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The Pale Blue Dot carth as seen

from 4 billion
miles away.

/

“Like 1t or not, for the moment the Earth is where we make our stand.”
— Carl Sagan, Pale Blue Dot, 1994
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Presentation Notes
The Earth is the only world known, so far, to harbor life. There is nowhere else, at least in the near future, to which our species could migrate. Visit, yes. Settle, not yet. Like it or not, for the moment, the Earth is where we make our stand. It has been said that astronomy is a humbling and character-building experience. There is perhaps no better demonstration of the folly of human conceits than this distant image of our tiny world. To me, it underscores our responsibility to deal more kindly with one another and to preserve and cherish the pale blue dot, the only home we’ve ever known.”
		from Carl Sagan, “Pale Blue Dot: A Vision of the Human Future in Space” 



Our Blue Planet




If you like your weather
forecast, thank an
oceanographer’




Advent of GFDL's FV3:

Convergence of
Climate & Weather
Modeling

FV3 has been chosen as the dynamical core

for the Next Generation Global Prediction
System project (NGGPS), designed to upgrade
the current operational Global Forecast System
(GFS) to run as a unified, fully-coupled system in
NOAA's Environmental Modeling System
Infrastructure.




The Keeling Curve: Atmospheric CO, (Dec 24)

Mauna Loa Observatory, Hawaii and South Pole, Antarctica

Monthly Average Carbon Dioxide Concentration

Data from Scripps CO2, Program Last updated December 2024
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https://scrippsco2.ucsd.edu/graphics_gallery/mauna_loa_and_south_pole/mauna_loa_and_south_pole.html

Earth’'s net energy imbalance (EEI) has more than DOUBLED
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https://scitechdaily.com/nasa-noaa-scientists-earths-energy-imbalance-has-doubled/
https://doi.org/10.1029/2021GL093047

https://research.noaa.gov/article/ArtMID/587/ArticlelD/2626/Warming-influence-of-

greenhouse-gases-continues-to-rise-NOAA-finds

https://www.globalchange.gov/browse/indicators/annual-greenhouse-gas-index

Annual Greenhouse Gas Index

4.0 - - 1.75
2023 AGGI = 1.51

3.5 4 Carbon dioxide (CO,) M CFCs _w® 150
B Methane (CH,) HCFCs ==k I I I -
30 - Nitrous oxide (N,O) B HFCs _=En I I I =S
I L 125§
= G
28 25- i o
E E 1990 AGGI = 1.0 L 100 gr
@ g 90 I I 3
52 TIL 11 ! P
The Greenhouse Effect S £ il 0 2
= 15 I I I I I I =
[ :
L 050 B
1.0 - G
Carbon dioxide (CO,) -

05 | L 0.25

0.0 0.00

1980 1990 2000 2010 2020


https://research.noaa.gov/article/ArtMID/587/ArticleID/2626/Warming-influence-of-greenhouse-gases-continues-to-rise-NOAA-finds
https://research.noaa.gov/article/ArtMID/587/ArticleID/2626/Warming-influence-of-greenhouse-gases-continues-to-rise-NOAA-finds
https://www.globalchange.gov/browse/indicators/annual-greenhouse-gas-index

Global Atmospheric Temperature Anomalies

Global Land and Ocean Average Temperature Anomalies
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H["TEST GLUBAI. YEARS 2024 was 1.52°C above
ON RECORD 1881-1910 baseline

+14°C ©2529
+1.2°C

+1.0°C
+0.8°C

2014 2018 2021 2022 2015 2017 2019 2020 2016 2023

Global temperature anomalies (*C) averaged and adjusted 1o early industrial baseline (1881-1910).
t f1/12/2024

aaaaaaa
Source: NASA GISS & NOAA NCEI

2024: Hottest year ever; last 11 years are the 11 hottest!



America’s 10 Fastest-Warming States

Temperaiure =.T:*.'|.=5|r|-.'.;# Qtate Temperature Change
(1970-2018) ' (1970-2018)
1. Alaska 4.22° 6. New Jersey 3.00°
2. New Mexico 3.32° 7. Colorado 2.90°
3. Arizona 3.23° 8. Vermont 2.85°
4. Delaware 3.15° 9. Rhode Island 2.84°
3. Utah 3.02° 10. Connecticut 2.84°

https://www.climatecentral.org/news/report-american-warming-us-heats-up-earth-day



America's 20 Fastest-Warming Cities

1. Las Vegas, NV a./6" 11. Ft. Smith, AR 3.92°

2. El Paso, TX 4.74° 12. 5t Louis, MO 3.85°

1. Boise, 1 %
4. Phoenix, AZ 4.35° 14. Minneapolis, MN 3.72°

5. Burlington, VT 4.13° 15. Milwaukee, WI 3.70°
6. Chattanooga, TN | 4117 16. Duluth, MN 3.67"
7. Helena, MT | 4.11° 17. Fresno, CA | 3.66"
B. Erie, P!; | 4.06° | 18. ﬂdﬂsﬂ_. TX i 3.59°
9. McAllen, TX | 4.03"7 19. Houston, TX 3.58"
10. Las Cruces, NM | 4.01° | 20. Medford, OR 3.51°
Reno, NV excluded: See methadoloay

https://www.climatecentral.org/news/report-american-warming-us-heats-up-earth-day
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Heat waves

Drought

Flood

High-tech jobs In

climate observations
and prediction science
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Expanding footprint of extreme summer heat Statewide Average Temperature Ranks
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Lake Mead Water Levels Since 2000
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Global warming Is ocean warming!

B Ocean (0-700 m)
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IPCC AR5 (2013) WGI Chapter 3 (ocean observations); updated Forster et al. (2023), https://doi.org/10.5194/essd-15-2295-2023
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Global warming is ocean warming.
93% of the Earth system’s excess heat is in the ocean.
16% of the total energy change is in deep ocean > 2000 m, more than double the energy change in the atmosphere, land, ice combined.
When we consider the entire Earth system, the “hiatus” may become a non-issue.  The whole system is warming overall.


Sea level Is rising — big changes are already
locked In (e.g. Norfolk

http://sealevel.climatecentral.org/
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A missed opportunity creates a gap 

Operational in 2026


How Rising Seas Will Affect Norfolk Base

This animation shows the flooding that’s likely to occur at Naval
HOURLY WATER LEVEL

Station Norfolk, at current and higher sea levels, during the type of :
storm that hits on average once a year. Sewells Point, Norfolk, Va., 1928-2017
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Nuisance Flooding in Norfolk (1928-2017)
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Global sea level change since TOPEX/Poseidon launched 30 years ago
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Major bleaching events on
the Great Barrier Reef

Coral Reef Studies

g
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Global Shlpplng (June 1-15, 2012)
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CO, emissions - ~150 kt


https://www.shipmap.org/

Shipping through an ice-free Arctic saves
1000's of miles, but requires sea ice prediction
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https://www.uscg.mil/Portals/0/Images/arctic/Arctic_Strategy_Book_APR_2019.pdf#page=14

MARINE HEATWAVES
The collapse of eastern Bering Sea snow crab

Cody S. Szuwalski**, Kerim Aydin’, Erin J. Fedewa?, Brian Garber-Yonts’, Michael A. Litzow®

The snow crab is an iconic species in the Bering Sea that supports an economically important fishery and
undergoes extensive monitoring and management. Since 2018, more than 10 billion snow crab have
disappeared from the eastern Bering Sea, and the population collapsed to historical lows in 2021 We
link this collapse to a marine heatwave in the eastern Bering Sea during 2018 and 2019. Calculated
caloric requirements, reduced spatial distribution, and observed body conditions suggest that starvation
played a role in the collapse. The mortality event appears to be one of the largest reported losses of
motile marine macrofauna to marine heatwaves globally.

Division of Commercial Fisheries
Sam Rabung, Director

Alaska Departmg¢
Doug Vincer

Dutch Harbor Area Office
PO Box 920587
Dutch Harbor, AK 99692

Advisory Announcement = CONTACT:
For Immediate Release: 10/6/2023 Ethan Nichols, Acting Area Management Biologist
907-581-1239

2023/24 Bering Sea Snow Crab Season Closed

The Alaska Department of I'ish and Game (ADF&G) and National Marine Fisheries Service (NMFES) have
completed analysis of 2023 NMFS trawl survey results for Bering Sea snow crab. The stock 1s estimated to be
below the ADF&G regulatory threshold for opening a fishery. Therefore, Bering Sea snow crab will remain closed
for the 2023/24 season.






Massachusetts v. EPA (2007

“The Clean Air Act's sweeping definition of “air pollutant”
iIncludes * air pollution agent or combination of such
agents, including substance or
matter which is emitted into or otherwise enters the ambient
air.” 8§ 7602(g) (emphasis added). ... .. [1S]

without a doubt “physical [and] chemical substance[s] which
[are] emitted into the ambient air.”

Stevens Kennedy Thomas Breyer

Roberts Scalia Souter Ginsburg Alito

No. 05-1120
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World Greenhouse Gas Emissions in 2019 (Sector | End Use | Gas)
Total: 49.8 GtCO2e

Sector End Use/Activity Gas

Residential
_——— Buildings

Commercial
Buildings
Aegricabare & Flsting Eneegy Use 1.9%

Unallocated Fuel 6.9%
Combustion

— =
I ——

.'.._._ .

e e S [0ases 2%

W,
Source: Climate Watch, based on raw data from IEA (2021), GHG Emissions from Fuel Combustion, wwwi.iea.org/statistics; modified by WRI, .\;:{2? WORLD RESOURCES INSTITUTE



Fossil CO,, emissions through 2023

Projected Gt C in 2024

All others 4.0 . .
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Annual Fossil CO, Emissions and 2024 Projections
Projected global emissions growth: +0.8% (-0.3% to +1.9%)
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EMISSION GUTS BY 2030

WITH THE INFLATION REDUCTION ACT
6% 6%
Buildings Nc&rl:ggz
PROGRESS TOWARD U.S. EMISSIONS TARGET 90/0 B

371%

Net annual emissions (Gt CO2e)

land carbon

B- sinks Power
4 X ;

2030 Target 1 30/0 0

50% below 2005 0
e Indust .

"y Transportation
2005 2010 2015 2020 2025 2030 i J::Elr|lil1::[|:J|1FEFPEJ~T Project (August 12, 2022). CLIMATE CeD CENTRAL

M= 3 mmissions lincheding land carbon sinks). Proj 18 Curne olicy BCenanos
loptimistic)
Enr'l.l.'ft U5, EPA (2005-2020); Jenkins et al. REPEAT Project (2025-2030) CLIMATE G‘Q CENTRAL



Fate of anthropogenic CO,, emissions
2014-23 average

Partitioning

5.2 0.02 GtC/yr

46%

sSources

9.7 0.5 GtC/yr

89.8%

| 2.9 0.4 GtClyr

Total Emission 10.8 0.9 GtC/yr

Budget Imbalance (Net Source — Net Sink) = -0.4 GtC/yr

Source: Friedlingstein et al. 2024 (https://doi.org/10.5194/essd-17-965-2025); Global Carbon Project 2024



Atmosphere + Ocean = Land
Where Land = (Emissions + Land Use Change - Vegetation)

0.02 0.4 0.5

Emissions Land Use Vegetation

Reducing uncertainties in the ocean sink
can reduce the total uncertainty in the
global constraint on the carbon budget

Source: CDIAC; NOAA-ESRL; Houghton et al 2012; Giglio et al 2013; Le Quereé et al 2015; Global Carbon Budget 2015



Verifying the Effectiveness of Ocean-based
Carbon Dioxide Removal (CDR)

Caution Needed!

From Boyd & Vivian (2019)

ADAPTED FROM GO.NATURE.COM/2BKSDNN

MARINE GEOENGINEERING

Dozens of approaches have been proposed to store carbon
dioxide in or below the oceans, or to alter seas to cool the

planet. No method has been rigorously tested scientifically. CLOUD SEEDING

Ships spraying seawater might
FOAMS help to form reflective clouds

Films or foams on the
surface could reflect sunlight

\t7

MACROALGAE ARTIFICIAL
CULTIVATION UPWELLING
Carbon absorbed Pumping water from
by growing depth might cool

the surface

seaweed might be

stored at depth
CO, drawn from the
air could be locked
under the sea bed



controls on
§as EXchange

 solubility ﬁ‘ E

c;.rnle 3

l'-.-..:'l_lﬁ'l:

mixed layer ;
dynamics upwelling |

OCEAN CARBON UPTAKE

WHAT ARE THE PATTERMS OF AIR-SEA CO EXCHANGE?



:untruls on.

gas ex

solubility
cycle

-.'I I .
i

mixed layer
dynamics

OCEAN CARBON &

VWHAT ARE THE PATTERMNS OF AIR-SEA CO 3 EXCHANGE!?

upwelling



w
e
a
)
au
=
o
i,
Q
e
]
=
o
Vi
T
@]
%]
o
9
2
et
- =
U
%

—_
(%]

Our Global Ocean

Antarctic Sea lce Extent

(Area of ocean with at least 15% sea ice)

1979-2012

2013-2015: mostly above average

e : G
2016-2022: mostly below average e

2023: record low
2024: second lowest

Time series ends
October 3, 2024
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1Feb 1Mar 1Apr 1May 1Jun 1 jul

Date
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The Southern Ocean
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up to up to

0% 75%

of all the of all the
carbon dioxide heat

absorbed by the world's oceans






World Ocean Database shipboard measurements 1/1/99-12/31/15
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Courtesy: R. Beadling (clip)




2014 2015 2016 2017 2018 2019 2020

SULLOM

Unlocking the mysteries of the Southern Ocean




SOCCOM Floats O SOCCOM Floats - OPS 00 9094 Argtllnﬂoatssaozlwl between 21;12;5{;14 anf?g?mﬁfél)(;lg
307 deployed, SOCCOM Floats - DEAD

_ O UW/MBARI Floats
143 operational 16-Apr-2025
Hannah Zanowski

U. Arizona B.A. (2010)
Now: Asst. Prof. U. Wisc.-Madison
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Hannah now teaches
Intro Oceanography!

at https://soccom.princeton.edu



Alr-sea carbon flux from floats

In the high-latitude
ASZ, monthly mean
float-based fluxes
diverge substantially
from ship-based fluxes.
The floats exhibit much
stronger outgassing in
the autumn and winter
and much less uptake
In the summer.
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Alr-sea carbon flux from SOCCOM

High carbon Deep Waters reach  Pathways of high carbon Carbon outgases Iin
. surface in Southern Ocean spiral inward and upward southern ACC
-1 (ship obs. and BGC floats) (ship obs. and B-SOSE) (BGC floats)
= - 1\‘\ CM2.4 Indian Ocean poricle pathwaoys with >2.25% particle-ransport
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Elye New {Jork Times PLAY THE CROSIWORD Accos

Rising From the Antarctic, a Climate Alarm

Wilder winds are allering currents, The sea is releasing
carbon dioxide. Ice is melling from below.

By HENRY FOUNTAIN
sl JEREMY WHITE



https://www.nytimes.com/interactive/2021/12/13/climate/antarctic-climate-change.html?searchResultPosition=19

- Operational Floats (740)

Global Biogeochemical Argo:

INn Mar 2025

Sensor Types
Latest location of operational floats (data distributed within the last 30 days)
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The World is Getting Windier - The fastest winds have gotten faster

0 60 120 180 240 300

Rate of increase (1985-2018) cm/s/yr

6 cm/s per year for 33 years is 2 m/s faster Young & Ribal, 2019: Science, DOI: 10.1126/science.aav9527



The World is Gettlng Wlndler Dnvmg Deeper Mixing
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Southern Ocean Winds/Storms are Undersampled

SMOS Morning Pass Retrieved Wind Speed on 2021-Sep-16
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Southern Ocean Winds/Storms are Undersampled
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Direct comparison of QUIKSCAT winds in SO storms with four different wind
reanalyses (NCEP/CFSR; ERA-Interim; JRA55; MERRA)

Verezemskaya et al. 2017; DOI: 10.1002/2017GL074053
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PROPOSAL for Progress:
The Role of Wind In the Ocean’s
Heat & Carbon Uptake
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Prof. Joellen L. Russell
@ Thomas R. Brown Distinguished Chair of Integrative Science Al r'Sea Carbon FI ux

Depts of Geosciences, FPlanetary Science, Hyadrology &
Atmospheric Sciences and Applied Ma th -
University of Arizona = & W N d S

Climate and Carbon
Prediction:

Convergence of
Climate & Weather
Modeling -

Flux

Air-sea CO,

“ 26 Apr 2012 09:00 -—
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Southern Ocean Flips from SINK to SOURCE
with 20% Increase in winds_
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Surface Carbon Flux July 2014 Standard Winds (mol/m2/yr) Surface Carbon Flux July 2014 Enhanced Winds {(mol/m2/yr) Winter UUIF} znna"y.integrated
Sea-to-Air Carbon Flux (mol/m/s)

Russell et al, in revision at GRL
https://doi.org/10.1002/essoar.10506276.1
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PERSPECTIVE

https://doi.org,/10.1038/541558-018-0355-y

https://doi.org/10.1038/541586-018-0712-z

nature ARTICLES

geoscience

https://doi.org,/10.1038/541561-019-0502-8

Importance of wind and meltwater for observed
chemical and physical changes in the Southern
Ocean

Ben Bronselaer©'23*, Joellen L. Russell ©7, Michael Winton?, Nancy L. Williams*, Robert M. Key?,
John P. Dunne?, Richard A. Feely®, Kenneth 5. Johnson®® and Jorge L. Sarmiento?

The Southern Ocean south of 30°5 represents only one-third of the total ocean area, yet absorbs half of the total ocean anthro-
pogenic carbon and over two-thirds of ocean anthropogenic heat. In the past, the Southern Ocean has also been one of the
most sparsely measured regions of the global ocean. Here we use pre-2005 ocean shipboard measurements alongside novel
observations from autonomous floats with biogeochemical sensors to calculate changes in Southern Ocean temperature, salin-
ity, pH and concentrations of nitrate, dissolved inorganic carbon and oxygen over two decades. We find local warming of over
3°C, salinification of over 0.2 psu near the Antarctic coast, and isopycnals are found to deepen between 65° and 40°5. We
find deoxygenation along the Antarctic coast, but reduced deoxygenation and nitrate concentrations where isopycnals deepen
farther north. The forced response of the Earth system model ESM2M does not reproduce the observed patterns. Accounting
for meltwater and poleward-intensifying winds in ESM2M improves reproduction of the observed large-scale changes, dem-
onstrating the importance of recent changes in wind and meltwater. Future Southern Ocean biogeochemical changes are likely
to be influenced by the relative strength of meltwater input and poleward-intensifying winds. The combined effect could lead
to increased Southern Ocean deoxygenation and nutrient accumulation, starving the global ocean of nutrients sooner than
otherwise expected.
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Melanie Stetson Freeman/Staff; Christian Science Monitor:; https:/Amww.csmonitor.com/Environment/2022/0111/Meet-the-scientist-moms-fighting-climate-change-for-their-children
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http://www.youtube.com/watch?v=BiMS2FOM4ZM

Walter Munk
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Continue to build out carbon observing & prediction system.
Complete implementation of near real-time carbon accounting.
Publish the top 10 economies’ monthly carbon “bill.”

Save the planet (or at least the humans)!
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