880), and 
Alphonse Milne Edwards, whose interests 
included mammals, birds, and crusta-
ceans and who (along with Folin) would 
later be responsible for the Travailleur 
and Talisman expeditions. The first issues 
also contained early citizen science, as 
Folin reported extensively on diverse 
samples of deep-sea soundings and sedi-
ment types from around the globe sent to 
him or delivered by the captains or offi-
cers of ships, many traveling to or from 
Bayonne. Issues of the Les Fonds de la 
Mer appeared irregularly, with the last 
issues delivered in 1887. While this first 
marine science serial is very nearly for-
gotten, it shows that some French scien-
tists had a marked interest in the deep sea 
well before the Challenger Expedition, 
and that they maintained close relation-
ships with British scientists who would 
later be involved in analyzing samples 
from Challenger. 

Since Thomson ‘s book on the prelim-
inary results of Challenger appeared in 
1878, it is plausible, and even probable, 

that the success of the British Challenger 
Expedition prompted, at least in part, 
Alphonse Milne Edwards to plead in 
Paris before the Academy of Sciences in 
1880 for French expeditions, at the behest 
of Folin. Milne Edwards had been elected 
to the academy only the year before at the 
relatively young age of 43. He success-
fully argued for government financing for 
deep-sea expeditions (Milne  Edwards, 
1881), as many deep-sea expeditions had 
been carried out in recent years but none 
in waters near France or by the French, 
except for private efforts by himself and 
Folin. With the support of the Academy of 
Sciences (roughly the French equivalent 
of the British Royal Society of London), 
the Ministry of Education named a com-
mission to organize expeditions to explore 
the deep sea, headed by invertebrate zool-
ogist Henri Milne-Edwards, and includ-
ing his son Alphonse, Folin, a number of 
French zoologists, and also the British sci-
entists John Gwyn Jeffreys (who had been 

FIGURE 1. (a) The cover of volume one of Les Fonds de la Mer published in issues of 16 pages from 
1867 to 1871. (b) Plate 17 from an 1869 article in Les Fonds de la Mer on fauna of Cape Verde with 
descriptions of new species by George S. Brady and Alphonse Milne Edwards (Folin et al., 1869).

FIGURE 2. The instigators and organizers of 
the deep-sea expeditions: (a) Leopold Folin 
(1817–1896) and (b) Alphonse Milne Edwards 
(1835–1900).

a

a

b

chief scientist aboard Porcupine in 1869) 
and Alfred Norman. Folin and Alphonse 
Milne Edwards (Figure 2) obtained the 
use of a navy steamer, Travailleur, from 
the Ministry of Maritime Affairs for an 
expedition to sample the deep sea.

b
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THE EXPEDITIONS OF 
TRAVAILLEUR AND TALISMAN
Travailleur was a 45 m long side-wheel 
steamer (Figure 3a), usually with a crew 
of about 90, but increased to 128 for the 
anticipated intensive dredging opera-
tions. The dredge used was that designed 
by the American naturalist Alexander 
Agassiz: it worked equally well which-
ever way it fell onto the seabed. The first 
expedition of two weeks duration in July 
of 1880 in the Bay of Biscay was basi-
cally a shakedown cruise. With 23 dredge 
hauls made between 300 m and 2,600 m 
depth, and 103 soundings, the cruise 
was a resounding success. Preliminary 
reports by the two British naturalists 
aboard Travailleur, Jeffreys and Norman, 
appeared very quickly, noting findings of 
new deep-sea forms and even some mol-
lusks thought to be extinct (Jeffreys, 1880; 
Norman, 1880). 

Based on the success of the first 
cruise, eight weeks of ship time was 
granted for the following year to explore 
the depths of the North Atlantic and 
the Mediterranean. During the second 
Travailleur expedition in July and August 
of 1881, the ship, equipped with 15 km of 
cable for dredging and new samplers for 
taking discrete depth water samples, trav-
eled from Bayonne on the Atlantic coast 
to the Mediterranean. Mostly sampling 
in the Northwest Mediterranean Sea (see 
Figure 3b), about 50 deepwater dredge 
hauls were made; the Mediterranean fauna 
was found to be largely a subset of that 
known from the depths of the Atlantic, 
where the deepwater fauna appeared to 
be much richer. Again, the preliminary 
scientific results were described as unique 
and significant (Milne-Edwards, 1882), 
justifying continuing the explorations the 
following year.

The third Travailleur cruise lasted the 
entire months of July and August of 1882 
and was dedicated to exploration of the 
seafloor in the North Atlantic between 
Bayonne and the islands of Madeira and 
the Canaries, thus ranging much further 
offshore than the previous cruises. Dredge 
hauls were made at 71 stations, again 

FIGURE 3. (a) The 45 m long side-wheel steamer Travailleur used in 1880, 1881, and 1882. 
(b) Cruise tracks of Travailleur and Talisman. (c) The 75 m long steamer Talisman used in the 
1883 cruise. Ship drawings from Folin, 1887, Talisman drawing by Folin, map from Anonymous, 
1880–1890

c

b

a
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bringing up new species. The ship, how-
ever, with its limited range, proved to be 
less than ideal for open-water sampling. 
The final expedition the following year 
therefore employed a larger steamer with 
a longer range of operation, Talisman.

Talisman (Figure 3c) was a 75 m long 
vessel equipped with a steam-driven pro-
peller as well a full complement of sails. 
It sailed from Rochefort (see Figure 3b) 
on June 1 and returned on August 31, 
1883. Sampling was conducted along the 
Atlantic coasts of Morocco, Sudan, and 
Senegal, then through the Canaries, the 
Azores, and out to the edge of the Sargasso 
Sea. Along the cruise track, 212 sound-
ings and 156 dredge hauls were carried 
out, some to depths of 5 km. This last 
cruise with Talisman yielded some of the 
more spectacular finds such as the iconic 
deep-sea fish, the gulper eel, and decapod 
crustaceans with odd morphologies, one 
named after Talisman (Figure 4). Jeffreys 
(1884) reported on the Talisman cruise, 
and the participants were honored by 
the Academy of Sciences with medals of 
honor. A popular account of the expedi-
tion by Filhol was serialized in the French 
journal La Nature (Filhol, 1884); excerpts 
were translated into English and pub-
lished in installments in the American 
journal Science (Anonymous, 1884a).

SUMMARY OF THE SCIENTIFIC 
RESULTS OF THE TRAVAILLEUR 
AND TALISMAN EXPEDITIONS
Many new species were described from 
the material gathered during the expedi-
tions. However, as is often the case, most 
forms described as new eventually turned 
out to have been previously described 
under another name. For example, in his 
monographic treatment of mollusks from 
the expeditions, Locard (1897–1898) 
described 163 forms as new, and of those, 
only 56 are currently credited as valid 
original descriptions. Likewise, only 7 of 
the 70 species of bryozoans described as 
new by Calvet (1906) are currently cred-
ited to him. Nonetheless, a large number, 
at least 176 species descriptions based on 
expedition material, are still recognized 

FIGURE 4. The surprising morphologies of deep-sea fauna found during the expeditions. 
(a) The iconic deep-sea fish, the gulper eel. (b) Deep-sea crustaceans, including a new spe-
cies named for Talisman, Ethusina talismani.

b

a

as valid. This estimate is conservative as 
it is not always clear from the descrip-
tions if the specimens used were from 
the expeditions or from other collec-
tions (e.g.,  Milne Edwards and Bouvier, 
1900). Most of the new forms found were 
benthic macrofauna, shelled mollusks, 
echinoderms, and crustaceans (Figure 5). 

A substantial literature concerning 
the expeditions themselves, or the mate-
rial collected, was produced totaling at 
least 126 works. It is probable that my 

searches did not uncover all the publi-
cations, but of those found, almost half 
concern the benthic megafauna, mirror-
ing to a large extent the descriptions of 
new species (Figure 5). In addition, there 
were also technical accounts: cruise nar-
ratives destined for a professional audi-
ence (e.g.,  geographers) and official 
cruise accounts (e.g.,  for the Maritime 
Ministry). The most cited publications 
(according to Google Scholar) are those 
on the taxonomic groups, with many new 
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of the Travailleur and Talisman). 
Organized by Milne Edwards with other 
staff of the museum’s Laboratory of 
Zoological Anatomy and Physiology, the 
exhibition was opened with great cere-
mony by the Minister of Education in 
the company of a variety of politicians 
and the captains of both Travailleur and 
Talisman, as well as all the museum pro-
fessors (Anonymous, 1884b). From 
January to March 1884, the public was 
invited to admire not only specimens of 
the odd fauna found but also to examine 
for themselves some of the instruments 
and equipment used to explore the deep 
sea (Figure 6). The exhibit was enor-
mously successful, described as draw-
ing crowds not previously seen at the 
museum (Lacroix, 1926). The exhibition 
appears to be one of the earliest efforts of 
outreach in oceanography.

In addition to the exhibition, the expe-
dition participants also wrote books, 
aimed at general audiences, about the 
deep sea in general and the expeditions in 
particular. The first and most spectacular 
to appear, as it included four color plates 
(e.g.,  Figure 7), was by Henry Filhol in 
1885, La Vie au Fonds Des Mer: Les explo-
rations sous-marines et les voyages du 
Travailleur et du Talisman (Life at the 
bottom of the sea: The under-sea explo-
rations and voyages of the Travailleur 

FIGURE 6. Illustrations show scenes of L’Exposition Sous-Marine du Travailleur et du Talisman, which ran at the National Museum of Natural History 
(Paris) from January 26 to March 16, 1884. The exhibition included specimens and illustrations of deep-sea fauna as well as, importantly, the equipment 
and instruments used in oceanographic studies. Thus, the exhibit displayed not only the deep-sea creatures found but also how the creatures were 
found. Illustrations from Filhol, 1884, and Dollo, 1891

FIGURE 5. Numbers of new species described from expedition material 
pooled into large taxonomic groups and numbers of expedition publications 
pooled by subject. 

2008; Adler and Dücker, 2018). Thus, 
ironically, the scientific results of the 
expeditions of Travailleur and Talisman 
likely are better known to microbiologists 
than to oceanographers.

POPULARIZATION OF THE 
DEEP SEA BY EXPEDITION 
PARTICIPANTS
Just a few months after Talisman returned 
to its homeport of La Rochelle, a large pub-
lic exhibition was installed in the National 
Museum of Natural History in Paris: 
L’Exposition Sous-Marine du Travailleur 
et du Talisman (The Undersea Exhibition 

species described, again mollusks and 
crustaceans. Exceptions are well-cited 
publications that describe bacteria cul-
tured from deep Mediterranean Sea sed-
iment samples collected during the 1881 
Travailleur expedition and early experi-
ments examining the tolerance of a variety 
of microbes for high pressure, like that of 
the deep sea. The papers by Adrian Certes 
(1884a,b; Certes and Cochin 1884), based 
on work he carried out in the laboratory 
of Louis Pasteur, are well recognized as 
the beginnings of deep-sea microbiology 
(e.g.,  Zobell, 1952; Jannasch and Taylor, 
1984; Levin and Gooday, 2003; Bartlett, 



Oceanography  |  June 2020 131

and of the Talisman). Henry Filhol would 
later hold the Chair of Comparative 
Anatomy at the Museum of Natural 
History and be elected to the French 
Academy of Sciences.

The second book, by Edmond Perrier, 
subsequently to become the director of 
the National Museum of Natural History, 
was published a year later, in 1886. From 
its title, Les Explorations Sous-Marin 
(Undersea Explorations), the book was 
clearly not focused exclusively on the 
Travailleur and Talisman expeditions nor 
on the deep sea. But, as noted in the 
preface, Perrier relied considerably on the 
expeditions’ results and the contributions 
of other cruise participants, including 
both Folin and Filhol. Second and third 
editions were published in 1891 and 1899 
(Perrier, 1891, 1899). The third popu-
lar book appeared in 1887: Sous les Mers: 
Campagnes d’explorations du Travailleur 
et du Talisman (Under the Sea: The cam-
paigns of exploration of the Travailleur 
and of the Talisman) by the instigator 
of the expeditions, Léopold Folin. By 
then age 70, Folin dedicated the book 
to his grandson “hoping he also will be 
interested in the study of the sea” (Folin, 
1887). The fact that these books appeared 
in such quick succession (i.e., 1885, 1886, 
1887, 1891, and 1899) suggests that the 
publishers found a solid market for pop-
ular books on the deep sea.

NEGLECT OF THE 
EXPEDITIONS DUE TO THE 
SLOW DEVELOPMENT OF 
OCEANOGRAPHY IN FRANCE?
The Travailleur and Talisman expeditions 
were scientific and public relations suc-
cesses, an auspicious beginning to ocean-
ography in France. However, with the 
singular exception of Saldanha (2002), in 
accounts of the history of oceanography, 
they are either mentioned only in pass-
ing (e.g.,  Deacon, 1971; Menzies et  al., 
1973) or neglected (e.g.,  Wüst, 1964; 
Sears and Merriman, 1980) as pointed 
out by Mills (1983). This is likely due, 
at least in part, to the fact that the expe-
ditions were not followed by sustained 

FIGURE 7. Plate 2 of La Vie au Fonds des Mer: Les explorations sous-marines et 
les voyages du Travailleur et du Talisman (Life at the bottom of the sea: The under-
sea explorations and voyages of the Travailleur and of the Talisman; Filhol, 1885) 
depicts organisms from depths between 1,000 m and 1,500 m. 

development of oceanography in France. 
This was largely true until the 1960s. This 
is not to say that there were no French 
oceanographic expeditions; there were, 
for example, the early twentieth cen-
tury voyages of Jean-Baptist Charcot to 
the Arctic and Antarctic, but they were 
conducted without the direct support of 
governmental agencies (Laubier, 1992). 
Meanwhile in other countries, such as 
the United States, Germany, and the 
United Kingdom, oceanography grew 

rapidly in the first half of the twenti-
eth century with the establishment by 
the 1930s of oceanographic institutions 
and graduate programs in oceanogra-
phy (Vaughn, 1937). Admittedly, assess-
ing why oceanography failed to develop 
similarly in France is largely speculation. 
Nonetheless, a few non-exclusive expla-
nations can be offered.

One factor may have been a lack of sci-
entists of stature advocating for ocean-
ography. The instigators of the expedi-
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tions, Folin and Milne Edwards, both 
died by 1900. Although the other scien-
tists involved eventually acquired con-
siderable stature, they were classic zool-
ogists working on a variety of taxa and 
not focused on studies of the sea. There 
were no French personalities comparable 
to John Murray in the United Kingdom, 
Alexander Agassiz in the United States, 
Johan Schmidt in Denmark, or Victor 
Hensen in Germany. Another possible 
factor is that the oceanographic institute 
created by the Prince of Monaco in Paris, 
along with his voyages (which furnished 
specimens for researchers in France), 
reduced impetus and need for the estab-
lishment of a French oceanographic insti-
tution. Ironically, the Prince of Monaco 
is said to have been greatly inspired to 
create the Museé Océanographique in 
Monaco by the Travailleur and Talisman 
exhibition at the National Museum of 
Natural History (Carpine-Lancre, 2001). 
The Institute Océanographique in Paris 
employed some research staff, and classes 
were given, but it did not confer diplomas. 

Another aspect is that marine science 
in France was, by the early 1900s, over-
whelmingly dominated by marine biol-
ogists working on littoral habitats in a 
large number of marine stations, part 
of what Antony Adler (2019) termed 
“The Marine Station Movement.” Charles 
Kofoid’s 1910 book, The Biological 
Stations of Europe, listed 14 marine sta-
tions in France (excluding fisheries labo-
ratories) compared to eight in the United 
Kingdom and only three in Germany. 
Thus, in France, there was a relatively 
large population of shore-based biol-
ogists perhaps nearly monopolizing 
available resources. Eric Mills (2009) 
discussed “the failure of French oceanog-
raphy” and pointed out that for a variety 
of reasons, French physical oceanogra-
phers in the early 1900s were few in num-
ber and appear to have been isolated from 
scientific currents in other countries. 
Regardless of the reasons, oceanography, 
although today quite strong, was undeni-
ably slow to develop in France. 

The first French vessel specifically 

built for deepwater oceanographic work 
was Président Théodore Tissier in 1933 
(Le  Danois, 1948), but by 1938 it was 
transferred to the merchant marine for 
use as a training vessel. In the Cold War 
era, the strong ties of ocean scientists with 
the navy that characterized the devel-
opment of oceanography in the United 
States (i.e., the Office of Naval Research) 
apparently did not exist in France. It was 
not until 1968 that another deepwater 
oceanographic vessel, Jean Charcot, was 
launched; the vessel was described as 
“designed with the ambition of allowing 
our country to recover its place among 
the leading nations of oceanography” 
(Laubier, 1985). Some of the first ocean-
ographic campaigns of both Président 
Théodore Tissier and Jean Charcot were 
dedicated to sampling the benthos of 
the Bay of Biscay (Le Danois, 1948; 
Laubier, 1985) as was the first expedi-
tion of Travailleur. Although courses in 
ocean sciences were offered in the uni-
versities, degree programs were not cre-
ated in France until the late 1960s, at 
about the same time that the national sci-
ence organization, the Centre National 
de la Recherche Scientifique (the larg-
est employer of research scientists in 
France), formally recognized oceanog-
raphy as a distinct scientific discipline 
(Geistdoerfer, 2015). 

CONCLUSION
On the heels of the Challenger Expedition, 
the early French deep-sea explorations of 
Travailleur and Talisman, while not of 
the same magnitude as the Challenger 
Expedition, uncovered a large number 
of novel organisms, including the first 
deep-sea bacteria and the ever-popu-
lar gulper eel (e.g., https://www.youtube.
com/watch?v=iT_EMKl2A3Y). The sci-
entists involved in the explorations pro-
duced not only a considerable number 
of scientific publications, many still cited 
today, but also a museum exhibition, arti-
cles in the popular press, and several gen-
eral audience books, all on the deep sea. 
Despite their scientific and popular suc-
cesses, the Travailleur and Talisman voy-

ages are rarely remembered. I hope that, 
with the story told here of the remark-
able expeditions of Léopold Folin and 
Alphonse Milne Edwards, they will per-
haps be less neglected. 

SUPPLEMENTARY MATERIALS
A file containing lists of publications from the expe-
ditions and of species described from expedition 
material, currently recognized as valid first descrip-
tions, is available online at https://doi.org/​10.5670/
oceanog.2020.202.
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INTRODUCTION 
The SOEST Scholars program is an 
undergraduate research program at the 
School of Ocean and Earth Science and 
Technology (SOEST) at the University 
of Hawai‘i (UH) that runs throughout 
the academic year. Like many under-
graduate research programs, it includes 
closely mentored research experiences, 
professional development training, and 
cohort-building activities. Originally 
developed by the Center for Microbial 
Oceanography: Research and Education 
(C-MORE) to train students in biological 
oceanography, the program later evolved 
into the SOEST Scholars Program in 2016 
and now spans a wider variety of disci-
plines, including chemical and physical 
oceanography, Earth science, and envi-
ronmental science. 

There is a continuing lack of diversity 

in the field of oceanography. Although 
the number of PhDs awarded in ocean-
ography has risen sharply in the last 
decade, those awarded to ethnic and 
racial minorities have remained stag-
nant (Bernard and Cooperdock, 2018). 
Thus, one of our key program goals is to 
broaden participation among students 
from groups that have been traditionally 
underrepresented in STEM, including 
women, indigenous students, and other 
ethnic and racial minorities. Toward this 
goal, we established recruiting partner-
ships with various Native Hawaiian and 
minority-serving organizations, includ-
ing community colleges, and this has 
led to a diverse cohort of undergraduate 
SOEST Scholars. However, for these stu-
dents to persist on a STEM pathway and 
ultimately diversify the field of ocean-
ography, developing research and other 

technical skills is not enough: they also 
need to develop self-efficacy.

Self-efficacy (a person’s belief that they 
can accomplish a given task or achieve a 
desired outcome) has been shown to be a 
key factor in successful academic perfor-
mance that can help motivate students to 
persist in the face of adversity (Bandura, 
1977; Multon et  al., 1991; Zimmerman, 
2000), including in the ocean and Earth 
sciences (Kortz et  al., 2019) and across 
STEM fields (Andrew, 1998; Williams 
and George-Jackson, 2014). In some 
studies (Zusho et  al., 2003), self-efficacy 
predicted student performance and per-
sistence better than other cognitive vari-
ables, even when controlling for prior 
achievement (Lent et  al., 1986). Studies 
of indigenous students have similarly 
shown significant, positive relationships 
between self-efficacy and academic suc-
cess (Bryan, 2004; Frawley et  al., 2017) 
and between self-efficacy and persistence 
(Gloria and Robinson Kurpius, 2001).

The motivation of this study is to see 
how student self-evaluations of their own 
skills and performances compare with 
their advisors’ evaluations. This analysis 
could potentially shed light on student 
self-efficacy. Further, this paper explores 
any potential differences between stu-
dent vs. advisor assessments through a 
demographic lens, as prior research stud-
ies indicate that students from under-
represented groups—such as women 
(Hackett, 1985; Falk et al., 2016), Native 
Americans (Brown and Lavish, 2016), and 
other underrepresented minorities (Carpi 
et  al., 2017)—tend to report lower self- 
efficacy. Thus, these results can inform 
how we train diverse undergraduate 
researchers in oceanography. 

ABSTRACT. This study involves survey data collected from 30 diverse undergraduates 
and their research advisors in oceanography and related fields who participated in the 
SOEST Scholars Program at the University of Hawai‘i in 2016–17 and 2017–18. At the 
end of the research experience, students and their advisors each complete online sur-
veys to evaluate student performance and growth over the course of the program on a 
scale of 1 (low) to 5 (high). The results indicate that, on average, (1) the students (4.06) 
underrate their performance relative to their advisors’ assessments (4.24), a difference 
(D = 0.18) that is highly significant (p = 0.005), and (2) there is no statistically signifi-
cant difference between student and advisor assessments of student growth (p = 0.25). 
Further analysis by student demographics reveals distinct differences by gender and 
ethnicity. In particular, women of Native Hawaiian and Pacific Islander ancestry showed 
the greatest (D = 0.36) and most significant (p = 0.02) underrating of their own per-
formances relative to their advisors’ assessments. In contrast, the mean student-advisor 
differences obtained for men and non-indigenous students were statistically insignifi-
cant (p = 0.31 and 0.18, respectively). This paper explores various possible interpreta-
tions of these results and their implications for how we train and assess students, and 
it includes recommendations for undergraduate research programs in oceanography. 
Specifically, we recommend intentionally focusing on building student self-efficacy 
alongside technical training, designing evaluation instruments that avoid the use of 
self-promoting language, and scheduling—or at least revisiting—discussions on STEM 
pathways and careers toward the end of the undergraduate research experience. 
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DATA AND METHODS
Survey data were collected from 
30 diverse undergraduates and their 
research advisors who participated in the 
SOEST Scholars Program in 2016–17 and 
2017–18 (response rate of 83%). Figure 1 
summarizes student demographics.

We collected two types of survey data, 
which we term “Absolute” and “Growth.” 
In the Absolute set, students and advi-
sors evaluate the students’ skills and per-
formances at the end of the research 
experience in 10 areas (e.g.,  amount 
of work accomplished, quality of work 
performed) along a five-point Likert 
scale ranging from Unsatisfactory 
to Excellent. In the Growth set, stu-
dents and advisors evaluate the extent 
to which the students changed or grew 
over the course of the research expe-
rience in nine areas (e.g.,  works more 

independently, takes more initiative to 
problem-solve) along a five-point Likert 
scale ranging from Strongly Disagree to 
Strongly Agree. (Table 1)

Our null hypothesis is that there is 
no statistically significant difference 
between student vs. advisor assessments 
of students’ skills and performances, as 
measured by Absolute and Growth sur-
vey items. We test this hypothesis in two 
ways: (1) comparing the student vs. advi-
sor responses to each individual sur-
vey item, and (2) comparing the student 
vs. advisor responses to each data set 
(Absolute and Growth) as a whole. For 
the former analysis, we perform a paired, 
two-tailed t-test. For the latter, we apply a 
non-​parametric permutation test.

We then examined any differences in 
student-advisor ratings by gender, eth-
nicity, and the intersectionality of these 

identities. This analysis was motivated by 
previous studies that found that women 
and certain minority groups—and par-
ticularly students at the intersection 
of those identities—often report lower 
self-efficacy (see Introduction). For 
gender, we compared men vs. women, 
as none of the students reported a non-​
binary gender. For ethnicity, we com-
pared Native Hawaiians and Pacific 
Islanders (NHPI) vs. non-indigenous 
students (non-NHPI); this choice was 
determined by the data set rather than 
a priori, as 50% of our students were 
NHPI. For the intersectionality analy-
sis, we compared four categories: NHPI 
women, NHPI men, non-NHPI women, 
and non-NHPI men. 

Further details on data and meth-
ods are provided in the online supple-
mentary materials.

Caucasian
5

Asian
5

Filipino
3

African 
American

2

Paci�c
Islander

1

Female
16

Male
14

(a) Gender (b) Ethnicity

Native
Hawaiian

14

FIGURE 1. Gender and ethnicity demographics of 30 SOEST Scholars involved in the study 
described here. Half (15) are Native Hawaiians and Pacific Islanders (NHPI); the other half represent 
a range of non-indigenous identities. 

TABLE 1. Quantification of Likert responses to Absolute and Growth survey items on a scale of 1 to 5.

LIKERT SCALE RESPONSES

1 2 3 4 5

ABSOLUTE SURVEY ITEMS Unsatisfactory Fair Satisfactory Very Good Excellent

GROWTH SURVEY ITEMS Strongly Disagree Disagree Not Sure Agree Strongly Agree



Oceanography  |  June 2020 137

FIGURE 2. Histogram of student (orange) vs. advisor (blue) responses to 
Absolute survey items. Error bars represent ±1 one standard error of the 
mean. In eight of 10 survey items, the advisors rate the students more 
highly than the students rate themselves; however, most of these differ-
ences are not statistically significant.

RESULTS
Absolute Results  
(All Students and Advisors)
As a group, the 30 SOEST Scholars con-
sistently underrated their Absolute skills 
and performances relative to their advi-
sors’ ratings (Table 2 and Figure 2). For 
eight of 10 survey items, D values were 
positive, ranging from 0.03 to 0.40, indi-
cating that the students’ mean self-​ratings 
were lower than the advisors’ mean rat-
ings. The remaining two items yielded 
D  =  0 and D  =  –0.03, respectively indi-

FIGURE 3. Distribution of permutation test results for the Absolute 
data set (10 survey items combined), showing highly significant 
student​-​advisor differences (observed mean difference  =  0.18; 
p = 0.005). 

TABLE 2. Comparison of advisor vs. student responses to 10 Absolute survey items assessing student skills and perfor-
mances at the end of the undergraduate research experience. 

ABSOLUTE SURVEY ITEMS S S SEM A A SEM D p

1. Amount of work accomplished 3.87 0.13 4.07 0.17 0.20 0.28

2. Quality of work performed 3.93 0.13 4.33 0.14 0.40 0.04

3. Self-motivation & willingness to take initiative 4.30 0.15 4.33 0.17 0.03 0.87

4. Organizing tasks in an efficient manner 3.87 0.11 4.23 0.19 0.37 0.05

5. Verbal and written communication skills 3.63 0.13 3.93 0.16 0.30 0.12

6. Behaving in a professional manner 4.30 0.13 4.43 0.15 0.13 0.40

7. Working as a member of a research team 4.40 0.12 4.40 0.14 0.00 1.00

8. Working independently as appropriate 4.23 0.16 4.20 0.18  –0.03 0.89

9. Analyzing my performance & trying to improve 4.03 0.15 4.10 0.16 0.07 0.75

10. Maintaining research hours and schedule 4.07 0.17 4.33 0.18 0.27 0.17

All Absolute Survey Items 4.06 0.05 4.24 0.05 0.18  0.005

S = Mean student self-assessment. 
S SEM = Standard Error of S. 
A = Mean advisor assessment. 
A SEM = Standard Error of A. 

D = A – S. 
p = Probability value. For individual survey items, p is calculated 
from a two-tailed, paired t-test. For all Absolute survey items 
combined, p is calculated empirically from a permutation test.

cating that the mean student self-​rating 
was identical or very slightly higher than 
the mean advisor rating. T-test results 
for each survey item indicate that most 
of these student-advisor differences were 
not statistically significant (defined as 
p < 0.05): the only survey items found 
to have significant student-advisor dif-
ferences were Quality of work performed 
(Absolute Item 2) and Organizing tasks in 
an efficient manner (Absolute Item 4). 

These data raise the question: Even 
though the advisor-student differences 

(D) for individual Absolute survey items 
are generally not statistically significant, 
does the general pattern of positive D val-
ues indicate that the students are statisti-
cally significantly underrating themselves 
relative to their advisors’ assessments 
on Absolute survey items as a whole? 
To answer this question, we performed 
a permutation test, and the answer is 
a resounding yes. We found p  =  0.005, 
indicating that the advisor-student differ-
ences are highly significant (Figure 3 and 
last row of Table 2). 
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Growth Results  
(All Students and Advisors)
In contrast to the Absolute survey items, 
there is no systematic pattern of students’ 
underrating their Growth over the course 
of the research experience relative to their 
advisors’ ratings, let alone a statistically 
significant one (Table 3 and Figure 4). 
In fact, for six of the nine Growth items, 
students self-ranked their Growth higher 
than did their advisors (D < 0). Applying 
a paired, two-tailed t-test to each Growth 
survey item, none of these differences were 
statistically significant at α = 0.05 and only 

FIGURE 4. Histogram of student (orange) vs. advisor (blue) responses to 
Growth survey responses. Error bars represent ±1 one standard error of the 
mean. In contrast to the Absolute data, in six of nine Growth survey items, 
the advisors rate student growth lower than the students rate themselves, 
although these differences are generally not statistically significant.

FIGURE 5. Distribution of permutation test results for the Growth 
data set (nine survey items combined), showing that the observed 
student-advisor differences are statistically insignificant (observed 
mean difference = –0.07; p = 0.25).

TABLE 3. Comparison of advisor vs. student responses to nine Growth survey items assessing growth during the undergraduate 
research experience. On the student survey, all Growth items begin with the phrase: “Compared to before I started the Scholars 
Program, I now…” On the advisor survey, the wording is “Compared to when s/he started the Scholars Program, the student now…”

GROWTH SURVEY ITEMS S S SEM A A SEM D p

1 Work more independently 3.93 0.17 4.07 0.15 0.13 0.51

2 Take more initiative to problem-solve 4.13 0.16 4.07 0.15  –0.07 0.75

3 Am more confident about my STEM abilities 4.17 0.10 4.30 0.15 0.13 0.38

4 Have a larger professional network 4.47 0.13 4.33 0.14  –0.13 0.35

5 Am more interested in attending graduate school 4.20 0.15 3.90 0.16  –0.30 0.06

6 Am more excited about STEM 4.13 0.12 4.03 0.14  –0.10 0.40

7 Have a better understanding of how to succeed in school 4.17 0.14 4.13 0.14  –0.03 0.87

8 Have a better understanding of how to conduct research 4.47 0.11 4.60 0.10 0.13 0.35

9 Am more interested in pursuing a STEM career 4.30 0.14 3.93 0.16  –0.37 0.08

All Growth Survey Items 4.22 0.05 4.15 0.05  –0.07 0.25

S = Mean student self-assessment. 
S SEM = Standard Error of S. 
A = Mean advisor assessment. 
A SEM = Standard Error of A. 

D = A – S. 
p = Probability value. For individual survey items, p is calculated 
from a two-tailed, paired t-test. For all Growth survey items com-
bined, p is calculated empirically from a permutation test.

two p < 0.10 (p ranged from 0.06 to 0.75). 
The two greatest—and most statis-

tically significant—disparities between 
student vs. advisor mean ratings (both 
D < 0) pertained to the two survey items 
that concerned students’ future plans: 
Growth  Item  5. Compared to before 
I started the program, I now am more 
interested in attending graduate school 
(D  =  –0.30; p  =  0.06). Growth  Item  9. 
Compared to before I started the program, 
I now am more interested in pursuing a 
STEM career (D  =  –0.37; p  =  0.08). For 
both survey items, the students, on aver-

age, self-reported greater Growth during 
the course of the undergraduate research 
experience than did their advisors, result-
ing in D < 0. 

Performing a permutation test on the 
complete Growth data set (all nine survey 
items combined) yielded p  =  0.25. That 
is, 25% of the 100,000 permutations were 
tailward of the observed mean difference 
(–0.07; Figure 5). The low significance 
of this p-value is unsurprising, given 
the lack of systemic differences between 
the student vs. advisor responses to the 
Growth survey items (Figure 4).
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Demographic Analyses 
Here, we present the results of our demo-
graphic analyses by gender (men and 
women), ethnicity (NHPI and non-
NHPI), and the intersection of gender 
and ethnicity (NHPI women, NHPI 
men, non-NHPI women, and non-NHPI 
men). For each analysis, we applied the 
permutation test methodology described 
above to the entire sets of Absolute and 
Growth survey items. 

GENDER
We found that both male (3.97) and 
female (4.14) students’ mean responses 
to Absolute survey items were lower than 
the corresponding advisors’ assessments 
(4.06 and 4.39, respectively). However, 
only the female students’ self-assessments 
were significantly less than their advi-
sors’ assessments. The difference between 
ratings given by male students and their 
advisors on Absolute survey items was 
smaller in magnitude (D = 0.09 male vs. 
0.24 female) and much less significant 
(p = 0.31 male vs. 0.01 female) (Table 4a). 

For Growth survey items, the male 
students’ mean self-assessments (4.01) 
were again slightly lower but statistically 
indistinguishable (p  =  0.69) from their 
advisors’ assessments (4.05). However, 
for female students, a different pattern 
emerged. The female students, as a group, 
self-rated their Growth more highly 
(4.41) than did their advisors (4.24), and 
this difference was reasonably significant 
(p = 0.06) (Table 4b).

Together, the Growth and Absolute 
permutation analyses indicate that female 
SOEST Scholars, on average, significantly 
underrated their skills and performances 
at the end of a research experience rela-
tive to their advisors’ assessments, but 
self-reported more Growth. In contrast, 
mean differences between male SOEST 
Scholars self-assessments vs. their advi-
sors’ assessments were much smaller and 
within the range of error (not statisti-
cally significant). 

ETHNICITY
We found that both NHPI (3.91) and 
non-NHPI (4.21) students’ mean 
responses to Absolute survey items were 
lower than the corresponding advisors’ 
assessments (4.15 and 4.32, respectively). 
However, only the NHPI students’ mean 
self-​assessments were significantly less 
than their advisors’ mean assessments 
(p = 0.01). The difference between ratings 

given by non-NHPI students and their 
advisors on Absolute survey items was 
much less significant (p = 0.18) (Table 5a). 

For Growth survey items, both NHPI 
(4.24) and non-NHPI (4.21) students’ 
mean self-assessments were slighter 
higher but statistically indistinguishable 
(p  =  0.31 and 0.60, respectively) from 
their advisors’ assessments (4.15 and 
4.16, respectively) (Table 5b). 

TABLE 5. Comparison of advisor vs. student responses to (a) Absolute and (b) Growth sur-
vey items by gender (men and women) and ethnicity (NHPI and non-NHPI) through an inter-
sectionality analysis.

n S S SEM A A SEM D p

(a) Intersectionality Analysis of Absolute Survey Items

NHPI Women 8 3.80 0.10 4.16 0.11 0.36 0.02

NHPI Men 7 4.04 0.07 4.14 0.12 0.10 0.43

Non-NHPI Women 8 4.49 0.08 4.61 0.07 0.12 0.18

Non-NHPI Men 7 3.90 0.09 3.99 0.10 0.09 0.59

All 30 4.06 0.05 4.24 0.05 0.18  0.005

(b) Intersectionality Analysis of Growth Survey Items

NHPI Women 8 4.25 0.07 4.18 0.09  –0.07 0.63

NHPI Men 7 4.23 0.07 4.11 0.10  –0.12 0.38

Non-NHPI Women 8 4.57 0.09 4.31 0.10  –0.26 0.04

Non-NHPI Men 7 3.79 0.11 3.98 0.10 0.19 0.13

All 30 4.22 0.05 4.15 0.05  –0.07 0.25

TABLE 4. Comparison of advisor vs. student responses to (a) Absolute and (b) Growth survey 
items by gender (men and women) and ethnicity (NHPI and non-NHPI). No students reported 
other genders.

CATEGORY VARIABLE n S S SEM A A SEM D p

(a) Demographic Analysis of Absolute Survey Items

Gender
Men 14 3.97 0.06 4.06 0.08 0.09 0.31

Women 16 4.14 0.07 4.39 0.07 0.24 0.01

Ethnicity
NHPI 15 3.91 0.06 4.15 0.08 0.24 0.01

Non-NHPI 15 4.21 0.06 4.32 0.06 0.11 0.18

All Data 30 4.06 0.05 4.24 0.05 0.18  0.005

(b) Demographic Analysis of Growth Survey Items

Gender
Men 14 4.01 0.07 4.05 0.07 0.04 0.69

Women 16 4.41 0.06 4.24 0.07  –0.17 0.06

Ethnicity
NHPI 15 4.24 0.05 4.15 0.07  –0.09 0.31

Non-NHPI 15 4.21 0.08 4.16 0.07  –0.05 0.60

All Data 30 4.22 0.05 4.15 0.05  –0.07 0.25

S = Mean student self-assessment. 
S SEM = Standard Error of S. 
A = Mean advisor assessment. 
A SEM = Standard Error of A. 

D = A – S. 
p = Probability value calculated empirically 
from permutation test.

S = Mean student self-assessment. 
S SEM = Standard Error of S. 
A = Mean advisor assessment. 
A SEM = Standard Error of A. 

D = A – S. 
p = Probability value calculated empirically 
from permutation test.
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Together, these results indicate that NHPI SOEST Scholars, on average, significantly 
underrate their skills and performances at the end of a research experience relative to 
their advisors’ assessments and report slightly (but not significantly) more Growth. 
Mean differences between non-NHPI SOEST Scholars vs. their advisors’ assessments 
for both Growth and Absolute survey items were small and not statistically significant. 

INTERSECTIONALITY 
We explored the interplay between gender and ethnicity through an intersectionality 
analysis of four subgroups of students: NHPI women, NHPI men, non-NHPI women, 
and non-NHPI men. Although all subgroups, on average, underrated their Absolute 
skills relative to their advisors’ ratings (all D > 0), the magnitude and significance of 
the mean advisor-student difference varied greatly (Table 5a). NHPI women had the 
greatest (D = 0.36) and most significant (p = 0.02) underreporting of their Absolute 
skills and performances. Conversely, non-NHPI men had the smallest, least signifi-
cant student-​advisor difference (D = 0.09, p = 0.59). Assessments of Growth during 
the research experience were mixed, with all students except non-NHPI men self-​
reporting greater Growth than did their advisors, at greatly varying significant levels 
(0.04 to 0.63). Non-NHPI women reported the highest Growth (S = 4.31), the greatest 
disparity with their advisors’ ratings (D = –0.26), and the most significant differences 
(p = 0.04).Non-NHPI men were the only group of students to self-assess their mean 
Growth during the research experience as lower than did their advisors (D = 0.19, 
p = 0.13) (Table 5b). 

DISCUSSION AND RECOMMENDATIONS
As a group, the SOEST Scholars significantly underrated their Absolute skills and per-
formances relative to their advisors’ assessments (D = 0.18; p = 0.005). The advisor-​
student difference was most pronounced among NHPI women (D = 0.36; p = 0.02). 
As a group, the students were much more likely to rate themselves “very good” when 
their advisors rated them as “excellent” (Figure 6)—and this pattern was driven by the 
responses of NHPI women (Figure 7a) and NHPI men (Figure 7b). In this section, we 
explore possible interpretations of these results and their implications for training and 
assessing undergraduate researchers.
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FIGURE 6. Line graph of Absolute survey responses (all students and advisors) show-
ing that students’ underrating of their own research performances relative to their 
advisors’ assessments was largely due to students rating themselves “very good” in 
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FIGURE 7. Line graphs of Absolute survey 
responses for (a) NHPI women, (b) NHPI men, 
(c) non-NHPI women, and (d) non-NHPI men. In 
many cases, NHPI students rated themselves 
“very good” in cases where their advisors rated 
them “excellent.” This pattern was not seen 
among non-NHPI students. 
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Recommendation 1.  
Intentionally Focus on Building 
Student Self-Efficacy 
One explanation for mean student 
Absolute survey responses being lower, 
on average, than mean advisor ratings 
could be low student self-efficacy. If 
true, this would suggest that the SOEST 
Scholars program, and perhaps under-
graduate oceanography research pro-
grams in general, could be improved by 
intentionally focusing on building stu-
dent self-efficacy, which has been linked 
to academic and career success. Here 
are a few examples of how this could be 
in done in the context of undergraduate 
research training in oceanography (based 
on Bandura, 1977, and Kortz et al., 2019).

•	 Design research projects (e.g., field and 
laboratory work) such that some degree 
of troubleshooting is required. Rather 
than handing students a perfected 
methodology, leave some issues for the 
students to encounter that are within 
their skill sets to solve. Developing 
mastery by overcoming progressively 
more difficult obstacles through perse-
verance and hard work is a highly effec-
tive way of building self-efficacy. 

•	 Students also build self-efficacy 
through vicarious experiences: “If they 
can do it, I can too.” This is particularly 
effective when the person observed 
to be succeeding is of a similar back-
ground (e.g.,  gender, racial, or socio-
economic) to the student observer. For 
example, women mentoring women 
has been shown to significantly ben-
efit women’s confidence, persistence, 
and performance in STEM (Bettinger 
and Long, 2005; Drury et  al., 2011; 
Dawson et  al., 2015; Thomas et  al., 
2015; Herrmann et  al., 2016). It can 
sometimes be challenging, however, 
to find women, minority, and low-​
income role models and mentors in 
oceanography. Until the oceanography 
profession reflects our nation’s diver-
sity, we recommend employing diverse 
near-peer mentors (e.g., graduate stu-

dents) as well as professionals in other 
STEM fields (e.g.,  biology, engineer-
ing) to contribute relevant expertise.

•	 In addition to mastery and vicarious 
experiences, students build self-efficacy 
through social persuasion (e.g., being 
assured that success is possible) and 
reducing physical or emotional stress 
(e.g., through physical activity, positive 
environment; Bandura, 1977; Kortz 
et al., 2019). Service learning projects 
that address real-world needs (Astin 
et  al., 2000; Eyler et  al., 2001; Boyle 
et  al., 2007; Celio et  al., 2011), espe-
cially when combined with structured 
reflections (Conway and Amel, 2009) 
and outdoor activities (Stokes et  al., 
2015), invoke many of these strategies. 
Thus, incorporating these approaches 
into undergraduate research programs 
is highly recommended.

Recommendation 2.  
Design Evaluation Instruments 
to Avoid Use of Self-Promoting 
Language
A second, possibly related, interpretation 
for student Absolute survey responses 
being lower, on average, than the advi-
sor ratings could be that students in 
general—​and perhaps female and/or 
indigenous students in particular—may 
be less comfortable describing themselves 
or their research performances with 
self-promoting language. Lerchenmueller 
et al. (2019) found gender differences in 
how scientists present the importance of 
their research. Their textual analysis of 
over six million scientific research arti-
cles revealed that male-led research teams 
were 12% more likely to use glowing 
terms (e.g., “novel,” “unique,” “excellent”) 
to describe their research than female-led 
teams, and that such self-promotion was 
associated with greater numbers of cita-
tions. Kolev et al. (2019) similarly found 
gender differences in language use among 
scientists when communicating about 
their research. This is consistent with our 
findings that (particularly female NHPI) 
students are much more likely to rate 

themselves “very good” when their advi-
sors rate them as “excellent.” 

In contrast to the Absolute data, stu-
dents’ mean ratings of their Growth 
over the undergraduate research expe-
rience exceeded their advisors’ ratings. 
One explanation for this disparity is that 
a different Likert Scale was used, this 
time ranging from Strongly Disagree 
to Strongly Agree. Perhaps students, on 
average, felt more comfortable Strongly 
Agreeing with a statement that they 
improved considerably in a given skill set 
over the course of a research experience, 
compared with saying they were Excellent 
at the end of the research experience. 
Thus, it could be valuable to reframe 
survey item language to enable use of 
a Likert Scale ranging from Strongly 
Disagree to Strongly Agree, rather than 
from Unsatisfactory to Excellent.

Recommendation 3.  
Discuss STEM Pathways and 
Careers at the End of the Research 
Experience
Interestingly, the two greatest—​and 
most statistically significant—​disparities 
between student vs. advisor mean ratings 
on Growth survey items pertained to 
the two survey items that concerned 
students’ future plans: Growth  Item  5. 
Compared to before I started the pro-
gram, I now am more interested in attend-
ing graduate school (D = –0.30; p = 0.06). 
Growth  Item  9. Compared to before 
I started the program, I now am more 
interested in pursuing a STEM career 
(D  =  –0.37; p  =  0.08). For both sur-
vey items, the students, on average, self-​
reported considerably more Growth than 
did their advisors (hence D < 0). This sug-
gests that discussions and professional 
development on these topics may be 
more impactful if they are scheduled—or 
at least revisited—toward the end of the 
undergraduate research experience.

Limitations of This Study 
Both the t-test and permutation analyses 
are based on quantification of the Likert 
scale responses to integers. A short-
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coming of this approach is the inherent 
assumption of equal spacing between 
successive responses—for example, that 
the distance between “Strongly Disagree” 
and “Disagree” is the same as the distance 
between “Disagree” and “Not Sure.” For 

the t-test, this quantification is required. 
For the permutation test, it is possible 
to avoid this quantification by only con-
sidering the sign (not the magnitude) of 
the advisor-student difference. This sign-
only approach would entail assigning 
one of three sign values to each student-​
advisor pair, –1 (S > A), 0 (S  =  A), and 
+1 (A > S), computing the mean, and 
comparing this observed mean value to 
that obtained from (say, 100,000) permu-
tations of the original data set. However, 
doing so loses key information, thereby 
drastically reducing the power of the test. 
Therefore, we instead opted to quantify 
the Likert Scale and acknowledge this 
underlying assumption.

A second limitation of the study is 
rooted in the small size of our data set 
(30 student-advisor pairs) and the fact 
that SOEST Scholars represent numerous 
ethnicities. This combination precluded 
analysis of each individual ethnicity and 
limited our ethnicity analysis to compar-
ing the responses of indigenous Native 
Hawaiian and Pacific Islander (NHPI) stu-
dents with those of non-NHPI students. 
The latter category includes students from 

groups that have been traditionally under-
represented (e.g.,  African-​American, 
Hispanic, Filipino) and overrepresented 
(e.g.,  Caucasian, Asian) in STEM fields. 
Therefore, caution is advised when inter-
preting these combined results. 

Finally, we recognize that students and 
advisors have access to different infor-
mation. For some Growth survey items 
(e.g.,  Question 3. Compared to before 
I started the program, I now am more con-
fident about my STEM abilities), advisors 
may have little or no knowledge. Thus, 
we do not interpret student-advisor dif-
ferences in responses to Growth survey 
items in terms of self-efficacy.

CONCLUSIONS
As a group, the undergraduate research-
ers consistently underrated their 
Absolute skills and performances rel-
ative to their advisors’ ratings. For all 
10 Absolute survey items combined, the 
mean student and advisor ratings were 
4.06 and 4.24, respectively—a differ-
ence that is highly significant (p = 0.005). 
Much of this advisor-​student difference 
was driven by the responses of NHPI 
women (D = 0.36; p = 0.02). While men 
and non-indigenous students also rated 
themselves lower than did their advi-
sors, the differences were considerably 
less (D: 0.09–0.12) as well as less signifi-
cant (p: 0.18–0.59). NHPI students (both 

men and women) were much more likely 
to rate themselves “very good” when their 
advisors rated them as “excellent” than 
non-NHPI students. These differences in 
advisor-student ratings may be due to low 
student self-efficacy and/or discomfort in 

describing oneself with self-promoting 
language. The former explanation would 
lead to a recommendation to intention-
ally build student self-efficacy along-
side technical training in undergraduate 
research programs, while the latter would 
suggest a need to reframe survey items 
to avoid the use of self-promoting lan-
guage (e.g.,  using a Likert Scale ranging 
from Strongly Disagree to Strongly 
Agree, rather than from Unsatisfactory 
to Excellent). In contrast to the Absolute 
survey items, there was no statistically 
significant difference between student 
and advisor assessments on Growth sur-
vey items as a whole (p = 0.25). 

However, for both Growth survey items 
pertaining to students’ interest in pursu-
ing graduate school and STEM careers, 
the students self-reported greater mean 
Growth during the course of the under-
graduate research experience than did 
their advisors (D = –0.30 and D = –0.37, 
respectively). This suggests that conver-
sations with students about STEM path-
ways and careers should be held—or at 
least revisited—toward the end of the 
undergraduate research experience. 

 “Specifically, we recommend intentionally focusing on 
building student self-efficacy alongside technical training, 

designing evaluation instruments that avoid the use of self-
promoting language, and scheduling—or at least revisiting—

discussions on STEM pathways and careers toward the 
end of the undergraduate research experience.

”
.
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ONLINE SUPPLEMENTARY MATERIALS
Data and Methods (detailed information) and the 
Student and Advisor Surveys are available online at 
https://doi.org/10.5670/oceanog.2020.210.
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INTRODUCTION 
Spacecraft exploration of the outer solar 
system over the last three decades has led 
to the discovery of several planetary bod-
ies that likely have liquid water oceans 
beneath a shell of ice that covers the plan-
etary surface (Nimmo and Pappalardo, 
2016; Lunine, 2017). For example, 
Jupiter’s moon Europa has a relatively thin 
(<10 km) icy shell that exhibits a variety 
of tectonic features, and Saturn’s small but 
geologically active moon Enceladus also 
has a global ocean. Enceladus’s ocean is 
relatively deep beneath the planetary sur-
face, but surface fractures at the south 
pole allow ice and gas from the ocean to 
escape into space (Lunine, 2017). Saturn’s 
moon Titan is the only planetary body 
with an atmosphere and liquid hydro-
carbon seas and lakes (Stofan et al., 2007). 

In situ exploration of these outer solar 
system ocean and surface sea worlds 
might benefit from technologies and tech-
niques that oceanographers have devel-
oped to explore Earth’s ocean. Earth-
focused oceanographers may also benefit 
from exploration of other ocean worlds 
because it will further our understand-
ing of ocean creation, dynamics, and the 
development of hydrologic cycles on these 
planetary bodies, and provide insight into 
similar systems on Earth. Moreover, the 
dynamics of global oceans beneath tid-
ally flexing ice shells represents a rich set 
of problems that have barely begun to be 
explored (Nimmo and Pappalardo, 2016) 
and may provide insights into the dynam-
ics of ice caps and ice sheets in Earth’s 
polar regions. Continued exploration 
of ocean and surface sea worlds is criti-

cal for one of the most compelling rea-
sons of all: these ocean worlds could har-
bor life. Ocean worlds have the necessary 
combination of factors (liquid water, heat 
energy, chemical nutrients) that can lead 
to the development of life as we know it 
on Earth (Nimmo and Pappalardo, 2016). 
Indeed, it is recognized that these ocean 
worlds likely have developed analogs to 
Earth’s deep-ocean hydrothermal sys-
tems (Vance et  al., 2007). On Earth, in 
the absence of sunlight and hence photo-
synthesis, chemosynthetic organisms 
use the various chemicals coming out 
of hydrothermal vents to create energy. 
Chemosynthesis generally requires a 
redox gradient but not necessarily with 
oxygen (Chyba and Phillips, 2001), 
implying chemosynthetic life could have 
developed on other planets without the 
presence of oxygen.

In this study, we consider how hydro-
phone and passive acoustic recording 
technology developed for use in Earth’s 
ocean might be applied to ocean research 
in the outer solar system. As for potential 
vehicles, or seagoing platforms, we con-
sider a saildrone/submarine for Titan and 
a submarine for exploration of the sub-
surface oceans of Europa or Enceladus 
(Figures 1 and 2). For example, the sail-
drone may mirror similar designs used 
on Earth (Figure S1). A range of possi-
ble mission architectures already con-
sidered for exploring Titan’s seas include 
(1) a capsule serving as a free-drifting 
buoy (Stofan et  al., 2013; Lorenz and 
Mann, 2015), (2) propelled surface ves-
sels (i.e., boats; Lorenz et al., 2018), and 
(3) submersibles with buoyancy control 

ABSTRACT. Ocean worlds are numerous in our solar system. Here, we present an 
overview of how passive acoustic monitoring (PAM) and signal detection systems, 
developed for acoustic sensing in Earth’s ocean, might be used to explore an ocean 
and/or surface sea world in the outer solar system. Three potential seagoing mobile 
platforms for a PAM system are considered: a saildrone or surface buoy for explor-
ing Saturn’s largest moon, Titan, and an autonomous underwater vehicle for exploring 
the sub-ice oceans of Enceladus, one of Saturn’s smaller moons, or Europa, one of 
Jupiter’s larger moons. We also evaluate preparation of an acoustic system and elec-
tronics for the rigors of spaceflight and the challenging environments of outer solar 
system planetary bodies. The relatively benign Europa/Enceladus ocean thermal envi-
ronment (–40° to 40°C) suggests a standard commercial acoustic product may meet 
system design needs. In comparison, a PAM system for Titan’s hydrocarbon seas must 
function at –180°C temperatures, necessitating testing in liquid nitrogen. We also dis-
cuss adapting for outer ocean world exploration, acoustic signal detection, and classifi-
cation algorithms used widely in ocean research on Earth, as well as data compression 
methods for interplanetary transmission. The characteristics of geophysical, cryogenic, 
and meteorological acoustic signals expected in an ocean or surface sea world, includ-
ing signals from seafloor cold seeps and/or hydrothermal vents, are considered because 
of their potential to harbor chemosynthetic life. 
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(Hartwig et al., 2016). We also briefly dis-
cuss preparation of the hydrophone tech-
nology for the rigors of spaceflight, the 
challenging outer solar system environ-
ments, and the required planetary protec-
tion considerations. We present an over-
view of instrument back-end electronics 
and signal classification algorithms for 
efficient use of the limited downlink 
bandwidth expected from explora-
tion vehicles. Acoustic signals from sea-
floor hydrothermal vents are of particu-
lar scientific interest because of the vents’ 
potential to harbor extant life. Thus, pas-
sive acoustic techniques may be uniquely 
poised to detect these astrobiologically 
relevant phenomena.

 
CHARACTERISTICS OF 
OUTER SOLAR SYSTEM 
OCEANS AND SEAS 
Table 1 lists several of the essential phys-
ical characteristics of Europa, Enceladus, 
and Titan, the three outer solar system 
bodies that are the focus of proposed/
planned exploration missions. All three 
of these planetary satellites have thin 

FIGURE 1. (a) Artist’s rendition of a submarine conceptual 
design deployed at Kraken Mare on Titan. To meet science 
exploration objectives, a submarine must be autonomous, bal-
lasted for stability at the sea surface and at depth, withstand 
fluid pressures up to 10 bars, traverse large distances using low 
power, and be capable of tolerating 94 K liquid hydrocarbons 
(Hartwig et al., 2016). Image courtesy of NASA. (b) Artist’s ren-
dition of the Titan Mare Explorer (TiME). capsule. The capsule 
design acts as a drifter buoy, allowing for sea surface stabil-
ity in a wind wave environment, while enduring spaceflight, 
hypersonic atmospheric entry, and splash down. A passive 
acoustic recording system (outlined in this article), would be a 
key component of the instrument payload for either of these 
missions. After Lorenz and Mann (2015).

FIGURE 2. Artist’s conception of one possi-
ble autonomous underwater vehicle (AUV) sys-
tem approaching a volcanic vent in Europa’s 
ocean. A passive acoustic hydrophone system 
would be a critical instrument for such an outer 
world probe not only for finding sub-ice volca-
nic centers and seafloor hydrothermal systems 
but also for determining spatial distribution of 
volcanic centers and their seismo-acoustic 
activity levels prior to direct sampling. Image 
courtesy of NASA Jet Propulsion Laboratory 
(https://www.jpl.nasa.gov/spaceimages/)

b
a

atmospheres and low atmospheric pres-
sure (relative to Earth) as well as very low 
surface temperatures that enable the for-
mation of a thick ice shell on the plane-
tary surface. Internal heating driven by 
gravity-induced tidal stresses suggests 
that these worlds also harbor deep oceans 
beneath their surface ice shells; how-
ever, because the oceans are hidden, their 
thicknesses and compositions are not well 
known (e.g., Iess et al., 2012). For Europa, 
the inferred moment of inertia and pre-
sumption that the icy shell is not more 
than a few tens of kilometers thick implies 
an ocean thickness of <150 km (Schubert 
et  al., 2004). The Galileo spacecraft sur-
vey indicated Europa’s sub-ice ocean is 
composed of a water-brine mixture, with 
magnesium sulfate salt (McCord and 
Hansen, 1998). On Enceladus, the ocean 
is perhaps 10 km thick on average but 
greater at the south pole, reaching depths 
of <30 km (e.g., Cadek et al., 2016). The 
Cassini mission sampled the geyser 
plumes at Enceladus that originate from 
its sub-ice ocean and found the plumes to 
be composed of water vapor with a mix-

ture of salts and ice particles (Postberg 
et al., 2018). Because pure water has very 
low conductivity, dissolved ions must be 
present at some level in the oceans of 
Jupiter’s larger icy moons, where induc-
tion signals have been detected. 

The evolution models for Titan sug-
gest a <400 km thick water-ammo-
nia ocean beneath a <100 km ice shell 
(e.g., Vance et al., 2017). Compared with 
Earth, satellite sub-ice oceans are not 
only poorly characterized but are also 
driven by a different set of forces. On 
Earth, wind stresses and salinity varia-
tions play a major role in ocean dynamics 
(e.g., Schmitz and McCartney, 1993); for 
ice-covered satellite oceans, wind stresses 
are certainly negligible, and salinity’s role 
is uncertain (see below). 

Titan also hosts a methane-based 
hydrologic cycle that supports stand-
ing bodies of liquid hydrocarbons on 
the planetary surface. Observations from 
Cassini have revealed more than 650 lakes 
and seas scattered throughout the north 
and south polar regions (Hayes, 2016). 
Cassini surveys also revealed that the 

https://www.jpl.nasa.gov/spaceimages/
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depths of Titan’s seas and lakes can exceed 
100 m (e.g., Mastrogiuseppe et al., 2019). 
It is thought the seas are composed of 
ethane, with ~10% methane and smaller 
amounts of dissolved nitrogen and pro-
pane (e.g.,  Cordier et  al., 2009). Kraken 
Mare and Ontario Lacus, the largest seas 
in the south, may have a similar composi-
tion. In contrast, comparison of the small 
observed radar attenuation with labora-
tory data suggests that the northernmost 
seas, Ligeia and Punga Mare, are almost 
pure liquid methane (e.g. Mastrogiuseppe 
et al., 2019). Indeed, there may be a compo-
sitional variation across the linked Ligeia/
Kraken system that is similar to the Black 
Sea/Mediterranean Sea gradient, forced 
by methane precipitation with involatile 

ethane analogous to salt in Earth’s ocean 
(Lorenz, 2014). In addition to the fun-
damental differences in physical proper-
ties of hydrocarbons compared to water, 
a notable peculiarity of Earth’s ocean and 
lakes is that at freezing temperatures, ter-
restrial bodies of liquid become stably 
stratified by density, causing sound speed 
to increase with depth. This does not hap-
pen on Titan, nor does ice form at the sea 
surface. Because the solid phase of hydro-
carbons is denser than the liquid phase, if 
freezing should occur, the solids will gen-
erally sink to the seafloor. 

Arvelo and Lorenz (2013) mod-
eled temperature, density, sound speed, 
and sound absorption for Titan’s seas 
(Figure S2) and found that even with 

off-the-shelf piezoelectric sonar trans-
ducers, a relatively simple sonar system 
should generate sufficient acoustic power 
to enable good sound propagation and 
enable sensing of the environment in a 
1 km deep cryogenic hydrocarbon sea. In 
Titan’s low gravity (1.35 m s–2), the pres-
sure variation with depth in the sea is an 
order of magnitude weaker than that of 
Earth. Thus, while atmospheric pressure 
at sea level is higher on Titan (1.49 bar) 
than on Earth, at 1 km depth, the pres-
sure is ~11.5 bars on Titan as compared 
to 101 bars on Earth. Sound speeds in 
methane and ethane are 1,498.2 m s–1 
and 1,971.0 m s–1, respectively, at 95  K 
(https://webbook.nist.gov/). Figure S2 
shows an example temperature, density, 
and sound speed profile for Titan. Note 
that the vertical extent of a 1 km hydro-
carbon sea is small enough compared 
with Titan’s radius (2,575 km) that gravity 
g can be considered constant with depth, 
in contrast to the deeper (~100  km) 
liquid water oceans of icy satellites like 
Europa, where g varies appreciably with 
depth (Leighton et  al., 2013). Arvelo 
and Lorenz (2013) estimate acoustic sig-
nal loss due to sound absorption α in 
Titan’s methane seas is expected to be 
very low (~0.035 dB km–1 measured at 
20 kHz) and likely to have little effect on 
sound propagation. 

 
OCEAN WORLD 
GEOPHYSICAL SIGNALS 
RECORDED ON  
A HYDROPHONE 
On an ocean world, whether ice-covered 
or open, acoustic waves propagating 
through water or ice provide a very effec-
tive means for detecting and evaluat-
ing mega-sources of fracturing and vol-
canism on a planetary scale, thus giving 
an “over-the-horizon” sense of the world 
that is not available at a single landing site 
(Lee et  al., 2003; Leighton et  al., 2013). 
A variety of environmental acoustic sig-
nal sources can be expected in an ocean 
world. These sources should be similar 
to those common on Earth and include 
fracturing of cryo- and/or lithic-crust 

TABLE 1. Essential physical characteristics for Europa, Enceladus, and Titan. 

 EUROPA ENCELADUS TITAN 

ICE SHELL 
THICKNESS 15–25 kma 30–40 km;  

<10 km at polesb <200 kmc

OCEAN/SEA 
DEPTH Ocean: 60–150 kmd Ocean: 26–31 kme Sub-Ice Ocean: <400 kmf 

Seas and Lakes: 2.9–160 mg,h

OCEAN/SEA 
COMPOSITION 

Water-Brine:  
–40°C to 40°Ci

(for example, 
magnesium sulfate 
(MgSO4), sulfuric 

acid hydrate 
(H4O5S)) j

Water with Salts 
(–Na, –Cl, –CO3) 

Sub-Ice Ocean: 
water/ammoniak  

Surface Lakes and Seas: 
~79% ethane (C2H6), 
~8% propane (C3H8),
~10% methane (CH4), 

~3% hydrogen cyanide (HCN), 
~1% butane, acetylenel 

SURFACE 
TEMPERATURE 

Equator: –160°C 
Poles: –220°C

Equator: –128°C 
Poles: –240°C 

Equator: –179.5°Cm 

ATMOSPHERIC 
SURFACE 

PRESSURE 
10–12  barsn Variable (Plumes)o 1.47 bars

ATMOSPHERIC 
COMPOSITION O2 

91% water vapor, 
4% N, 

3.2% CO2, 
1.7% CH4 

95%–98% N2, 
1.4%–4.9% CH4, 

0.2% H2
p 

PROPORTION 
TO EARTH 

DIAMETER q
25% 4% 40.4% 

SURFACE 
GRAVITY 1.314 m s–2 0.113 m s–2 0.138 m s–2

DISTANCE 
FROM SUN 7.8 × 108 km 1.4 × 109 km 1.2 × 109 km

TRAVEL TIME 
FROM EARTH 6 years 2.3–6 yearsr 2.3–6 yearsr

a Nimmo et al. (2003) 
b Cadek et al. (2016) 
c Hemingway et al. (2013) 
d Pappalardo et al. (1999) 
e Choblet et al. (2017) 
f Vance et al. (2017) 

g Mastrogiuseppe et al. (2014) 
h Hayes (2016) 
i Melosh et al. (2004) 
j McCord et al. (1998) 
k Iess et al. (2012) 
l Cordier et al. (2009) 

m Mitri et al. (2007) 
n McGrath (2009) 
o Dougherty et al. (2006) 
p Niemann et al. (2005)
q https://ssd.jpl.nasa.gov/ 
 ?sat_phys_par

r Depending on direct trajectory or gravity assist. Pioneer 11 = 6.5 years. Voyager 1 = 3.2 years. 
 Voyager 2 = 4 years. Cassini = 6.75 years. New Horizons = 2.3 years.

https://webbook.nist.gov/
https://ssd.jpl.nasa.gov/?sat_phys_par
https://ssd.jpl.nasa.gov/?sat_phys_par
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(quakes), explosive volcanism, debris 
flows/landslides, meteor impacts, and 
buoyant hydrothermal fluid plumes. 
Moreover, as is the case on Titan where 
there are open fluid lakes or seas, mete-
orological sound sources from precip-
itation, surface wave breaking, water-
falls, and wind-wave interaction can 
also be expected (Arvelo and Lorenz, 
2013). Thus, the unique scientific contri-
bution achieved by using hydrophones 
and hydroacoustic signal detection tech-
niques on Earth is likely to be the same 
for other ocean worlds. Hydrophones are 
relatively inexpensive to build, and the 
low acoustic wave attenuation character-
istics in the ocean permit hydrophones 
to detect much weaker acoustic signals 
originating from geophysical phenomena 
than can be detected by seismometers on 
the planetary surface (Dziak et al., 2015). 

 In our experience, it is not uncommon 
to detect acoustic signals (broadband and 
single tone) that are not easily classified. 
This issue raises an important question: 
given the expected uncertainty in inter-
preting sound signals and sources occur-
ring in the waters of an outer ocean world, 
how useful will omnidirectional passive 
acoustics be? The ocean science commu-
nity’s long experience in identifying the 
wide variety of underwater sound sources 
recorded by hydrophones on Earth sug-
gests this problem is manageable. In the 
past several decades, great strides have 
been made by the ocean acoustics com-
munity in identifying the unique signal 
characteristics of vocal marine animals 
using single omnidirectional hydro-
phones on moorings and mobile plat-
forms (e.g., Baumgartner et al., 2019; Au 
et al., 2000). This is also true for geophys-
ical sounds, and we think it will be pos-
sible to identify natural sound sources 
where there are clear analogs on Earth.

Cryogenic Seismo-Acoustic Sources 
For ocean worlds with ice shells, we 
expect to record two basic types of 
cryogenic sources on a sub-ice hydro-
phone that should be similar to signals 
recorded in Earth’s polar oceans. The first 

is “icequakes,” where fracturing of large 
sections (meters to kilometers) of ice 
generate strong seismo-acoustic waves 
(Figure 3a,b; Dziak et al., 2015). The sec-
ond is ice tremors, the harmonic signals 
produced when large blocks (several kilo-
meters long) of ice impact one another, 
remain in contact, then slide in stick-
slip fashion past each other (Figure 3c; 
MacAyeal et al., 2008). 

There are a number of potential source 
mechanisms for seismo-acoustic sig-
nals generated by the breakup of sea sur-
face ice on Earth. Podolskiy and Walter 
(2016) provide an extensive review of 
this literature. To summarize, possible 
source mechanisms include rifting, near-​
surface crevassing, stick-slip motion/​
rupture of an ice-bedrock interface, colli-
sion and sliding between two adjacent ice 
masses, and sea surface ice sheet flexures 

caused by ocean tides and waves. Indeed, 
large sea surface ice mass (iceberg) colli-
sions, grounding, and breakup on Earth 
have been shown to generate energetic 
hydroacoustic harmonic tremor as well 
as cryogenic icequake events detected 
both by in situ seismometers (MacAyeal 
et  al., 2008) and hydrophones at dis-
tances of 10–1,000 km from the iceberg 
source (Talandier et al., 2002; Royer et al., 
2015). Seismo-acoustic signals generated 
by icequakes on Earth are typically in the 
~10 Hz to ~500 Hz frequency band, while 
ice tremors can exhibit fundamental fre-
quencies of ~1 Hz with multiple over-
tones of up to several hundred hertz. 

 Previous studies of Europa and 
Enceladus show that the ice surfaces of 
these worlds exhibit large-scale faulting 
and fracturing due to tidal stress from 
Jupiter and Saturn (e.g.,  Smith-Konter 
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FIGURE 3. Frequency-time displays (spectrograms) of various sound sources recorded in the 
Southern Ocean near the Antarctic Peninsula (~900 m depth). The sound energy level is roughly 
equivalent for all sources; however, each varies in prevalence through the year. (a) A record of an 
emergent (i.e.,  the signal is spread out in time), broadband icequake acoustic arrival caused by 
fracturing of sea ice or a nearby iceberg. (b) A record of an impulsive, short-duration icequake sig-
nal indicating that the icequake may be closer to the recorder, exhibiting less attenuation than 
the emergent record shown in (a). (c) A record showing fundamental and harmonic overtones of 
an iceberg harmonic tremor caused by grounding and scraping of an iceberg keel along the sea-
floor (MacAyeal et al., 2008). (d) A record showing emergent, long-duration seismo-acoustic energy 
(<50 Hz) from a nearby earthquake (body wave magnitude ~4). An example of anthropogenic sig-
nals from a nearby seismic survey ship can also be seen as broadband signals repeating every 
30 seconds in the background. (e) A recording showing a bioacoustic signal from an Antarctic blue 
whale. Antarctic blue whale vocalizations are identifiable as a series of band-limited, down-swept 
frequency tones from 28 Hz to 22 Hz. After Dziak et al. (2015)
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and Pappalardo, 2008; Vance et al., 2018). Thus, the ice shells on 
Europa and Enceladus will very likely produce icequakes with a 
wide range of magnitudes (acoustic source levels). The magni-
tude range of icequakes will likely follow a power-law distribu-
tion in number and size as quakes do on Earth (Panning et al., 
2006), which will allow assessment of the dynamics of ice shell 
movement and breakup in response to tidal forcing. It may also be 
possible to use icequakes to detect the explosions of water vapor 
through the ice shell observed on Enceladus. The cryo-volcanic 
and water plume systems on Enceladus are thought to exhibit 
similar geometries and acoustic sources as Earth’s hydrothermal 
geyser systems, with volatile flow through a conduit system pro-
ducing cavitation and chamber resonance (Vance et al., 2018). 
Tidal fracturing of the ice shell will also likely generate substan-
tial ice tremor signals. The magnitude and frequency bands of 
ice tremors are directly proportional to the sizes of the ice blocks 
(or plates) that impact one another. Thus, monitoring tremors 
will provide insights into the dynamics of ice shell breakup. On 
Earth, large icebergs can generate ice tremors as they impact and 
grind against the shallow seafloor (Dziak et  al., 2015). We do 
not anticipate the oceans on Europa or Enceladus will be shal-

low enough for their ice shells to impact their sub-ocean lithic 
crusts. Interestingly, in contrast to the polar regions on Earth, 
seismic noise due to thermal expansion/contraction of the ice 
shells is not likely to be substantial due to the great distances of 
Europa and Enceladus from the sun, resulting in smaller diurnal 
and seasonal temperature variations (Vance et al., 2018). 

Geophysical Seismo-Acoustic and  
Meteorological Sources 
We expect to detect four main types of geophysical acous-
tic sources generated from ocean lithic floor on ocean worlds. 
We assume these geophysical signals occur in or near the sub-
ocean lithic crust and include quakes due to crustal fracturing 
(e.g., Figure 3d), volcanic (harmonic) tremor caused by magma 
flowing in the shallow crust, explosions from violent degas-
sing of lava erupting on the ocean floor (e.g., Caplan-Auerbach 
et al., 2017), and resonant and broadband noise associated with 
hydrothermal fluid vents (Figure 4). Volcanic eruptions on 
Earth are typically associated with substantial amounts of earth-
quake activity (e.g., Klein et al., 1987), but volcanic earthquakes 
tend to be much smaller in magnitude than events produced 
by large plate boundary faults. Thus, these two types of quakes 
should be distinguishable on an ocean world. Moreover, meteor-
ite impacts, both on an open sea surface and on lithic/ice crust, 
should also be sources of detectable seismo-acoustic waves, as 
their high-velocity collisions can cause massive fracturing and 
generate significant pressure-wave energy. 

When magma erupts on the seafloor on Earth or flows 
through a lithic crust, it can also produce very distinctive res-
onant tremor signals (e.g., Dziak et al., 2012). Volcanic tremor 
acoustic signals are similar to those of ice tremor, exhibit-
ing both fundamental and multiple overtones (e.g., Figure 3c) 
but typically lower frequencies (<20 Hz). Volcanic tremor also 
tends to be very low amplitude and attenuates rapidly, necessi-
tating the employment of hydroacoustic detection methods to 
record these signals at tens of kilometers and over-the-horizon 
distances. Additionally, it would seem that an under-ice hydro-
phone would have a better chance of detecting the relatively 
low-amplitude seismic/tremor signals from sub-ocean volcanic 
sources than seismometers on the outer surface of a planetary 
ice shell. The upward-​propagating ocean acoustic phases would 
scatter when they encountered the ocean ice-shell interface 
(Keenan and Merriam, 1991), and attenuation would increase as 
the signals propagated through the thick, icy crust. 

If we can detect volcanic explosions and seismic and/or 
tremor events, we may be able to use these signals to localize 
volcanic centers (i.e.,  large areas of magmatic activity on the 
sub-ocean floor). On Earth, seafloor volcanic centers can host 
vigorous high-temperature (>200°–300°C) fluid vents. Water, 
heated by subsurface magma bodies, exits the seafloor through 
fractures, building polymetallic sulfide chimneys as the metals 
precipitate from the super-heated fluid upon contact with the 
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FIGURE 4. Spectrogram of the temporal evolution of the acoustic power 
spectrum of a “black smoker” hydrothermal vent. The narrowband 
tones at 25 Hz, ~100 Hz, and ~200 Hz are from the vent source. The 
white lines at the bottom show the tidal phase, indicating tides modu-
late this vent’s acoustic signature at ~200 Hz. After Crone et al. (2006) 
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near-freezing seawater. The fluid flow-
ing through these chimneys can be tur-
bulent, producing seismo-acoustic har-
monic tones (tremor) through resonance 
of the chimney conduit and oscillations at 
the chimney nozzle (Figure 4). Although 
the amplitude of these signals is not 
expected to be large (e.g.,  Crone et  al., 
2006), because of the astrobiological sig-
nificance of these chimneys, they are the 
most interesting sources to use to estab-
lish the sensitivity of our instruments (see 
Table 2). Detection ranges of ~1 km are 
possible on Earth in the 5–500 Hz band 
(Crone et al., 2006) despite high ambient 
noise from ship traffic and microseisms. 

On the outer ocean worlds, we might 
expect hydrothermal vent detectabil-
ity at much farther distances, depend-
ing on the actual ambient noise charac-
teristics. Titan is the only satellite in the 
solar system with a dense atmosphere 
and hydrocarbon seas. Its undersea noise 
is expected to be dominated by molecu-
lar agitation, sea surface dynamics, and 
occasional precipitation. The sea sur-
face noise should vary with wind speed, 
due to the entrainment and ringing of 
bubbles by sea surface wave breakers. 
Surface wind on Titan has been shown to 
be ≤2 m s–1, which may generate waves 
up to ~1 m high (Lorenz et  al., 2012). 
Estimates are that wind speed and wave 
height would produce 40 dB re 1 µPa2/Hz 
of noise at 20 kHz in Titan’s seas, but it 
is also likely this noise will be broadband 
in the tens of hertz to kilohertz range as 
it is on Earth (Arvelo and Lorenz, 2013). 
Sound can also be generated by precipita-
tion (e.g., Ma and Nystuen, 2005), which 
is a possibility for Ligeia Mare. Arvelo and 
Lorenz (2013) suggest rainfall is likely to 
occur at rates of tens of millimeters per 
hour. This rainfall would be methane, and 
its impact on the sea surface would pro-
duce broadband sounds (tens of hertz 
to kilohertz). Thus, we anticipate using 
an undersea hydrophone to record time 
variation in rainfall and wind-wave noise 
on the sea surface to provide insights into 
Titan’s weather dynamics and climate 
conditions. Moreover, because Kraken 

Mare is composed of two basins separated 
by a narrow (~17 km wide) strait, it is 
thought that current velocity in this strait 
may be high (~0.5 m s–1). Acoustic flow 
noise could also be a significant source of 
ambient sound in these methane/​ethane 
seas (Lorenz., 2014). 

Bubble streams emanating from cold 
seeps and hydrothermal systems on the 
ocean floor are other potential sources of 
ambient sound in the Titan seas. Methane 
seep bubble streams are a fairly common 
feature on Earth’s shallow (50–1,725 m) 
continental shelves (Johnson et al., 2015). 
These bubble streams produce a series of 
broadband (0.5–4.5 kHz) acoustic pulses 
of short duration (~0.2–0.5 msec) that 
occur in clusters of pulses that last two 
to three seconds (e.g.,  Figure S5; Dziak 
et  al., 2018). The bubble streams gen-
erate sound during bubble formation; 
detachment of the gas bubble from the 
end of a tube or conduit causes the bub-
ble to oscillate, producing sound (Leifer 
and Tang, 2007). Titan may also be cryo-​
volcanically active (e.g.,  Lopes et  al., 
2013), and it is possible that some form 
of thermal-fluid vents may also exist on 
the bottoms of Titan’s seas, similar to sys-
tems discussed for the lithic seafloors of 
Europa and Enceladus. Indeed, Cassini 
radar showed evidence of ephemeral 
“bright features” at the surface of Ligeia 
Mare, interpreted as rising gas bubbles 
(Hofgartner et  al., 2014). Modeling of 
thermodynamic instabilities indicates N2 
can be exsolved in the Titan seas, produc-
ing streams of centimeter-​
sized bubbles (Cordier 
et al., 2017). Thus, seismic 
and tremor signals from 
cryo-volcanic activity, as 
well as the harmonic tones 
from fluid flow at hydro-
thermal vents, are all 
potential sources of sound 
in Titan’s seas. Lastly, as 
both cold and hot vents 
are sources of chemosyn-
thetic life on Earth, and if 
found on Titan, they may 
also host extant life. 

Biological Acoustic Signals 
We think the most likely places for life to 
thrive on ocean-ice worlds like Europa 
and Enceladus are thermal hot springs 
associated with ocean-floor volcanic cen-
ters or, as may be the case for Titan, cold 
seeps in the shallow seas. As on Earth, the 
hot springs and cold seeps provide the 
energy source for chemosynthetic eco-
systems to develop and thrive. These vent 
ecosystems can exhibit a diverse range 
of biota (e.g.,  microbes, tube worms, 
mussels, shrimp, and crabs). Thus, one 
method to find life would be to detect and 
locate these volcanic centers/hotsprings 
and/or cold seeps using the geophysi-
cal acoustic signals they produce, then 
directly sample these chemosynthetic 
environments to search for chemical evi-
dence of life (e.g., Figure 2). 

The majority of marine vertebrates on 
Earth has evolved to use sound to nav-
igate, orient, and find food (Au et  al., 
2000). Large baleen whales (e.g.,  blue, 
fin, and right) exhibit vocal ranges from 
10 Hz to 1 kHz (e.g., Figure 3e). Toothed 
whales, dolphins, porpoises, and pinni-
peds vocalize and echolocate in the tens 
of hertz to hundreds of kilohertz range, 
while vocal fish species (e.g., cod, pollack, 
salmon, herring) can produce sounds 
ranging from 20 Hz to as high as 8 kHz 
(Web et al., 2008). Even animals as small 
as snapping shrimp are capable of produc-
ing source levels in excess of 190 dB 1 µPa 
at 1 m (in the 5–20 kHz band) by col-
lapsing a cavitation bubble when clos-

TABLE 2. Notional requirements for hydrophone.

EUROPA/
ENCELADUS

TITAN

O
P

ER
A

TI
O

N
A

L

Temperature –40°C to 40°C –230°C to 40°C

Static Pressure 1–1,300 bars 1–10 bars

Acidity 3–8 pH N/A

Sensitivity Floor –200 dB V/uPa –200 dB V/uPa

Saturation 150 dB 150 dB

Bandwidth 0.01–40 kHz 0.01–40 kHz

S
U

R
V

IV
A

L

Temperature –50°C to 150°C –196°C to 50°C

Pressure 0–1,300 bars 0–20 bars

Radiation (TID) 200 krad 20 krad

Outgassing TBD TBD

Acceleration 25 g 25 g
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ing their larger claws (Bohnenstiehl et al., 
2016). Snapping shrimp use this sound 
to stun their prey (typically small fish). It 
thus seems plausible that if life exists and 
thrives in these ocean worlds, even very 
simple creatures may have developed an 
acoustic-based means to sense and inter-
act with their surroundings. We don’t 
know the exact character and frequency 
band these biotic sounds may take, but 
if they are higher amplitude than ambi-
ent background noise levels, they can be 
detected, categorized, and quantified. 

 
INCLUSION OF PAM 
SYSTEMS ON OCEAN WORLD 
EXPLORATION VEHICLES 
The hydrophone system described in this 
article could be used for a near-term mis-
sion that inserts a vehicle into a Titan sea 
(e.g., Figure 1). One option would be to 
mount the hydrophone to the hull of a 
saildrone or submarine. We know from 
saildrone deployments on Earth that 
hull-mounted acoustic systems are sub-
jected to large hull vibrations associated 
with vehicle movement across the sea 
surface. A better option would be to posi-
tion the hydrophone on a tether, or possi-
bly use a winch system to deploy an array 
of hydrophones some distance from the 
vehicle’s hull, while the electronics would 
remain inside and thermally controlled. 
A recent study of flow noise on ocean 
gliders demonstrated that lower vehi-
cle speeds (<25 cm s–1) result in lower 
ambient noise levels in the 50–200 Hz 
band, to the point where ambient noise 
levels were comparable to fixed acous-
tic recorders (Fregosi et  al., 2020). In 
contrast, increased vehicle speeds will 
increase flow noise energy. Thus, record-
ing relatively high-energy geophysical or 
cryogenic sound sources may be possi-
ble from a surface vehicle, while seafloor 
bubble streams will likely be difficult to 
detect, given their low expected source 
levels. Bubble detection may only be pos-
sible with relatively low vehicle speed, low 
ambient sound conditions, and proximity 
to the bubble source.

The hydrophone could also be a can-

didate for an initial Europa lander mis-
sion (staying on the frozen surface) 
or a follow-on mission to Europa or 
Enceladus that would endeavor to enter 
a fluid sea, either via cracks in the sur-
face ice or melting through the ice shell 
(e.g., Figure 2). This ocean worlds hydro-
phone system may potentially enable 
detection and monitoring of geophysi-
cal acoustic sources occurring within and 
at the boundaries of the oceans and seas 
on these moons. On Earth, underwater 
sound (especially low frequency) prop-
agates very efficiently in dense media 
such as seawater, where acoustic signa-
tures associated with geophysical events, 
meteorological events (e.g.,  high winds 
and waves caused by storms), or bio-
logical sources (e.g.,  infrasonic baleen 
whales calls) are often detectable at dis-
tances of tens to hundreds of kilometers 
(e.g.,  Dziak et  al., 2015). Thus, acoustic 
sensing might also be an effective explo-
ration tool within the exotic ocean worlds 
of the solar system. The acoustic record-
ing system would need to be broadband 
enough to enable detection and identi-
fication of acoustic signals from a wide 
range of sources from these outer worlds 
and capable of parameterization of the 
signals for transmission back to Earth. 

In the following sections, we con-
sider development of a passive acoustic 
recording module that might feasibly be 
included on a future mission to Europa, 
Enceladus, or Titan. The instrument 
design seeks to minimize its resource 
footprint to roughly match that available 
for realistic mission scenarios. An auton-
omous signal processing capability would 
be built in as well to reduce the volume 
of acoustic data for transmission back to 
Earth. To assess the feasibility of includ-
ing a passive acoustic system on a future 
ocean worlds exploration mission, we 
have taken the baseline Europa Lander 
resource budget to estimate instrument 
design limitations. Detailed payload and 
power considerations, as well as the use 
of outer world acoustic records for public 
engagement, are discussed further in the 
online supplementary materials. 

TECHNICAL DEVELOPMENT 
OF AN OCEAN WORLDS 
PASSIVE ACOUSTIC SYSTEM 
We think autonomous hydrophone sys-
tems that could be used to explore an 
ocean world already exist. Passive acous-
tic monitoring (PAM) systems have been 
installed on an ocean glider and a profiler 
float (Matsumoto et al., 2011, 2013), suc-
cessfully recording, detecting, and clas-
sifying deep-ocean geophysical and bio-
logical sounds. These instruments are 
useful analogs for what can be achieved 
on an ocean world in that they operate 
in remote, inhospitable environments, 
are very low-power, and perform with-
out human intervention for long periods. 
These oceanographic mobile platforms 
also have minimal downlink bandwidth 
through which to communicate (via 
Iridium satellite connection). 

The hydrophone technology will need 
to be tested for the rigors of spaceflight, 
including materials selected for outgas-
sing concerns, extreme temperatures that 
will be encountered on outer solar system 
worlds, and shock and vibration condi-
tions during launch (Table 2). The signal 
processing electronics are not a difficult 
design problem, but re-casting the auton-
omous processing electronics into a sys-
tem that can endure spaceflight, yet retain 
the minimal power requirements, is crit-
ical. Lastly, the signal identification and 
classification algorithms needed to reduce 
the transmitted data sizes to meet down-
link requirements for an ocean world 
exploration mission will be derived from 
similar concepts already used on mobile 
marine instruments and platforms on 
Earth. However, the bandwidth of poten-
tial signals of interest may be much wider 
on outer solar system worlds than it is on 
Earth (all signals are of interest, both geo-
physical and biological), and signal rank-
ing system would need to be developed. 

Ocean World Hydrophone Overview 
The three developmental components of 
an ocean worlds passive acoustic technol-
ogy project are (1) the hydrophone ele-
ment, (2) signal-processing electronics, 
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and (3) signal identification/​classification 
algorithms. The hydrophone and process-
ing electronics could be built together 
to enable laboratory testing, and hydro-
phone designs (for Titan, Europa, and 
Enceladus), electronics, and identifica-
tion/​classification algorithms could be 
tested in sea trials on Earth. It is assumed 
that the signal-processing electronics 
would be held within the hull of the explo-
ration vehicle to maintain a relatively hos-
pitable temperature (e.g., –40°C or above). 
This separation between the hydrophone 
sensor and instrument electronics will not 
be a problem (e.g., due to signal attenua-
tion) for distances up to ~10 m, which is 
significantly longer than expected for the 
size of an ocean world exploration vehicle. 

Table 2 shows the estimated require-
ments for the successful performance of a 
hydrophone meeting our planetary explo-
ration science goals. This exercise serves 
to show the different thermal environ-
ments that the Titan hydrophone must 
survive. The temperature requirements 
are based on the expected ambient con-
ditions in the target body’s seas, as well 
as survival requirements expected during 
deep-space cruise conditions and NASA’s 
planetary protection thermal-sterilization 
requirements to prevent contamination. 
The pressure limits are set by the expected 
depth of the seas. We assumed the vehicle 
would remain within the top 10 km of the 
Europa or Enceladus oceans but may be 
at the floor of a Titan sea. The pH require-
ments were set to account for potentially 
inhospitable acidic seas (Towner et  al., 
2006). The hydrophone sensitivity floor 
was set to enable detection of acoustic 
signals from a hydrothermal vent sound 
source at distances of tens to hundreds of 
meters, assuming terrestrial-ocean spher-
ical spreading and transmission loss. We 
assumed an ambient noise floor similar to 
a quiet ice-covered sea (as in Antarctica; 
Dziak et  al., 2015) and a hydrother-
mal vent acoustic source level (Figure 4; 
Crone et  al., 2006) caused by cavitation 
due to turbulent fluid flow through a 
vent chimney. The high signal saturation 
level is required to enable a high dynamic 

range because of the uncertainty in the 
noise spectral level and the likelihood of 
a highly red spectral character. 

Lastly, the high sample rate for both 
Europa/Enceladus and Titan hydro-
phones (0.01–40 kHz; Table 2) were 
selected to include a wide variety of 
potential signal sources. Types and fre-
quencies of these sources as observed 
on Earth range from high-temperature 
hydrothermal vent systems (≤200 Hz) 
to seismo-acoustic volcano and cryo-
genic signals (10–500 Hz), seafloor bub-
ble streams (max ≤45 kHz), and poten-
tial bioacoustics signals, which could be 
broadband and high frequency as well 
(10  Hz to tens of kilohertz). A 40 kHz 
sample rate would create 2.56 TB of 
acoustic data over a one-year recording 
period, which should be an easily man-
ageable data volume, given current com-
mercially available solid-state-drive stor-
age capacities. However, given that the 
data will be processed in real time for 
transmission of detected events back to 
Earth, there really is no need to retain the 
data onboard the vehicle, enabling use of 
lower-capacity, lower-power data storage 
systems. This data archive will also only 
be needed for the duration of the vehicle’s 
mission on an outer world, as the data will 
be used by embedded identification and 
classification algorithms that will param-
eterize signals of value for transmission 
back to Earth (see following sections). 

Hydrophone Requirements 
for Europa/Enceladus 
The relatively benign thermal envi-
ronment (by outer solar system stan-
dards) needed for a Europa/Enceladus 
hydrophone suggests that a standard 
commercial product may be suitable. 
Deepwater, omnidirectional transduc-
ers are available from several manufac-
turers (e.g.,  Teledyne Reson; Figure 5). 
Many commercial entities that supply 
hydrophones for oceanographic applica-
tions are already familiar with designing 
transducers capable of thermal steriliza-
tion for medical applications. Whether 
the materials encasing the hydrophone 
sensor head are compatible with space-
flight will still need to be examined. 
Also, the stringent NASA planetary pro-
tection requirements for Europa and 
Enceladus missions mean that outgas-
sing and cold performance of the materi-
als chosen need to be considered, as well 
as the material’s ability to survive ther-
mal sterilization. Outgassing characteris-
tics are driven by the requirement to not 
contaminate other instruments during 
spaceflight while in a hard vacuum for 
several years. The shock and vibration 
requirements needed for spaceflight may 
necessitate some redesign of an off-the-
shelf transducer head. However, piezo-
electric transducers are often robust 
where mechanical shock and vibration 
are unlikely to damage the device. 

FIGURE 5. Schematic of an 
example hydrophone for space-
flight development. Shock and 
vibration requirements for space 
flight may necessitate transducer 
redesign; however, piezoelec-
tric transducers are often robust 
when subjected mechanical 
shock. As transducers are capa-
ble of both receiving and emit-
ting sound, it is possible this sen-
sor could also serve engineering 
roles on a future vehicle as an 
active sonar, or possibly even as 
an acoustic modem for a com-
munication network composed 
of nearby seafloor sensors. 
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which will make the best use of the 148 dB 
dynamic range of the 24-bit ADC. As an 
example of the wide range of noise lev-
els possible, Figure 6 shows the observed 
noise spectra in a variety of conditions in 
Earth’s ocean, where ambient noise from 
natural sources can range in power spec-
tral density by ~100 dB re μPa2/Hz.

Signal Identification and 
Classification Algorithms 
Acoustic signal detection and classifica-
tion algorithms are used widely in ocean-
ographic research to automate evaluation 
of long-term acoustic data sets for geo-
physical and biological signals of interest 
in the ocean (for a review, see Mellinger 
et al., 2016). Over the last decade, acous-
tic near-real-time applications have 
become important tools in the detection 
of marine mammal vocalizations for use 
in assessing their population sizes and 
geographic distributions (e.g.,  Klinck 
et  al., 2012). Significant advancements 
have been made in the development and 
operation of stationary and mobile auton-
omous systems that screen the under
water soundscape continuously for sig-
nals of interest and report the occurrence 
of such signals back to shore, commonly 
through an Iridium satellite link (Klinck 
et  al., 2012; Matsumoto et  al., 2013; 
Baumgartner et  al., 2019). The software 
implemented on these systems is typi-
cally multilayered. In the initial stage, a 
detection algorithm flags general sounds 
of interest. First-stage detectors are often 
very simple in nature (e.g., band-limited 
energy detector) and generate a signif-
icant amount of false positive detec-
tions; however, they are very efficient 
energy-wise, with a low-computational 
load (Mellinger et  al., 2016) and can 
even be analog in nature (e.g.,  analog 
filter banks). If acoustic signals of inter-
est are detected, they are parsed into a 
second-stage classifier for verification 
and identification (Klinck and Mellinger, 
2011). As the occurrence ratio of interest-
ing signals versus noise is usually heav-
ily skewed toward noise, this helps to 
keep the overall power consumption low. 

extreme temperature, so this approach 
would constitute a strong test of the  
design presented. 

Signal Processing Electronics 
Passive acoustic recording and process-
ing electronics that have been built for 
deep-sea mobile platforms (Matsumoto 
et  al., 2011, 2013) would need to be 
adapted to enable them to survive space-
flight and yet retain the high perfor-
mance and extremely low power require-
ments that an ocean worlds exploration 
mission would require. Here, we address 
two aspects of this adaptation. The first is 
whether the system architecture for ter-
restrial deep-sea instrumentation is com-
patible with deep-space flight, typically 
meaning that it is radiation-hardened 
against cosmic ray hits. Until recently, 
this would have meant a redesign of the 
architecture (now using ARM micro-
processors and digital signal processors, 
or DSPs). However, in the last year, likely 
because of pressure from the CubeSat 
community, radiation-hardened ARM 
processors are now available (e.g., Vorago 
Technologies), and radiation-hardened 
DSPs have also existed for somewhat 
longer. Thus, adapting the existing terres-
trial signal processing electronics will not 
be a difficult process. 

A second area of significant concern 
in designing signal processing electron-
ics for making acoustic recordings in any 
new environment is to properly anticipate 
the different ambient noise levels that will 
occur in the various outer-world environ-
ments and how the levels will differ from 
Earth’s ocean. Models of the expected 
noise levels on the ocean and surface sea 
worlds (Arvelo and Lorenz, 2013) allow 
us to anticipate to some extent ocean 
and sea noise acoustic environments on 
Europa and Titan. In our view, it will be 
critical to develop an amplifier with auto-
matic gain control (AGC) to avoid satu-
rating our analog-to-digital converters 
(ADC) if the noise environment is vastly 
different than the predictions. Adjustable 
gain amplifiers can be controlled by the 
processor to avoid signal saturation, 

Hydrophone Requirements for Titan 
Meeting hydrophone design require-
ments for Europa/Enceladus would be 
the first step in adapting a hydrophone for 
survival and performance under the envi-
ronmental conditions needed for Titan. 
Principally, this would involve increas-
ing the cold tolerance of the hydro-
phone from that acceptable for Europa/
Enceladus down to –183°C for Titan’s 
surface temperatures. Also, depending on 
how the platform is delivered, for exam-
ple, in slow parachute descent, the vehi-
cle could experience the Titan tropo-
pause minimum temperature of –203°C. 
To ensure continued performance at 
these very low temperatures would take 
further redesign of the mechanical struc-
tures of the hydrophone and careful 
selection of materials. Simpler narrow-
band transducers have been sent to Titan 
(e.g., Towner et al., 2006), and Arvelo and 
Lorenz (2013) successfully tested another 
narrowband transducer to liquid nitrogen 
(LN2) temperatures of 77 K, colder than 
Titan’s 90–94 K surface temperatures. 
Thus, it appears that a material solution 
for a broadband sensor would be avail-
able. The acoustic impedance of Titan’s 
seas is different than in Earth’s ocean, of 
course, but not so dramatically that it is 
expected to be a driver in the redesign. 
The difference in the fluid properties 
could be accommodated to optimize the 
hydrophone for Titan’s ethane/methane 
seas. Lastly, an important simplification 
exists for Titan instrumentation, in that 
the ocean is electrically insulating. Many 
of the reliability issues that confound ter-
restrial electronics in marine applications 
are obviated, and electrical conductors 
can be exposed without issue. 

One approach to laboratory testing a 
Titan hydrophone would be to immerse 
the hydrophone in a Dewar of LN2, sim-
ilar to the approach used by Arvelo 
and Lorenz (2013). The LN2 tempera-
ture would slightly exceed the extremely 
cold surface temperature of Titan, and 
LN2 differs from seawater in acous-
tic impedance. The biggest challenge 
in designing a Titan hydrophone is the 
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This is a key feature as these systems are 
always power limited, with a finite battery 
storage capacity. 

Single Versus Multiple Sensors 
In our experience, it is very common 
to detect signals (broadband and single 
tone) that are not easily classified as geo-
physical, meteorological, cryogenic, or 
biological and that may have character-
istics of all three. One aspect that is of 
tremendous aid in evaluating the source 
mechanism of a given signal is to deter-
mine the location of the source (e.g., sea-
floor or water column, fault line or sea-
mount, ice edge or open ocean). Having 
the ability to estimate the location, 
or at least the direction, of the acous-
tic source will greatly aid in determin-
ing the nature of the source. To achieve 
this capability may require having mul-
tiple sensors (separated by a short dis-
tance proportional to the wavelength of 
signals to be recorded), or employing a 
single vector hydrophone to derive sig-
nal directionality. Indeed, employing vec-
tor sensors for directionality may help 
differentiate between noise generated 
by the lander and actual environmen-
tal signals. However, because of design 
complications associated with a vector 
sensor (added weight, need for a com-
pass, and three-axis accelerometer), it 
would still seem best to use either a sin-
gle hydrophone sensor element or poten-
tially employ two to three hydrophones 
on the lander. Further detailed discus-
sions on (1) signal identification and clas-
sification algorithms, (2) data transmis-
sion considerations from Titan to Earth, 
and (3) planetary protection tests (space-
flight shock and vibration) needed for a 
hydrophone system to be included on a 
Europa/Enceladus lander or Titan sail-
drone are presented in the online supple-
mentary material.

SUMMARY 
We presented an overview of hydro-
phone sensor systems and signal process-
ing techniques developed for underwater 
acoustic research on Earth and described 

how these sound sensing technologies 
might be used to explore ocean and sur-
face sea worlds in the outer solar system. 
Passive acoustic recording and process-
ing electronics that have been built for 
deep-sea mobile platforms (Matsumoto 
et  al., 2011, 2013) could be adapted to 
survive spaceflight and yet retain the high 
performance and extremely low power 
requirements of an ocean worlds explo-
ration mission. The hydrophone, micro-
processor, and system electronics will 
also need to withstand the thermal ster-
ilization required under NASA’s plan-
etary protection requirements. Both 
of these hydrophone designs could be 
tested in deep-ocean conditions on Earth 
by lowering the instrument to 1,300 m, 
equivalent to ~10 km depth on Europa 
and ~120 km depth on Enceladus, suf-
ficient for exploration beneath the ice 
shell on these worlds. The Titan hydro-
phone would need to be tested in an LN2 
tank, a proxy for the thermal conditions 
of Titan’s seas. 

The acoustic monitoring system pro-
posed here could be a candidate for a 
Europa or Enceladus mission that would 
seek a means to enter fluid oceans, via 

either cracks or melting through the 
ice shell. The Europa/Enceladus oceans 
should be dominated by cryogenic 
sounds from the ice shell and geophysi-
cal sound sources generated in the sub-
ocean lithic crust. An under-ice hydro-
phone should have a much better chance 
of detecting acoustic signals from a sub-
ocean volcano-tectonic source than 
seismometers on the ice shell surface. 
However, passive acoustic systems might 
best be used for a near-term mission to 
a Titan surface sea. The hydrophone sen-
sor could be deployed on a tether, or 
possibly use a winch system to deploy a 
hydrophone array some distance from 
a vehicle. Previous studies (e.g.,  Arvelo 
and Lorenz, 2013; Lopes et  al., 2013) 
assert that Titan should have a dynamic 
undersea soundscape where signals from 
cryo-volcanic activity, and harmonic 
tones from fluid flow at hydrothermal 
vent chimneys, are all potentially detect-
able sources of sound. 

An accepted possible scenario for life to 
thrive on worlds like Europa, Enceladus, 
and Titan is at hydrothermal fluid springs 
near seafloor volcanic centers or, as may 
be the case for Titan, associated with 

FIGURE 6. Diagram showing various noise spectra from different conditions in Earth’s ocean, rang-
ing from under sea ice (quietest) to high sea states and busy shipping channels (noisiest). The red 
dashed lines indicate high and low biological background noise levels. Predictions of these noise 
levels on the ocean worlds are preliminary at best, and combined with the variability that may occur 
from place to place, it is critical that a passive acoustic recording system can dynamically alter gain 
settings. After Dahl et al. (2007)
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cold seeps in the shallow seas. These hot/
cold springs could provide the energy 
source for chemosynthetic ecosystems 
to develop. Thus, one method to find life 
would be to detect and locate these vol-
canic centers or cold seep sources using 
their geophysical acoustic signals, then 
directly sample the fluids to search for 
chemical evidence of life. Alternatively, it 
is not out of the realm of possibility that 
if extant macro-life has evolved on these 
ocean worlds, it may also produce some 
sort of detectable acoustic signal. 

Our goal was to describe methods 
on how to design and protect a passive 
acoustic monitoring and signal detec-
tion system for the rigors of spaceflight 
and planetary exploration. We think it 
may be achievable with the methods 
outlined here. 

ONLINE SUPPLEMENTARY MATERIALS
The supplementary materials are available online at 
https://doi.org/10.5670/oceanog.2020.221.
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The Pressure of In Situ Gases Instrument (PIGI) 
for Autonomous Shipboard Measurement 

of Dissolved O2 and N2 in Surface Ocean Waters

By Robert W. Izett and Philippe D. Tortell

BACKGROUND
Marine net community production (NCP; 
i.e., photosynthesis minus respiration) is a 
critical ecological variable that constrains 
the ocean’s capacity for biomass produc-
tion and carbon export via the biologi-
cal pump. Ocean metabolism is reflected 
in surface O2 variability, such that NCP 
can be estimated from in situ O2 mea-
surements obtained along ship tracks, at 
fixed sites, and on autonomous profilers 
(e.g.,  Kaiser et  al., 2005; Emerson et  al., 
2008; Yang et  al., 2017). However, phys-
ical processes, including temperature-​
dependent solubility changes and bub-
ble injection, also influence O2 budgets, 
and these effects can bias NCP estimates. 

For this reason, underway ship-based 
measurements of biological O2 satura-
tion anomalies (ΔO2/Ar) have become 
increasingly common as tracers of mixed-
layer NCP, where argon (Ar) is a biolog-
ically inert O2 analog that corrects for 
physically induced changes in gas satura-
tion states (Craig and Hayward, 1987). 

Presently, underway measurements 
of ΔO2 /Ar are obtained using ship-
based mass spectrometry, and this tech-
nique has yielded many important data 
sets. Yet, these instruments may be cost- 
prohibitive for some researchers and 
require significant power and opera-
tor oversight, making mass spectrom-
etry poorly suited for long-term data 

collection without significant support 
infrastructure. This limits the capacity 
for truly autonomous NCP derivation 
from underway platforms and volunteer 
observing ships (VOS). Recent techno-
logical advances in O2 optodes and gas 
tension devices (GTDs; Tengberg et  al., 
2006; Reed et  al., 2018) have enabled 
high-resolution, unattended measure-
ments of seawater O2 and N2 (McNeil 
et al., 2005). Ongoing work by our group 
has evaluated the potential to estimate 
NCP from O2/N2 ratios (i.e., ΔO2/N2) in 
a manner analogous to ΔO2 /Ar (manu-
scripts in preparation). Although the sol-
ubility properties of N2 and O2 somewhat 
differ, and N2 is subject to minor biologi-
cal influences (e.g., N2-fixation), ΔO2/N2 
approximates ΔO2 /Ar under many con-
ditions. Oxygen and N2 measurements 
have been combined to infer gas dynam-
ics (Zhou et  al., 2014; Tortell et  al., 
2015) and NCP from refined O2 budgets 
(Emerson et al., 2019), but NCP deriva-
tion from underway ΔO2/N2 remains 
largely underexploited. The develop-
ment of a robust system for continu-
ous O2/N2 measurement thus has the 
potential to significantly expand oceanic 
NCP estimates.

In this article, we describe a system 
for autonomous, flow-through O2/N2 
measurements. We provide an overview 
of this system, named PIGI (Pressure of 
In situ Gases Instrument), with validation 

ABSTRACT. We describe an autonomous flow-through system capable of continu-
ous, unattended measurements of oxygen (O2) and nitrogen (N2) concentrations in 
surface seawater. The derived biological O2 saturation anomaly, ΔO2 /N2, can be used to 
estimate mixed-layer net community production (NCP) in place of ΔO2/Ar-based esti-
mates obtained via mass spectrometry. Our Pressure of In situ Gases Instrument (PIGI) 
consists of two parallel flow-through chambers: the first contains a buoyancy-driven 
debubbler, and the second houses an Aanderaa optode and Pro-Oceanus gas tension 
device (GTD). Custom-designed software is provided to visualize and record observa-
tions in real time and to post-process data. The system has been tested in the labora-
tory and on more than 15 deployments in various ocean regions. The PIGI has aver-
age optode and GTD response times of ~1.1 min and 1.6 min, respectively; it shows 
good calibrated accuracy based on comparisons with discrete samples; and the derived 
ΔO2/N2 exhibits strong coherence with independent ΔO2/Ar measurements from mass 
spectrometry. We conclude with recommendations for successful field use and poten-
tial future modifications to support a range of deployments strategies. Overall, the sys-
tem can be used as a cost-effective tool for increasing global coverage of NCP estimates 
from research vessels, volunteer observing ships, and land-based observatories. 
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results from field deployments and labo-
ratory testing, followed by recommen-
dations for successful field use. Detailed 
assembly, deployment, and data process-
ing instructions are available in the online 
supplementary materials. 

SYSTEM OVERVIEW
The PIGI is an autonomous measure-
ment system consisting of an electron-
ics box and a flow-through wet box con-
nected to a continuous seawater supply. 
The wet box (Figure 1) comprises a pri-

mary chamber (~600 mL) containing a 
custom-built buoyancy-driven debubbler 
and an instrument loop containing an 
Aanderaa Data Instruments Optode 4330 
(standard sensing foil) and a Pro-Oceanus 
Systems Inc. mini-TDGP (total dissolved 
gas pressure) GTD. Seawater entering the 
system from the ship’s supply first passes 
through the debubbler to minimize mea-
surement contamination by trapped air. 
Bubble-free water is then pulled from the 
primary chamber and past the gas sen-
sors using a centrifugal pump installed 

downstream of the instruments. 
In the instrument loop, seawater first 

passes the GTD sensing membrane 
through a manufacturer-supplied ple-
num before entering a flow-through 
cell (~250 mL) containing the optode. 
Best results (i.e., reduced data noise and 
optimal instrument response times) are 
obtained when seawater flows directly 
onto the sensing faces. Water exiting both 
chambers merges to form a single out-
flow line, and check valves are installed to 
prevent recirculation or drainage of the 

FIGURE 1. A schematic (a) and photographs (b–e) of the flow-through Pressure of In situ Gases Instrument (PIGI) system. Panels (b), (d), and (e) show 
the system installed in a Pelican case, while (c) shows a wall-mounted version at the Hakai Institute’s Quadra Island Ecological Observatory. Seawater 
flow paths are represented by blue lines in (a). Labeled parts in (a)–(c) are: system inflow (1), debubbler (2), primary chamber (3), primary chamber flow-
meter (4), system outflow (5), TDGP (total dissolved gas pressure)-mini plenum (6), TDGP-mini GTD (gas tension device) (7), optode chamber (8), optode 
(sensing foil shown in white) (9), centrifugal pump (10), instruments flowmeter (11), discrete sampling line (12), and Pelican case (13). Not all components 
are shown in (c). PIGI deployments at Base Prat, Antarctica, and on CCGS Amundsen are shown in (d) and (e), respectively. The white and red arrows 
show the locations of the electronics box and the seawater supply. The blue arrow in (e) points to a membrane inlet mass spectrometry (MIMS) system. 
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centrifugal pump head. Discrete calibra-
tion samples can be obtained via a sepa-
rate line at the outflow of the instrument 
loop. Flow measurements from both 
chambers facilitate system monitoring 
and quality control. Flow rates through 
the instrument loop should be held con-
stant within 10% of a nominal value, with 
target rates of ~1.5–3 L min–1 providing 
optimal data quality.

The wet box components can be 
mounted directly onto a wall or grating 
(Figure 1c) or installed on a base-
plate secured within a Pelican case 
(Figure 1b) for protection and easy trans-
port. In either configuration, the system 
can be disassembled for easy cleaning 
(see supplemental video) and should be 
oriented vertically (intake at bottom) so 
that entrained bubbles escape via the top 
of the primary chamber (Figure 1a). 

The electronics box (Figure S1) runs 
LabVIEW and AutoIt programs to auto-
mate data acquisition and instrument 
control. AutoIt is used to restart data 
collection at user-defined intervals. 

The LabVIEW program (Figure 2) dis-
plays and logs data at a frequency of up 
to 1 Hz and automatically turns off the 
instrument’s pump to prevent damage 
during interruptions of seawater flow to 
the system (e.g.,  during sea ice block-
ages). Uncalibrated gas signals (optode 
O2 and GTD total dissolved gas pres-
sure), ancillary measurements (tem-
perature and flow rates), and raw sen-
sor signals (e.g.,  optode phase shift) are 
saved to a continuously updated ASCII 
file. Deployment metadata and instru-
ment settings are logged separately at 
the beginning of each acquisition. The 
LabVIEW program interfaces with the 
instruments (e.g.,  turn pump on/off, set 
sampling rate), acquires ship GPS infor-
mation, and performs satellite data trans-
missions during remote deployments 
with an optional Iridium transducer 
module. Data acquisition software and 
post-processing MATLAB scripts (details 
in the online supplementary materials) 
are provided at https://github.com/rizett/
PIGI_system.

MATERIALS AND COSTS
The PIGI system can be constructed from 
readily available materials with relatively 
basic knowledge of electronic systems. The 
components of the flow-through cham-
bers are machined from durable PVC and 
acrylic. Detailed technical drawings and 
assembly instructions are provided in the 
online supplementary materials and at 
https://seawize.weebly.com/pigi-system.
html (refer to this website for potential 
future updates). The electronics box con-
tains an Intel Nuc mini-​processor, data 
acquisition board, DC relays, and power 
supplies. Table 1 summarizes component 
expenses, and Table S1 provides a com-
prehensive parts list (including recom-
mended suppliers). Notably, the cost of 
the optode and GTD sensors (combined 
<$12,000 US) is significantly less than the 
cost of a mass spectrometer.

Our system consists of an Aanderaa 
Optode 4330 and Pro-Oceanus TDGP-
mini, but other sensors, such as units 
Aanderaa designed for shallow water 
deployments (e.g., models 4531 or 4835; 
~$2,700 and $4,775 US, respectively) or 
the RBRcoda T.ODO O2 sensor pack-
age (~$4,500 US), can be incorporated 
with only minor adjustments for cost sav-
ings. Although users require a LabVIEW 
license (Table 1) to modify the software 
we provide, we have also produced a 
stand-alone version of the data acquisi-
tion program that can be used with the 
free run-time LabVIEW engine (details 
in the online supplementary materials). 
Data may also be acquired or processed 
using alternative open-source software 
(e.g., Python, Inlino; Haëntjens and Boss, 
2020); the online supplementary materi-
als include a description of the workflow 
required for autonomous operation.

FIELD APPLICATIONS 
AND LABORATORY AND 
IN SITU TESTING
Various iterations of the PIGI system have 
been tested on 19 field deployments since 
2016 (Table 2). Our system has been 
deployed frequently on La Perouse and 
Line P cruises in the subarctic Northeast 

FIGURE 2. A screenshot of the PIGI LabVIEW interface. Data are displayed in real time in the figure 
panels, and comments corresponding with observations can be recorded to the data file in real time. 

https://github.com/rizett/PIGI_system
https://github.com/rizett/PIGI_system
https://seawize.weebly.com/pigi-system.html
https://seawize.weebly.com/pigi-system.html
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Pacific, while a second unit has collected 
data continuously at the Hakai Institute’s 
Quadra Island Ecological Observatory 
(in British Columbia’s Discovery Islands) 
for over a year (Figure 1). We have 
deployed a third system throughout the 
Canadian Arctic and at a coastal station in 
Antarctica. A fourth unit will be deployed 

on a 2021–2022 R/V Tara expedition. 
During field deployments, the sys-

tem was evaluated for underway data 
accuracy, ease-of-use, and integration 
with existing instrumentation. Salinity-
compensated optode O2 measurements 
(see below) were calibrated using discrete 
samples obtained from the PIGI sampling 

line (Figure 1) or surface rosette bottles, 
and analyzed by Winkler titration. We 
observed linear relationships between 
sensor and discrete O2, with offsets in 
the uncalibrated data typical of Aanderaa 
optodes whose accuracy decays over 
time (Bittig et al., 2018). The strong lin-
earity between sensor and discrete data 
enables calibration with an average accu-
racy of 1%, which is required for success-
ful field deployments (Emerson et  al., 
2019). Optode and GTD-derived N2 also 
showed strong coherence with discrete 
Niskin bottle samples analyzed by mass 
spectrometry and could be validated to 
within ~1.2%. The GTD signal shows sig-
nificantly less drift than optode measure-
ments, so routine calibration with mass 
spectrometry samples may not be neces-
sary. These results are consistent across 
multiple deployments and demonstrate 
that PIGI measurements are not biased by 
sampling artifacts. Moreover, GTD pres-
sure measurements on air-​equilibrated 
freshwater circulated through the PIGI 

TABLE 1. Abbreviated list of expenses of the PIGI system. Full details are 
provided in the online supplementary materials. Costs are based on quo-
tations obtained in June/July 2020 and exclude local taxes, shipping, and 
machining expenses. The cost of the wet box includes the gas sensors and 
additional flow-through parts, while the electronics box expenses include a 
Windows operating system required to run the automation software, which 
is quoted separately. 

COMPONENT ~COST (USD)

Calibrated Aanderaa Optode 4330 with cable $6,750

Pro-Oceanus mini-TDGP GTD with cable $5,000

Wet box total $13,500

Electronics box total $1,650

System total $15,150

LabVIEW Base license (optional) $400 (1 yr) / $3,500 (life)

MATLAB license (optional) $860 (1 yr) / $2,150 (life)

TABLE 2. List of PIGI system deployments between 2016 and present. Cruise IDs are included, where available, in the first column. NCP = net commu-
nity production.

PROGRAM / CRUISE SHIP LOCATION DURATION (DAYS) PURPOSE

Line P (2016-001)
La Perouse (2016-047)

Line P (2016-006)
Line P (2016-008)
Line P (2017-001)

La Perouse (2017-005)
Line P (2017-006)

CCGS J.P. Tully
Northeast Pacific/ 

West Coast Vancouver Island ~100 (total) testing

2018 ArcticNet Amundsen 
Expedition (1802 and 1803)1

CCGS Amundsen
Labrador Sea, Baffin Bay,  

Canadian Arctic Archipelago
42 (Jul–Sep 2018) NCP survey, testing

Line P (2017-008)
La Perouse (2017-009)
La Perouse (2018-039)

Line P (2018-026)
Line P (2018-040)
Line P (2019-001)
Line P (2019-006)

La Perouse (2019-023)

CCGS J.P. Tully, 
CCGS Laurier

Northeast Pacific/ 
West Coast Vancouver Island

>100 (total) NCP survey

Hakai Institute coastal monitoring N/A Quadra Island Ecological Observatory Jun 2019–present NCP time series

2019 ArcticNet Amundsen 
Expedition (1902)1

CCGS Amundsen Baffin Bay, Canadian Arctic Archipelago 43 (Jul–Aug 2019) NCP survey

W. Antarctic greenhouse gas survey N/A
Base Prat, Greenwich Island,  

Antarctica (Chile)
60 (Jan–Mar 2020) NCP time series

1 Data available at https://www.polardata.ca/pdcsearch/PDCSearch.jsp?doi_id=13172

https://www.polardata.ca/pdcsearch/PDCSearch.jsp?doi_id=13172
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trace atmospheric pressure within ~0.1% 
across multiple instruments and labora-
tory tests. We thus conclude that our sys-
tem is able to accurately determine both 
O2 and N2 concentrations in seawater, 
provided that necessary calibrations are 
conducted (see below). 

We performed laboratory tests to eval-
uate PIGI response times by circulating 
water with contrasting gas compositions 
(air-equilibrated freshwater and a 1:1 solu-
tion of carbonated soda and N2-bubbled 
deionized water) through the primary 
and instrument chambers at various tem-
peratures and flow rates (Figure 3c). We 

determined response times (e-folding 
time, t63) of O2 and gas tension signals in 
the PIGI system ranging from ~0.9 min to 
1.6 min and 1.0 min to 2.2 min, respec-
tively, based on the time when the water 
source changed until signals restabilized. 
These response times are similar to those 
of a membrane inlet mass spectrometry 
(MIMS) system used to measure Ο2/Αr 
(Tortell, 2005), and thus permit obser-
vations of small-scale oceanic features 
(Figures 3c and 4). Notably, the instru-
ment response times are shorter at higher 
temperatures and faster flow rates (lower 
range of error bars in Figure 3c). 

The reported response times reflect the 
time required to flush the wet box cham-
bers and the water residence time within 
the optode cell. As a result, the optode 
response in our PIGI system is longer 
than the manufacturer’s specifications 
(~25 sec) or values reported in different 
systems (e.g., Bittig et al., 2014). Despite 
this difference, the GTD signal, with a 
response time similar to the manufacture 
specification of 1.5 min, still lags behind 
O2 (Figure 4a), so that additional data 
processing is required when encountering 
very strong frontal features. Nonetheless, 
our testing demonstrated that flow rates 
greater than 1.5 L min–1 through the 
instrument loop (water residence times 
<1 and <10 sec within the GTD plenum 
and optode chamber, respectively) pro-
duce high-quality data with good spatial 
resolution. Increasing the seawater flow 
rates should further improve instrument 
response times. 

Testing also showed that inclusion of 
a debubbler significantly reduced data 
noise and contamination from bubbles 
entrained in ships’ seawater lines. Bubble 
effects are particularly problematic during 
elevated sea states and, to a lesser extent, 
in calmer conditions if the seawater 
intake depth is shallow. Commonly used 
vortex debubblers increase the water res-
idence time in flow-through systems, 
thereby leading to excess gas dissolution 
between the seawater intake and the mea-
surement interface. In the PIGI, we thus 
designed an upward-oriented debubbler 
that enables rapid escape of bubbles via 
buoyant rising (Figure 1). The sampling 
line leading to the optode and the GTD is 
installed at the bottom of the debubbling 
chamber so that bubble-free water is 
drawn toward the sensors. This approach 
is very effective in diverting bubbles away 
from the instruments, even during high 
sea states. Anomalously high O2 and N2 
signals can still be measured during ele-
vated sea states, but these result from 
bubble dissolution in the seawater lines 
upstream of the PIGI system. 

The installation of the pump down-
stream of the gas sensors and the direc-

FIGURE 3. Field validation of PIGI-derived O2 (a) and N2 (b) against discrete samples. Black markers 
represent samples obtained from Niskin bottles, and colored markers (blue = Arctic; red = Subarctic 
Northeast Pacific) are for samples obtained from the PIGI system discrete sampling line. Sensor 
data have been adjusted for offsets using the discrete samples. The insets in (a) and (b) show the 
residuals between sensor-derived and discrete gas data, with the y-axis representing the propor-
tion of data points. N2 saturation (N2,sat) represents the seawater concentration normalized to the 
equilibrium concentration at one standard atmosphere. Panel (c) shows the instrument response 
times in the PIGI system determined in the laboratory as those required for re-equilibration after 
a change in the inflowing sample water composition. The response time of a MIMS system, deter-
mined under the same conditions, is shown for reference. Error bars represent the range of values 
recorded during repeat experiments and at different instrument flow rates (1–3 L min–1). Panel (d) 
shows the response time of the mini-TDGP in the PIGI to changes in hydrostatic pressure caused 
by altering the flow rate through the system. The x-axis corresponds with the flow rate through the 
instrument chamber during re-equilibration, and error bars represent the standard deviation of val-
ues at 4°, 10°, and 18°C. 
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tion of flow onto the instruments’ sensing 
faces (Figure 1) are important for mini-
mizing response times and maintaining 
neutral hydrostatic pressure within the 
system. Flow rate changes through the 
instrument loop following pulses in the 
discharge from the ship’s seawater supply 
induce hydrostatic effects on GTD mea-
surements analogous to pressure changes 
during depth profiling (Reed et al., 2018). 
The PIGI system was designed to mini-
mize these flow-dependent effects and 
includes flow-rate monitoring for diag-
nosing such artifacts. Laboratory tests 
show that GTD response times follow-
ing such disturbances range between 
~10 min and 1 hr, depending on flow rate 
(Figure 3d). For this reason, it is import-
ant to maintain system flow rates as high 
and as constant as possible. 

We also performed side-by-side field 
deployments of PIGI and MIMS sys-
tems (Figure 1e). The results (Figure 4) 
demonstrate strong coherence between 
ΔO2/N2 and ΔO2/Ar across small-
scale hydrographic frontal features in 
Canadian Arctic waters. Offsets between 
the NCP tracers result from the relatively 
slow GTD signal and from the slightly 
different solubility properties of N2 and 
Ar. These offsets can be minimized, how-
ever, through simple time-response cor-
rections on underway signals (e.g., Bittig 
et  al., 2014; Hamme et  al., 2015) and 
careful evaluation of physical contri-
butions to excess N2 saturation (manu-
script in preparation; Tortell et al., 2015). 
These results show significant prom-
ise for the widespread application of 
PIGI systems to increase spatial coverage 
of NCP estimates. 

 
RECOMMENDATIONS AND 
FUTURE MODIFICATIONS
Throughout system development and 
testing, we made modifications to PIGI 
hardware and software to improve over-
all performance and ease of deployment. 
Based on our field and laboratory test-
ing of previous versions of the system, we 
find that the present configuration maxi-
mizes data quality. Importantly, the PIGI 

was designed for unattended use by oper-
ators with little or no previous experience 
with the relevant instruments. We sug-
gest that future deployments of optode/
GTD systems follow similar principles 
to those discussed here, while consider-
ing several recommendations for addi-
tional improvements. 

Accurate quantification of NCP from 
O2/N2 measurement systems requires 
ancillary temperature and salinity (T/S) 
data sets and O2 calibrations to achieve 
a desired accuracy of 1%. The latter can 
be achieved through Winkler analyses on 
discrete seawater samples or in-air mea-
surements following the approach used 
on biogeochemical Argo floats (Bittig and 
Körtzinger, 2015). Nitrogen derivation 
relies on accurate O2 and GTD pressure 
observations, which can be calibrated 
from in-air measurements made prior to 
and following deployments. Future PIGI 

designs may incorporate an air-pumping 
system (Bushinsky and Emerson, 2013), 
so that air-based calibrations could be 
performed during deployments. 

Moreover, T/S data are necessary for 
performing post-processing calculations 
on PIGI measurements, including O2 
salinity compensation and the determi-
nation of gas partial pressures (details 
in the online supplementary materi-
als). While optodes include a tempera-
ture sensor, salinity measurements must 
be obtained from separate sensors. If T/S 
measurements are not made elsewhere 
on the deployment platform, a salinity 
sensor can be incorporated in the PIGI 
instrument loop. 

Future systems may also benefit from 
a smaller optode chamber, which would 
decrease the optode response time (at a 
given flow rate) by reducing the optode 
chamber flushing time. We note, how-

FIGURE 4. One day of field observations from side-by-side deployments of PIGI and MIMS systems 
near a fjord in the Canadian Arctic. Panel (a) shows the calibrated optode and GTD measurements 
(normalized to the O2 equilibrium concentration at ambient sea level pressure and 1013.25 mbar, 
respectively), with Pro-Oceanus GTD signals seen to lag behind O2 in strong frontal regions. Derived 
NCP tracers, ΔO2/N2 and ΔO2/Ar, are presented in (b) and hydrographic data are shown in (c). 
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ever, that the response time of the GTD 
in our system remains most limiting to 
higher resolution ΔO2/N2 measurements. 
In addition, seawater should be pumped 
rapidly through the primary chamber to 
reduce overall system response times and 
minimize the impact of potential bubble 
dissolution. To limit hydrostatic pressure 
effects on GTD measurements, a flow 
controller may be installed in the instru-
ment loop. In its absence, a stable flow 
rate through the instrument loop should 
be measured and maintained in order to 
minimize excursions in the GTD data. 

CONCLUSIONS
We describe an automated, user-friendly 
optode/GTD system capable of high-​
resolution and accurate O2/N2 measure-
ments from a continuous seawater sup-
ply. The system has been tested and 
deployed under a wide range of labora-
tory and oceanographic conditions and 
has produced high-quality data from 
deployments on various platforms. Based 
on insights from these deployments, we 
provide recommendations for success-
ful PIGI operation and include detailed 
designs for the system hardware and soft-
ware in the online supplementary mate-
rials. The system we describe here may 
be deployed on research vessels and vol-
untary observing ships or at land-based 
field stations with a continuous seawater 
supply. Widespread deployment of the 
underway PIGI system would lead to a 
significant expansion of global NCP mea-
surements, providing better understand-
ing of large-scale oceanic responses to 
ongoing climate variability. 

ONLINE SUPPLEMENTARY MATERIALS
The supplementary materials are available online at 
https://doi.org/10.5670/oceanog.2020.214.
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Project EDDIE
Using Real Data in Science Classrooms

 

By Dax Soule

How does the earth speak to you? Or, per-
haps even more importantly, how do you 
get the earth to speak to your students? 
As oceanographers, and more broadly as 
Earth scientists, we know that our planet 
has a fascinating story to tell, one that is 
full of an amazing array of interconnected 
facets. What language does it speak? How 
do we connect students to this story under 
normal educational circumstances? How 
about in the middle of a pandemic? 

If you have found yourself suddenly 
needing to revise how you teach your 
classes and are interested in incorpo-
rating more open inquiry using real 
data, I would like to introduce you to 
Project EDDIE (Environmental Data-
Driven Inquiry and Exploration; 
http://www.projecteddie.org), funded by 
the National Science Foundation. (Full 
disclosure: I am a principal investigator 
of the project.) Project EDDIE is orga-
nized by a community of STEM disci-
plinary and educational researchers ded-
icated to providing an onramp for the 
scaffolded1 analysis of data in the class-
room. Participants include faculty from 
a wide range of STEM disciplines who 
serve a broad range of student popula-
tions at two- and four-year colleges. They 
create focused lesson plans using EDDIE 
modules that are designed to be scalable 
across different skill levels. An “A-B-C” 
structure based on how students natu-
rally progress through learning objectives 
of increasing sophistication (Bybee et al., 
2006) allows students to develop quanti-
tative skills while making choices about 
how to use data when addressing aspects 
of the questions posed. In comparison 

to a procedure-driven laboratory where 
we give students questions and tell them 
how to answer them, EDDIE modules are 
structured to compel students to ask their 
own questions and thus become invested 
in finding the answers through the explo-
ration of a publicly available data set. 

I have used EDDIE modules in a vari-
ety of contexts, ranging from large enroll-
ment, multisection courses to small 
intensive classes focused on time-series 
analysis. Most recently, I used the climate 
change module (https://serc.carleton.edu/​
eddie/​enviro_data/​activities/​climate_
change.html) with ~300 students in the 
lab sections of our non-majors environ-
mental science and geology courses at 
Queens College (New York City) this 
past fall. Our students explored the topic 
of climate change through the analy-
sis of global temperature and atmo-
spheric CO2 concentrations using 
data compiled by the Earth Policy 
Institute (http://www.earth-policy.org/​
data_center/). In this lesson, students 
start by downloading and plotting the 
average global temperature from 1880 to 
the present (Figure 1a) using Microsoft 
Excel. In part A, students are prompted 
to calculate the rate of change and the 
R2 value for the entire time series to 
determine if they would conclude that the 
earth appears to be warming currently. To 
consider the hypothesis that drastic rises 
in temperature began in the mid-1900s, 
students can compare the slope and the 
R2 values for the earlier and later portions 
of the data set. In part B, we remove some 
scaffolding, and students do a similar 
analysis of annual mean CO2 data from 

the Mauna Loa observatory (Figure 1b) 
with the goal of establishing a modern 
rate of change for atmospheric CO2. In 
part C, students working as almost inde-
pendent scientists continue to explore 
how CO2 and temperature have varied 
together during modern times. At this 
point, they make all the choices about 
which data to analyze in order to expand 
their analyses into how these trends 
compare to pre-historic rates of change 
recorded in Vostok ice cores using data 
available through the Carbon Dioxide 
Information Analysis Center (CDIAC, 
https://ess-dive.lbl.gov/). 

Project EDDIE provides instructors 
with a framework for successful lessons 
that use data while allowing flexibility for 
adapting the structure for different learn-
ing environments or student popula-
tions. All modules are anchored in a rele-
vant scientific question, use real data, and 
are structured in such a way that students 
become progressively more indepen-
dent as they are asked to make increas-
ingly sophisticated choices about how to 
use their data to address questions and 
communicate results. Each module con-
tains a set of learning objectives, a student 
handout, an instructor handout, and a 
slide set with presentation notes. EDDIE 
modules also include curated data for 
instructors who choose not to have stu-
dents access the public data portals. Our 
studies demonstrate that in the context 
of Project EDDIE modules, undergradu-
ates are able to work with large data sets 
to explore both scientific and quantitative 
concepts. This opportunity results in sig-
nificant gains in confidence and technical 

1 “Scaffolding” breaks learning down into manageable chunks to help students progress toward stronger understanding and ultimately greater independence.

THE OCEANOGRAPHY CLASSROOM
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ability, a greater appreciation for large data 
sets and computer software, and a stron-
ger understanding of the associated sci-
entific concepts. As an instructor, Project 
EDDIE has helped me introduce students 
to using data through guided inquiry and 
provided a structure for communicating 
the overarching theme that we are here to 
do hard things. The more I have incorpo-
rated data into my teaching, the more my 
classroom environment and the process 
of learning has evolved to resemble the 
actual scientific process. 

The sudden disruption of the status 
quo brought on by the COVID-19 pan-
demic can be a catalyst for examining 
new strategies for engaging your stu-
dents. Project EDDIE is a vehicle for 
transitioning students from studying our 
ocean as an assignment to exploring it as 
an extension of their own curiosity. The 
vast wealth of publicly available sensor 
data available through networks such as 
the Ocean Observatories Initiative (OOI) 
can take students beyond the idealized 
figures and plots typical of an oceanog-
raphy textbook into a world where the 
inherent messiness of real data is part 
of the story. EDDIE modules can com-
pel students to question what they see in 
a fundamentally more engaged way than 
a textbook alone can provide as context 
for developing an understanding of statis-
tics and numeracy. 

Perhaps the question is not how you 
get the earth to speak to our students; 
the earth speaks continuously. Perhaps 
the real question is, how do we equip a 
much broader portion of our society to 
hear what the planet has to say and do 
the work of trying to understand what 
it means? As scientists, we have made a 
lot of progress in making data available, 
and the Project EDDIE community is 
currently developing new modules cov-
ering oceanography topics ranging from 
tides to hypoxia in the coastal environ-
ment. If you have an oceanographic mod-
ule you would like to contribute, join our 
community and apply to attend one of the 
forthcoming module development work-
shops. (Go to the Project EDDIE webpage, 

https://serc.carleton.edu/eddie/, and sign 
up for announcements.) Engaging stu-
dents in the study of our ocean is a way to 
develop quantitative reasoning skills that 
have broad relevance, and now more than 
ever we have an opportunity to use sen-
sor networks as a window to the ocean 
and seafloor. I invite you to join Project 
EDDIE and help us figure out how to give 
students real access to authentic, data-
rich learning experiences—even in the 
middle of a pandemic. 
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FIGURE 1. Two plots that students are asked to create using Excel in the Project EDDIE cli-
mate change module. (a) The average global temperature from 1880 to 2014 using data 
compiled by the Earth Policy Institute shows variability in its rate of change. (b) Atmospheric 
data from 1960 to 2016 gathered at the Mauna Loa Observatory in Hawai‘i shows a steady 
increase in CO2 concentrations over that period.
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CAREER PROFILES Options and Insights

Degree: When, where, what, 
and what in?
I earned my BA in environmental science 
from the University of Virginia in 1996, 
my master’s in marine sciences from the 
University of North Carolina (UNC), 
Chapel Hill, in 2000, and my PhD in 
marine Sciences from UNC Chapel Hill 
in 2015.

Did you stay in academia at all, 
and if so, for how long? 
No. I had originally intended to get a PhD 
and go the academic route when I started 
graduate school, but after taking my 
comps and completing course work, my 
advisor moved to a new university. I had 
the choice of following my advisor and 
starting over or finishing up and seeing 
what I could do with a master’s degree. 
I opted for the latter. I didn’t return to 
school to complete my PhD for another 
13 years, but fortunately when I did, my 
credits and requirements were satis-
fied so I was able to finish very quickly. I 
hadn’t really planned to return for a PhD 
because my career was very satisfying, 
and I had been able to get the positions 
I sought—but then things evolved, and 
getting my PhD made sense. 

How did you go about searching for a 
job outside of the university setting? 
After earning my master’s, I wasn’t really 
sure if I wanted to go into conservation, 
education, or government work. There 
were not many job options when I was 
looking in 2000, so I had to get strategic. 
I took a job doing GIS work for a health 
research project that I saw as a place-
holder, something I wasn’t really inter-
ested in so that I didn’t get stuck in it (iner-
tia tends to get the best of us). So, during 

STEPHANIE WEAR | Senior Scientist and Strategy Advisor, 
Global Science, The Nature Conservancy
swear@tnc.org

about eight months in that job, I explored 
all sorts of possibilities, applied for many 
of them, and saved money. I found that 
without any experience, it was difficult to 
land a job, and I wasn’t sure what would 
be interesting and fun. I was offered some 
positions in outreach and education, but 
they were not “career” jobs, and I turned 
them down. I kept looking and finally 
found a couple of unpaid internships and 
volunteer opportunities in the US Virgin 
Islands. I had enough savings to scrape by 
and keep my student loans from default-
ing, so I headed to the Virgin Islands for 
what was supposed to be three or four 
months. I didn’t know anything about 
conservation and was hoping to learn. It 
was baptism by fire—and I was hooked. I 
loved the work. I loved the people. I loved 
the place and the challenge, so I stayed. 
After about five months, I took a full-time 
position with The Nature Conservancy 
(TNC) in 2001 and have been working 
there ever since. 

Is this the only job (post-academia) 
that you’ve had? If not, what else 
did you do?
Besides my eight-month stint working on 
that GIS project, I have been a lifer at The 
Nature Conservancy. 

What is your current job? What path 
did you take to get there?
I am a senior scientist and strategy advi-
sor on our Global Science Team. The 
path I took to my current job was always 
guided by one question: “Will it be fun?” I 
chose an internship in the Caribbean over 
a paid position in Rhode Island. I chose 
a global job that would teach me about 
the world. I chose working with engag-
ing people in interesting places with a lit-

tle bit of adventure sprinkled in here and 
there. I often get asked how I got to my 
position, and to be sure, there is no tried 
and true way of getting to any job in the 
environmental space. It was a serendipi-
tous adventure! I started as an intern, then 
took a position as a protected area spe-
cialist that evolved into running the con-
servation programs for the Virgin Islands 
and Eastern Caribbean Program. Next, I 
ran a global coral reef and climate change 
project, and that evolved into becoming 
Director of Coral Reef Conservation. At 
some point in the middle there, I started 
doing spokesperson work on all topics 
ocean and nature for TNC. Then I burned 
out because, well, I go overboard some-
times. So, I stepped back, got my PhD, and 
now I work on ocean pollution and con-
tinue to do spokesperson work for TNC. 

What did your oceanographic 
education (or academic career) give 
you that is useful in your current job? 
My training in oceanography has been 
the foundation for all of my work. I often 
say my work is about people, and that is 
very true. But the ocean science back-
ground I have is so important as we work 
to determine the best strategies, how we 
measure success, and what sort of ques-
tions to ask. It generally helps to have a 
good understanding of how the system 
you are working to protect works. 
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Is there any course or other training 
you would have liked to have had as 
part of your graduate education to 
meet the demands of the job market? 
I would encourage students to find ways 
to get real-world experience outside 
graduate school and textbook learning. 
For example, supporting ongoing conser-
vation work, either directly through your 
studies or in addition to them, will help 
you better understand the realities of the 
work as well as begin to build your net-
work before graduation. 

Is the job satisfying? What aspects of 
the job do you like best/least?
I have been at TNC for 19 years, so I 
would say, my job is satisfying, to be sure. 
I knew from the beginning that I would 

stick around for a long time. There are so 
many things I love about my job that it is 
hard to list them, but I would start with 
the awesome people of TNC. It is very 
cool to work in a mission-driven envi-
ronment with people who share your val-
ues. I also have loved the diversity of the 
work—which is pretty much thanks to 
how messed up our planet is, so I guess 
that is a mixed bag. The challenge is 
intense, and there are a million opportu-
nities to be creative and entrepreneurial. 
In terms of what I like the least, it is really 
hard to say no, and it feels impossible at 
times because everything feels important 
and urgent. Discipline is required to stay 
sane. I am not very disciplined and have 
had a few periods of burnout because of 
it. I always feel like I need a bigger team to 

get the job done. But I have learned to be 
efficient and to maximize the resources 
available—good life lessons. 

Do you have any recommendations 
for new grads looking for jobs?
My advice is to seek jobs that you think 
you will enjoy, that will be fun, because 
you are going to spend a lot of time doing 
them. Be open to a range of possibilities 
because there really is no single path to 
the job of your dreams, and as long as you 
keep that intent front and center, you will 
find your way there. I very much believe 
in the power of setting intentions and 
then allowing nature to take its course. 

Degree: When, where, what, 
and what in?
I completed my undergraduate degrees 
at the State University of New York at 
Albany, where I double majored in phys-
ics and fine art. After graduation, I stayed 
in the same department, planning to get 
a PhD in physics. About a year and a half 
into it, I realized I didn’t want a career 
where I was trapped in a lab and decided 
to leave with just a master’s degree. After 
working and figuring out what to do, I 
moved to Seattle in 2003 to start gradu-
ate school (again!) in physical oceanog-
raphy at the University of Washington. I 
received my PhD in 2010.

Did you stay in academia at all, 
and if so, for how long?
After graduating, I moved to the 
University of Alaska Fairbanks for my 
first postdoc, researching internal waves 
and turbulence in the Arctic. In 2013, 
I returned to Seattle for another post-
doc at the University of Washington and 
NOAA/Pacific Marine Environmental 
Laboratory, working with the interdis-
ciplinary EcoFOCI group. Its members 
are oceanographers and fisheries scien-
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tists who monitor the Bering Sea ecosys-
tem. The plan when I took the position 
was to eventually transition to a perma-
nent position within EcoFOCI.

How did you go about searching for a 
job outside of the university setting?
When I started hunting for jobs during 
my postdoc years, I knew that I was not 
going to go down the traditional aca-
demic route. Because I had been active 
on social media and in science commu-
nication, I had already seen many of the 
career opportunities for scientists that 
existed outside of academia. One of the 
first things that I did was to make two 
lists: things in science that I liked to do 
and things I did not. When I started 
searching, these lists not only helped 
me to narrow down which jobs I should 
apply for, but also to understand whether 
I was a good fit for positions outside of 
environmental science. 

Another important step was talking to 
my network outside of oceanography and 
academia. I would ask my friends ques-
tions like: How did you get your job? What 
was the application and hiring process like? 
What do you and don’t you like about your 

job? What was your career trajectory to 
get to this point? Because they had been 
through the process, they were a wonder-
ful resource for understanding it.

I did my homework. I had a great CV, 
but that is a highly specialized docu-
ment intended for other academics and 
not broadly understood outside of aca-
demic settings. Quite honestly, I spent a 
lot of time googling questions such as: 
How do I write a resume? What does a 
good cover letter look like? How do I trans-
late my skill set for this job? What to do 
during the interview process? There are so 
many great examples out there that can 
be used as models when you start apply-
ing for jobs. Scientists are pretty good at 
doing research. In this case, I just pivoted 
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to address the current task of searching 
for a job.

Lastly, I phoned a friend. After prepar-
ing my application, I asked a colleague to 
review it. We all have strong points, but 
sometimes we aren’t that good at high-
lighting them. An outside perspective can 
remind you of the strengths that make 
you a great fit for the job. 

Is this the only job (post-academia) 
that you’ve had? If not, what else 
did you do?
It really depends on your definition of 
academic. Long-term monitoring with a 
group based at a government institution 
has a lot of similarities with a career at a 
university, but it’s not strictly academic 
with regards to funding and possible 
career trajectories.

What is your current job? What path 
did you take to get there?
In simplest terms, my job is to make your 
data better. But a lot of what I do still mir-
rors the daily life of an academic. I work 
at Sea-Bird Scientific, a company that 
makes instrumentation to study the phys-
ical and biogeochemical properties of the 
ocean. If you have ever used a CTD on a 
ship, you’ve used one of our instruments. 
As Senior Oceanographer, my main 
responsibility is to be an expert on CTD 
design and function. I work with engi-
neering to design sensors and with pro-
duction to streamline manufacturing. I 
develop processing and analysis tools to 
improve sensors and data. I collaborate 
with scientists at various institutions and 
write peer-reviewed papers. I even design 
and teach courses. 

At the time that I applied for my cur-
rent job, I wasn’t planning on leaving 
NOAA. But I had been gently exploring 
other options and applying to a handful 
of jobs that interested me. I was down-
loading a manual on the Sea-Bird web-
site and thought, “Why don’t I just look 
if they have any positions available?” 
And they did! Because I had already been 
applying, I had practice with the process, 
and it didn’t take long to tailor my resume 
and cover letter for the application. I also 
applied even when I didn’t have all the 

experience listed on the advertisement. I 
knew that I was bringing a lot of exper-
tise in other areas and could learn the rest 
when I got the job.

What did your oceanographic 
education (or academic career) give 
you that is useful in your current job?
My most useful experience in academia 
comes from what I call “the year of odd 
jobs.” Between my postdocs, I took on 
two projects very different from my pre-
vious trajectory as an oceanographer. 
One was designing a data acquisition sys-
tem for a novel observation platform. The 
other was mining buoy data to under-
stand sea ice deformation in the Arctic. 
Both really broadened my skill set and 
also gave me confidence that I could suc-
cessfully take on and complete tasks out-
side my training.

Is there any course or other training 
you would have liked to have had as 
part of your graduate education to 
meet the demands of the job market?
I can only speak for my current position, 
but I would have liked to have more train-
ing in business and managing people. But 
don’t worry if there are gaps in your edu-
cation when moving outside of academia. 
When you work in industry, you will 
often be provided with the training you 
need to succeed. It’s simply not cost-effec-
tive for you to spend the time to learn it 
on your own.

Is the job satisfying? What aspects of 
the job do you like best/least?
I love my job! I help people with their sci-
ence, solve difficult problems, and get to 
work with a lot of very smart and nice 
people. The atmosphere at Sea-Bird is 
very social and collaborative. It’s rare that 
I get to spend a day at my desk just qui-
etly doing research. Because we make so 
many of the instruments that people use 
to study the ocean, it’s really satisfying to 
know that as a scientist behind the sci-
ence, even small changes will have a big 
impact on science globally. 

It has not always been an easy transi-
tion moving from a research to a man-
ufacturing and business environment. 

We use many of the same tools, but the 
methods and vocabulary are often differ-
ent. Initially, I was reluctant to learn new 
processes because I felt it was slowing 
down my work. But after chatting with a 
friend who works at another company in 
the Seattle area, I gave incorporating new 
approaches into my work a chance. In the 
end, I found I came up with better solu-
tions and was able to communicate them 
faster and more clearly among my col-
leagues. I still struggle sometimes, but it 
has become easier as I realize that being 
flexible and open to new ways of doing 
things can lead to better outcomes overall.

Do you have any recommendations 
for new grads looking for jobs?
As a person who has left academia, I get 
asked this question a lot. While I can’t say 
that I am an expert, I have applied for and 
gotten a job outside academia, I’ve inter-
viewed over a dozen people for multiple 
positions across my organization in the 
past three years, and I’ve asked people 
the same question. This is my short sum-
mary, written up as a useful to-don’t list. 
•	 Don’t wait for the perfect job to start 

applying. In this case, practice does 
make perfect. If you have already gone 
through the process, you will be ready 
when the perfect job does come up.

•	 Don’t ignore the Internet. Get a profile 
on LinkedIn. Fill out your profile com-
pletely. Make a website. Employers do 
their homework, too.

•	 Don’t be afraid to take risks. Sometimes 
a different path ends up being the most 
fruitful.

•	 Don’t do this alone. Lean on your net-
work inside and outside academia. 
And once you succeed, make sure to 
pay it forward.

•	 Don’t underestimate yourself. You 
are all highly capable people. It just 
doesn’t always feel that way when you 
are in a room full of other highly capa-
ble people.

•	 Don’t give up. It takes work to find 
the job that’s right for you. You may 
not immediately find the right job. 
You may not. But keep trying—you 
can do it! 
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TRIBUTE

Tom Sanford brought an innovative mind to 
ocean science. His passion was measuring 
ocean currents with electromagnetic sen-
sors. This interest led him first to develop 
a theory for electric currents driven by the 
flow of conductive seawater in Earth’s mag-
netic field so that measurements could be 
correctly interpreted, then to design sensors 
that could measure down to nanovolt accu-
racy through clever electrode configura-
tions and state-of-the-art low-noise ampli-
fiers using cutting-edge 1970s transistors 
and integrated circuits. 

Throughout his career, Tom always 
sought ways to improve electrode perfor-
mance and make measurements that were 
inaccessible to standard ocean instruments 
and sampling. He conceived and deployed 
over a dozen instrument platforms to mea-
sure the vertical, horizontal, and tempo-
ral structure of ocean flows in the surface 
mixed layer, stratified interior, and bot-
tom boundary layer, and devised a means 
to directly measure vorticity and vortic-
ity flux in turbulent boundary layers. Tom 
proved the feasibility of using a seafloor 
cable to monitor Florida Current transport, 
demonstrating its large intra- and inter-
annual variability, and leading to long-
term monitoring of the Atlantic Meridional 
Overturning Circulation. 

While most of the community was focus-
ing on moored time series in the 1970s, 
Tom built profilers to uncover the rich 
vertical and horizontal structure of inter-
nal wave motions in groundbreaking work 
that refined the shape of the internal wave 
spectrum, established the vertical asymme-
try of near-inertial waves from the spiral-
ing of the horizontal velocity vector with 
depth that has been called the “double helix 
of physical oceanography,” and described 
the three-​dimensional velocity structure 
of meso- and submesoscale eddies and 
boundary currents. His full-depth profilers 
were later used to study internal tide gen-
eration and propagation, identifying the 
Hawaiian Ridge as a major source of inter-
nal tide energy in the North Pacific, and he 
helped to establish a widespread relation-
ship between finescale internal waves and 

ocean turbulence. 
Recognizing the limitations of a recov-

erable profiler, Tom designed an expend-
able profiler that could be rapidly deployed 
in heavy seas from ships underway and air-
craft. This instrument gained wide use as a 
submesoscale survey tool for studying the 
upper ocean’s response to storms and hurri-
canes, near-inertial wave interactions with 
fronts and eddies, flow-topography inter-
actions such as the impacts of bottom drag 
and interfacial mixing on the Mediterranean 
and Denmark Strait outflow plumes, and 
turbulent dissipation and mixing inferred 
from a finescale parameterization. 

In the last decade, Tom’s projects included 
(but were by no means limited to) augment-
ing arrays of autonomous profiling floats 
to measure velocity electromagnetically 
(EM-APEX) and turbulence with tempera-
ture microscale sensors, adding electromag-
netic sensors to pressure-gauge-inverted 
echo sounders (PIES) to measure depth-​
averaged velocities remotely, and designing 
an electromagnetic source and sensor array 
to remotely measure salt wedge variability 
in river estuaries. His EM-APEX profiling 
floats have seen wide use, deployed in arrays 
to make four-dimensional measurements of 
the submesoscale partition between inter-
nal waves and balanced flow, wind genera-
tion of internal waves, the evolution of the 
surface boundary layer, and motions under 
Antarctic ice. After retiring at 75, he bicy-
cled into the office almost every day to con-
tinue developing innovative instruments 
and conduct fundamental oceanographic 
research from their data. 

Tom earned his undergraduate degree in 
physics in 1962 and his PhD in mathemat-
ics and oceanography with Bill von Arx in 
1967. For his scientific and engineering con-
tributions, as well as service on numerous 
professional committees and as a founding 
editor for the Journal of Atmospheric and 
Oceanic Technology, Tom was made a fellow 
of both the American Geophysical Union 
and American Meteorological Society. He 
received the AMS Henry Stommel Research 
Award and IEEE/OES Distinguished 
Technical Achievement Award, and was 

the Secretary of the Navy/Chief of Naval 
Operations Chair in Ocean Sciences. 
Tom was among those who formed The 
Oceanography Society in 1988, joining as a 
life member.

For those fortunate to be his collabora-
tors, Tom was an insightful, generous, and 
kind colleague. Three of his engineers, John 
Dunlap, Bob Drever, and Art Bartlett, left 
New England to join him in Seattle, later to 
be joined by Jim Carlson and Avery Snyder, 
drawn by the exciting challenges he posed 
them and the professional rewards of work-
ing in his group. He valued all of his many 
collaborations but perhaps especially those 
with Tom Rossby, Jim Larsen, Mike Gregg, 
Jim Price, Rolf Käse, Ann Gargett, Eric 
D’Asaro, and Peter Spain. He had high stan-
dards and pushed everyone around him 
to do their best, particularly when it came 
to making the most of seagoing data col-
lection. Tom always acknowledged credit 
where it was due and tirelessly did every-
thing he could to help his 14 graduate stu-
dents, nine postdoctoral advisees, and many 
other early career colleagues get their pro-
fessional start. As an advisor, Tom gave stu-
dents and postdocs opportunities to collect 
their own data and find their own scientific 
paths. As a collaborator, he did more than 
his share. As a friend, he could be counted 
on for advice and support. Tom pulled back 
the curtain of theory and equations to show 
us the rich variability of the real ocean. The 
oceanographic community and world are 
smaller without him. 

Contributed by Eric Kunze and Ren-Chieh Lien

A Tribute to Thomas B. Sanford (1940–2020)

Tom Sanford aboard R/V Wecoma with his full-
depth absolute velocity profiler during the 2000 
Hawaii Ocean Mixing Experiment (HOME). 
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