The present is the key to the past ....

... The past is the key to the future

Some thoughts on paleoceanography
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What do we know about ocean circulation
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[Franklin-Folger chart of the Gulf Stream]. 1768. Geography
and Map Division, Library of Congress.
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The Gulf Stream location in the Global Real Time Ocean
Forecast System model (RTOFS). Courtesy of NOAA.


http://www.opc.ncep.noaa.gov/sst/GulfStream_compare.shtml
https://www.loc.gov/item/88696412/?loclr=blogmap

Sea Surface Temperature X

Data from: 2009
National Oceanographic Data Center, NOAA

Sea Surface Temperature

Celsius
-2 7 16 24 33

SWITCH TO FAHRENHEIT

Scientists monitor sea surface temperature because of its
impact on weather, climate and the health of marine life. This
visualization shows sea surface temperatures averaged over
nearly a quarter century of data collected by the Pathfinder
Earth observation program. These day-night combined
monthly and yearly mean averages were produced from
cloud-screened day-night monthly full resolution data from
1985-2009, among the most comprehensive and accurate
sea surface temperature climate datasets available.

Credit: Baker-Yeboah, Sheekela; Saha, Korak; Zhang, Dexin; Casey, Kenneth S.;
Kilpatrick, Katherine A.; Evans, Robert H.; Ryan, Thomas (2016). AVHRR
Pathfinder version 5.3 level 3 collated (L3C) global 4km sea surface
temperature for 1981-2014. NOAA National Centers for Environmental
Information. Dataset.doi:10.7289/V52J68XX [Date accessed: May 7, 2018]
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World Ocean Atlas Climatology

Decadal average: 1955 - 2017
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Summary for Policymakers

Global and regional risks for increasing levels of global warming

(a) Global surface temperature change (b) Reasons for Concern (RFC) _ _
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Earth’s climate system and interactions of its components

Studies of Earth's climate cover a wide range of processes, indicated at the top. Climate
scientists organize and simplhify this complexity, as shown at the bottom. A small number of
facrors drive, or force, climate change. These factors cause interactions among the intemal
components of the cimate system (air, water, ice, land surfaces, and vegetation). The results are
the measurable vanations known as climate responses.




Paleoceanographic Proxies

Biological: Physical: Chemical:

Foraminifera Grain Size Elemental ratios
Diatoms Colour Isotopes
Coccolithophores Density ,
Dinoflagellates Magnetics Biomarker
Ostracodes
Pteropods
Biomarker

and many more ...
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Figure 5. Integrated approach using marine sedimentary sequences to unravel terrestrial and oceanic changes
during abrupt climate events and pathways of terrestrial and marine microfossil deposition. Forams:
foraminifera. Modified from Center for Advanced Marine Core Research, Kochi University. (2020)

httos://www kochi-u ac.in/marine-core/research/.



https://www.frontiersin.org/articles/10.3389/feart.2021.669885/full
https://www.kochi-u.ac.jp/marine-core/research/
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Temperatures of Pacific Bottom Waters and Polar
Superficial Waters during the Tertiary

CESARE EMILIANI Authors Info & Affiliations

SCIENCE - 18 Jun 1954 - Vol 119, Issue 3103 - pp.853-855 - DOI:10.1126/science.119.3103.853
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Fig. 1. Temperature change of Pacific abyssal waters
during the Tertiary.
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Isotope fractionation

As water vapor moves from the tropics toward the poles, it

is enriched in the '°O isotope during each step of evapora-
tion and condensation. This fractionation process makes the
5'%0 values of snow falling on (and stored in) ice sheets more
negative ('°O-rich).
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FIGURE-3

Controls on variations in ice-core 820

The 8'%0 values recorded in ice cores vary with changes in the
local temperature of the snow that falls on the ice, changes

in the relative contributions among the source areas of water
vapor, and 8'80 changes within the source regions.
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520 values in the modem world

In the modern ocean, 8'80 values vary from 0 to —2%o in
warm tropical surface waters to as much as +3 to +4%o in
cold deep-ocean waters. In present ice sheets, typical §'0
values reach —30%o in Greenland and —55%o in Antarctica.
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X 1,000
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FIGURE-1

Photosynthesis and carbon
isotope fractionation

Photosynthesis on land and in the
surface ocean converts inorganic car-
bon to organic form and causes large
negative shifts in 8'°C values of the
organic carbon produced.




NYHSYHEIN ZN09 ]
g 2
2 2 ]
™ = —_
< 3 —
NVSNY RE o]
o o —
oy
z 2 ~
.mv M @
-] g ]
NYIONITY Ssiy @ __|
NONVONVS  WuNM-SSM I )
J 1 WM v _ |
y O-1 WM ~
NISNODSIM HH_—H WHOM s
© o _
y N
9 SHNLYHIINIL

TIME (x HO00yrs B.R)



Stages

3 4 5 6 7 8 9 10 11 12 13
T iIH’_T’zll"T'T'!'T‘ETH;m‘]"flE‘T*.'T—';“T"T“'TTTTT"?T"“T| TTTTTTrTTry ey erT L]

.

w
o

N
o

Weight %
o

w
o

Isotopic
temperature (°C) fraction (>74um)
o

i v , i
:.'L_LL,LI_.I,.A.ia,i_.J,iJ,_‘L_L,l_L.]L.i;i. AEEEER RSN NE NN NERNNNENENT 1s11t=1;:lu:uuu
0 50 100 150 200 250 300 350 400 450 500 550 600 650 700

Core depth (cm)

FIGURE 3.—First view of the glacial cycles from oxygen isotopes: coarse sediment fraction (top panel) and plank-
tonic foraminiferal oxygen-isotope paleotemperature estimates (bottom panel) from Piston Core A-1794 (Caribbean,
Lamont Geological Observatory). Isotope 'stages' are labeled at the top. Temperature offsets between the planktonic
foraminifer species are mainly related to depth habitat (and hence temperature) of calcification. This record is now
considered to span ~400 kyr. (compare with Figure 12). Small letters represent different species. Modified from
Emiliani, 1955.
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Pearson, Paul N. (2012). Oxygen Isotopes in Foraminifera:
Overview and Historical Review. The Paleontological Society
Papers, 18(), 1-38. d0i:10.1017/51089332600002539



Figure 2. Schematic representation of the potential of planktonic
foraminifera to provide insights in zooplankton ...
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Figure 1. Schematic figure showing
the three main eco groups as
defined in Aze et al. (2011) based
on stable isotope measurements.
This figure is illustrative and does
not represent absolute values for
each ecogroup. Top to bottom the
mixed layer is represented by
schematic outlines of Acaranina
spp., Chiloguembelina spp.,
Morozovelloides spp. and
Globigerinatheka spp. Left to right
the thermocline is represented by
Subbotina spp. and Hantkenina spp.
and the subthermocline
represented by Catapsydrax spp.
and Jenkinsina spp. Note the
reversed scale on the x-axis.
Modified from Pearson (1998).



https://www.frontiersin.org/articles/10.3389/fevo.2021.679722/full
https://www.frontiersin.org/articles/10.3389/fevo.2021.679722/full

Figure 1. Living and fossil planktonic foraminifera. Panel (a) shows
living specimens of planktonic foraminifera ...
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Planktonic foraminifera assemblage from Caribbean sediments.
Source: Michal Kucera
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Oxygen and Carbon Isotopes from Calcareous
Nannofossils as Paleoceanographic Indicators

STANLEY V. MARGOLIS, PETER M. KROOPNICK, DAVID E. GOODNEY, WALTER C. DUDLEY, AND , MAUREEN E. MAHONEY Authors Info & Affiliations

SCIENCE - 15Aug 1975 - Vol 189, Issue 4202 - pp. 555-557 - DOI: 10.1126/science.189.4202.555
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Fig. |1 (left). Oxygen isotope data from DSDP Leg 29, sites 277, 279, and 281, showing the per mil deviation from PDB for planktonic (A ) and benthic
(L)) foraminifera (5) and calcareous nannofossils (@) (this study). Note the close correspond: between fossil and planktonic foraminifera
curves. Stratigraphic plots (6) are not based on thickness or age differences between samples, but represent relative positions in each cored interval. Wa-
ter temperature values (5) are valid from base of sequence to middle Miocene only. Above core 10 at site 28| water temperature estimations are com-
plicated by scawater isotopic changes (5). Calcareous nannofossils are assumed to be equilibrating with surface waters during growth. Nannofossil values
that are higher than planktonic foraminifera values represent possible isotope exchange with deeper waters. Fig. 2 (right). Carbon isotope data from
sites 277, 279, and 281 showing per mil deviation from PDB for planktonic (A ) and benthic () foraminifera (5) and calcareous nannofossils (e) (this
study). Nannofossil 4"°C trends parallel those for foraminifera, but are higher than planktonic foraminifera values in Oligocene to middie Miocene sam-
ples. Nannofossil §'°C values significantly lower than those for associated planktonic foraminifera represent possible isotope exchange with deeper wa-
ters. Stratigraphic plots are not based on thickness or age differences between samples, but represent relative positions in each cored interval.
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CLIMAP: The Last Glacial Maximum

The Surface of the Ice-Age Earth

Quantitative geologic evidence is used to reconstruct
boundary conditions for the climate 18,000 years ago.

CLIMAP Project Members

8 6 -4 =2 0 2 4
Temperature Difference (*C)

CLIMAP Project Members (1976): CLIMAP sea surface temperature anomaly (LGM-modern).



Distribution of MARGO Last Glacial Maximum SST proxy records

. 3 b
ELSEVIER Quaternary Science Reviews 24 (2005) 813-819

Diatoms v Radiolaria
Dinoflagellates Mg/Ca

Multiproxy approach for the reconstruction of the glacial ocean
surface (MARGO)

Michal Kucera®*, Antoni Rosell-Mel¢®, Ralph Schneider®,
Claire Waelbroeck?, Mara Weinelt®




Multiproxy approach for the reconstruction of the glacial ocean
surface (MARGO)

This map shows the reconstructed LGM sea-surface temperature anomaly, computed as the difference between the Last Glacial
Maximum (LGM, between 19,000 and 23,000 years before present) and present day, in units of °C for the Northern Hemisphere
winter season (January-February-March).
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ForCenS, a curated database of planktonic foraminifera
census counts in marine surface sediment samples

Michael Siccha &3 & Michal Kucera

Scientific Data 4, Article number: 170109 (2017) | Cite this article

les

From: ForCenS, a curated database of planktonic foraminifera census counts in marine surface sediment sam
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* Additions * MARGO *ATL947 <« BUFD -+ CLIMAP

Colours denote the sample source, the first occurrence of a sample in a compilation taking precedence over reuse in later compilations.
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o form their plates, '
they need to consume
CO2 and solar energy. N T’D

These processes help
with the production of "
the oxygen we breathe: - =

Haptonema

. /—oCoccolithophorés : :
v Flagellum

. . Are microscopic marine

4 . algae that live as far as the
- % »sun'srays can reach, in

.~ what is known as the
photic'zone

I, When coccolithophores

. e die, their plates fall and
' over millions of years
accumulate on the S
seafloor.

During their life cycle,
these algae form
various structures
that are composed of
the mineral calcite.

In this way, they bury CO2

These algae are part of the diverse marine .- in the deep sea, helping to

microscopic world, which is still full of : reduce global warming on
~

mysteries and unknowns. the planet.
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In tropical marine .
waters, there is a

greater diversity of
coccolithophores, and
some species can live

in depths of up to

200 meters.

Near the polar areas the variety
of coccolithophorid species
decreases. However, with high

SO abundances, a relatively small

2 A : . number species monopolize

these colder waters.
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Upon death, the exoskeletons of these small
d algae begin a journey to the bottom of the -
oceans. If conditions are favorable, they will be
. N "« . preserved as fossils. ' .
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BAYSPLINE: A New Calibration for the Alkenone Paleothermometer

Alkenone Paleotemperature Determinations
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Figure 1 Typical GC-FID chromatograms of alkenone-containing sediment extracts.
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Coccolithophore paleoproductivity and ecology response to deglacial and Holocene changes
in the Azores Current System
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Fig. 1. Location of Site U1385 on the Promonotorio dos Principes de Avis, along the continental slope of the southwestern Iberian margin. Also shown are position of piston cores discussed
in the text.
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What about the deep ocean ?



The Global Conveyor Belt (and it’s improvement)

Broecker 1987 Rahmstorf 2002 Talley 2013

Figure 1: Our understanding of processes and feedbacks between different components of the Earth system has remarkably
expanded over the last decades, here illustrated by conceptual visualizations of global ocean circulation over time: from the
"Great Ocean Conveyor Belt" (left; Broecker 1987), to more complex ocean circulation dynamics (middle) with different deep
water formation sites (yellow dots; Rahmstorf 2002) and (right) to an ocean with different water masses that interact and
interfere with each other in a complex manner (Talley 2013). Different colors depict different types of water masses (see

aforementioned references).
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Figure 1: Modern transects from the western Atlantic Ocean.

(a) salinity (Bainbridge 1981), (b) phosphate (Bainbridge 1981), and (c) 13C (Kroopnick 1985) where $13C =
1000(13C/12C53mp|e/13C/12C5tandard — 1). NADV, identified by its high salinity, contains more surface water than
AABW, and therefore has lower nutrients and higher $13C, as well as a younger radiocarbon age (Stuiver & Ostlund
1980).

© 2012 Nature Education Slides (a), (b) Bainbridge, 1981; Slide (c) reprinted with permission: Kroopnick, 1985. All

rights reserved. ()

9, @injesadwal



Western Atlantic GEOSECS 8'3C (%o PDB) Western Atlantic Glacial 3'3C (PDB)

0
1000
€ -2000 €
£ -3000 S
8 D &
-4000
-5000
-6000 = ‘ .
-60 -50 -40 -30 -20 10 0 10 20 30 40 SO0 60 70 -60 -50 -40 -30 -20 <10 0 10 20 30 40 50 0 70
Latitude Latitude
Western Atlantic Holocene &'3C (PDB) Western Atlantic Glacial CdW
0 F—— ‘
3 E
¥ L
§ a
o 3
-60 -50 -40 -30 -20 -10 0 10 20 30 40 S0 60 70 -60 -50 -40 -30 -20 -10 O 10 20 30 40 S0 60 70
Latitude Latitude

Figure 5: Modern, Holocene, and Glacial western Atlantic transects.

(@) Modern 813C (Kroopnick 1985), (b) Holocene, and (c) LGM 813C (Curry & Oppo 2005 and Supplementary
Information), and (d) LGM CdW (Makou et al. 2010, including data compiled by Marchitto & Broecker 2008)
transects for the western Atlantic. White dots indicate latitude and depths of cores used to make the glacial
transects. The low 813C values and high CdW values in the glacial deep North Atlantic mark the penetration of
southern ocean waters to the subpolar North Atlantic.
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Figure 6: Deglacial Time Series.

(a) top-to-bottom: Greenland Ice Sheet Project (GISP2) 8180 (Grootes et al. 1993), average CdW from Florida
Current (24 °N, 83 °W, 751 m; Came et al. 2008) and from the deep western North Atlantic (33.7 °N, 57.6 °W, 4450
m, Boyle & Keigwin 1987). (b) top-to-bottom: Greenland Ice Sheet Project (GISP2) 8180 (Grootes et al. 1993), 813C
from the Florida Current (16.9°N; 16.2°W, 648 m, Lynch-Stieglitz et al. 2011), and from the deep eastern North
Atlantic (37.8°N, 10.2 °W, 3166m, Skinner & Shackleton 2004). Time scales for the ice core records are from Blunier
& Brooks 2001). Generally high CdW and low $13C in the deep Atlantic (bottom panels) indicate a relatively small
contribution of NADW during the Heinrich Stadial and Younger Dryas. Low CdW values in the shallow North Atlantic
suggest reduced northward flow of AAIW at the same time. The Heinrich Stadial (HS1), the Younger Dryas (YD), and
the intervening warm period, the Bglling-Allerad (BA) are identified by shading. Note there is some debate about
the timing of the Heinrich Stadial.

© 2012 Nature Education All rights reserved. €J



100

Percent

Accumulation Rate (cm ka™")

50 —

N
© o
|

—
o
|

Sorting by

Selective Deposition

5

10 15
Flow Speed (cm s)

Selective Deposition
and Winnowing

20

>

25

FIGURE 2. Hypothetical variation of accumulation
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iment to a deposition site. C + FS = clay and fine silt
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may well depend on the magnitude-frequency struc-
ture of deposition and erosion events. A peak around
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ity with turbidity records suggest the onset of surface
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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 and stadial (colder climate)-to-interstadial (warmer climate) shifts of 4—6 cm s™'.
(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 (¥0/"®0 ratio per mil relative to the VPDB standard [6'¥0]
of the benthic foraminifera Cibicidoides wuellerstorfi). Modern speeds in the region are ~15 cm s, so Iceland-
Scotland overflow in glacial periods possibly slowed to ~5 cm s~'but did not cease. SS = sortable silt mean size.
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Figure 1: Our understanding of processes and feedbacks between different components of the Earth system has remarkably
expanded over the last decades, here illustrated by conceptual visualizations of global ocean circulation over time: from the
"Great Ocean Conveyor Belt" (left; Broecker 1987), to more complex ocean circulation dynamics (middle) with different deep
water formation sites (yellow dots; Rahmstorf 2002) and (right) to an ocean with different water masses that interact and
interfere with each other in a complex manner (Talley 2013). Different colors depict different types of water masses (see

aforementioned references).
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Northern Red Sea coral reef. Photo credit: T. Felis,
MARUM - Center for Marine Environmental Sciences,
University of Bremen



O Tahiti

L s - - -4.6
[ o7 | 14428
L 4342%c L | L
© > B 408>
1 S8 “ 3R
o - 1 o
- q1-32 - -4-4.0
J 9.1 . ] - 1.15
> 1= ] © S . ) 190 g~ =
g ! 1928% = 240F A/ A A 1 ©8%1'98%
88 0 _93(/)5 [} \/ | A i g / -9-1m§ 125 O E
s 17 gs 9 RALR AR AN, 1 ®%8 TS
@ I Jo48E 3 285 ' 192 SE I" 0 3§
%] “1F . — S N. Pacific coral U/Ca temperature SST | ~ 4135 =
N. Red Sea coral seawater 5'*0 r 493
e & 7 less arid ® 1 02
: .01F 4 (fresh) D isio L : fresh
s 00F _' & T .3
19 ag E v = [%51 "o 0.2 EQ ;g v
01 [q (saline) = 34.85 _/\(‘V\ o T saline
o 0.2 E \ 1 more arid o 'l ‘ \ Jo04 ©
8 g 4 8 3 | N. Pacific coral seawater "0 | 8
03 1 POATP o SOV A0 vy | L2 T VIV B T BN T vy e v Gy i il | 490 = 1 i 1 " 1 " 1 " 1 " 1
1750 1800 1850 1900 1950 2000 1880 1900 1920 1940 1960 1980 2000
Year (CE) Year (CE)

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 "0 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 §'®0 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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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 60 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 8'®0 reconstructions are shown. Bold lines are 51-month running averages. (bottom) Enlargement of monthly coral Sr/Ca and 60
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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