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Learning Outcomes

v'Discuss sources of error in the global surface temperature records
v'The modern thermometer

How satellites collect temperature measurements

How proxy data is used for temperature reconstructions

Human fingerprints of carbon dioxide

How ocean heat content is measured

How the deep ocean will equilibrate
~ingerprint of AMOC weakening

N X X X X X

v'Sea level rise by thermal expansion and melting of ice sheets
v'How we track sea ice extent and concentration
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“The nhame
“global
warming”is
useful...No
where will be
unaffected,
nothing will be
Impervious,
no one will be
Immune.”
-Vallis

10/31/2024

0

Selected Significant Climate Anomalies and Events: Annual 2023

CANADA

GLOBAL AVERAGE TEMPERATURE
The Jan-Dec 2023 average global surface temperature was the highest since global records began in 1850.

Wildfires across Canada burned more than 45.7 million acres, shattering a record (2.6 times
over) for the most acres burned in Canadian and North American history. These fires caused
widespread air quality deterioration across much of Canada and the U.S.

NORTH AMERICA
2023 was North America’s warmest

year on record.
CALIFORNIA

Nine back-to-back atmospheric rivers pummeled
California in Jan 2023, which brought a total of
32 trillion gallons of rain and snow to the state.

EASTERN NORTH PACIFIC
HURRICANE SEASON
Above-average activity: 17 storms,
including 10 hurricanes

HAWAII

ATLANTIC HURRICANE
SEASON

Above-average activity: 20 storms,

including seven hurricanes
AFRICA

2023 was Africa’s warmest

year on record.

On Aug 8, winds from Hurricane Dora

exacerbated a wildfire on the island of

Maui in Hawaii that destroyed the historic

town of Lahaina and became the deadliest @
wildfire in the U.S. in over a century.

SOUTH AMERICA
South America had its warmest
year on record.

GLOBAL TROPICAL CYCLONES

ARCTIC

SEA ICE EXTENT

0 ATMOS R,
o S

z
@
3
El
3
£

&

The 2023 Arctic maximum and minimum extents were third- and sixth-
smallest on record, respectively.

.
0

Above-average activity: 78 storms,

HURRICANE OTIS

Category 5 hurricane near Acapulco on Mexico's
southern Pacific coast after increasing wind
speed by 115 mph within 24 hours and bringing
catastrophic damage to a city of nearly one

GLOBAL OCEAN
For nine consecutive months (Apr-Dec),
global ocean surface temperatures were

million people.

record warm.

N

ANTARCTIC SEA ICE EXTENT
The Antarctic had record-low annual maximum and minimum sea ice extents during 2023.

including 45 hurricanes/cyclones/
On Oct 25, Hurricane Otis made landfall as a typhoans

EUROPE
Europe had its second- Dal
warmest year on record.

CYCLONE DANIEL

On Sep 10, Storm Daniel brought strong
winds and an unprecedented amount of
rain to eastern Libya, which caused massive
destruction—dams burst across many towns
and led to the death of more than 10,000

people, making it the deadliest and
costliest tropical cyclone of 2023.

NORTH INDIAN
\‘ﬂ) OCEAN CYCLONE
SEASON

Above-average activity:
eight storms, including
four cyclones

CYCLONE SEASON*
Above-average activity:

nine storms, including seven

cyclones

2023 was Asia’s second-warmest
year on record.

WESTERN NORTH PACIFIC
TYPHOON SEASON
Below-average activity: 17 storms,
including 12 typhoons

SUPER TYPHOON MAWAR
Super Typhoon Mawar passed
within 100 miles of Guam in the
Western Pacific on May 24 as a
Category 4 storm. Mawar resulted
in heavy rainfall and widespread
power outages on Guam.

TROPICAL CYCLONE MOCHA

Cyclone Mocha was the North Indian Ocean’s first
named storm of 2023, and made a devastating
SOUTH INDIAN OCEAN landfall as a Category 4 cyclone in Myanmar on

OCEANIA
Oceania had its 10th-
warmest year on record.

AUSTRALIA CYCLONE SEASON*

Above-average activity: nine storms,
including five cyclones

SOUTHWEST PACIFIC
CYCLONE SEASON*
Below-average activity:

six storms, including three
cyclones

“Cyclone seasen runs from June 2022-July 2023

Please note: Material provided in this map was compiled from NOAAs State of the Climate Reports. For more information please visit: https://www.ncei.noaa.gov/access/monitoring/monthly-report/global/

AOSC 680 Vallis Chapter 7: Global Warming and the Ocean



Observed
Global Average
Surface
Temperature

What overall trend
do we see here?

10/31/2024

Global Avg Temp Anom https://www.climate.gov/news-features/understanding-climate/climate-
December change-global-temperature

1.50°C 2.70°F

1.80°F

0.90°F

0.00°F

--0.90°F

-1.00°C - . . . . . . . -1.80°F
1850 1870 1890 1910 1930 1950 1970 1990 2010 2023
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Observed Global Average Surface Temperature

Weather stations

collect data 1-2x

daily across the
globe

~ Photos courtesy of e The United otn o
Climate Reference Network 1

Ocean data comes
from in-situ

mm)| observations (e.g.,

ships, buoys, &
satellites)

0s coﬁu’ v ’f,ﬂ\;/\/oods Hole Oceanographicw
2 2 ASA (Aqua satellite)

7. P 4
i 7 il
| ——— e 7/ A}
13 347" e
/ :
/ :
v

-

Data is interpolated
onto a regular grid
for temperature
constructions

1994-2023
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Sources of Error

What are three potential
sources of error Vallis
discusses?

Examples of artifacts in temperature data

Normal Spike Flatliner

Outlier Excessive Range Change Points

g

NOAA Climate.gov

Measurements and models of the temperature change of water samplesin  Systematic Differences in Bucket Sea Surface
sea-surface temperature buckets Temperatures Caused by Misclassification of Engine

G. Carella, A. K. R. Morris, R. W. Pascal, M. . Yelland, D. I. Berry, S. Morak-Bozzo, C. J. Merchant, Room Intake Measurements
E. C. Kent

First published: 23 May 2017 Duo Chan and Peter Huybers
https://doi.org/10.1002/qj.3078 . -
e Online Publication: 06 Aug 2020
Citations: 8

Print Publication: 15 Sep 2020
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Urbanization / The Urban Heat Island Effect

How do scientists
disentangle the actual
warming of a localized
region impacted by
urbanization?

10/31/2024

RURAL AREA CITY

:

Heat
absorption
and
retention

|
Plant
transpiration and
water evaporation
from the soil

Water
penetration

Research Article & OpenAccess @ ® @ @

Urbanization Contributes Little to Global Warming but
Substantially Intensifies Local and Regional Land Surface
Warming

Decheng Zhou, Jingfeng Xiao %4, Steve Frolking, Liangxia Zhang, Guoyi Zhou I

First published: 04 May 2022 | https://doi.org/10.1029/2021EF002401 | Citations: 15
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Urbanization / The Urban Heat Island Effect

Baltimore, MD, urban heat island effect Washington, DC, urban heat island effect

North getl]esda
A v
. > A ilv : g
; University of% :
!‘ 0 3 JRring Maryland
Y ey P ‘ - . '

L) . , ¥
Nottipgham MD
> o »
4
(4 i i
h - >

-
Natiofal

| Green Mount
i Arboretum

emetéry

Union ,
Station ¥

Baltimore 1) |
Bas1l1ca\“ =3

, o
oy ../*“ ’ 7

Arlington
National
Cemetery

gcostia River

1 he Pentagon
VA
Dundalk
Suittand-
. = Silver Hill
- otomac
.‘_ River -
1
?
Alexandrja
Aug 29, 2018 Afternoon (3pm) UHI temperature (°F) SOAA g“mlatedgsov Aug 28, 2018 Afternoon (3pm) UHI temperature (°F) SOAA g“mlatedgsov
- . ata: Portland State - . ata: Portland State
87 95 103 SUPR Lab 85 94 102 SUPR Lab
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The Thermometer

 Who invented the first thermometer with a scale?
What year?

* Who invented the first thermometer calibrated to
the freezing and boiling points of water? What
year?

* Who invented the thermometer design with
mercury? What year?

* Lastly, who invented the thermometer calibrated
to the freezing and boiling points of water at sea = |
level? What year? Scoman ' —

Thermometer on an outside
wallin 1688, Joachim
d'Alence
https://time.com/6053214/th
ermometer-history?
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A Stevenson screen, containing meteorological instruments. Credit: Universal Images
Group North America LLC / DeAgostini / Alamy Stock Photo.

The Modern Thermometer

* Invented by Daniel Gabriel
Fahrenheitin 1714, mercury
glass tube with a standardized
scale running up the side

* The thermometer, barometer, and
hygrometer were key parts of the
formal weather station
(Stevenson screens), first
Installed in Europe and the US in
the 1800s

* OQur temperature record begins in
1850

10/31/2024 AOSC 680 Vallis Chapter 7: Global Warming and the Ocean 10



Satellite Measurements

What are some pros and cons of satellite measurements?

Pros Cons

10/31/2024 AOSC 680 Vallis Chapter 7: Global Warming and the Ocean



How Do Satellites Measure Temperature?

- Measurements
taken with a
microwave and
Infrared sounder

- The brightness in
each bandis
sensitive to
temperature and
water vapor

- Multiple bands
creates a
temperature profile

10/31/2024

Figure courtesy of ECMWEF

Geo-stationary satellites Polar-orbiting satellites GPS satellites

J-l"

. Atmospheric

g —

/€ &% motion vector Ozone X2z 2 "-‘
- % %9. SCATT -*"‘i
\, / Radiances
Radiances

AIRCRAET Dropsondes
i Buoys -
YNOP - Sh
L Drifting PILOT |
Moored
CE
SYNOP - Land
METAR
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E ----- Volcanoj Lower :
Satellite v 05 4 == EINino i;Troposphere:jé
v :
= : '
Measurements :® : -
Q. )
2 \-N
= -0.5 A
What trends do you : | i | 5,
no tIC € 7 \ s Volcano;; Surface | : F
o 0.5 J—— El Nino | ' | ' F
v - {
= L] |* i
T 00 : !
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Q b 1. i
= - ' '| {
& -0.5 ; ' 1 |
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Agung ' | El Chichon | Pinatubo ! | i
2 s B +» 2 328 3 3 32 3 3 0 2 2% 2 3 3 33 B a2 sal 2 2 2 3 3 3 0 sad a s s s 2t a3 ) s aaa
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Figure 7.2. Top: Lower troposphere temperature as measured by various satellites and by
radiosondes; the gray shading indicates the spread between all measurements. Bottom: Surface
temperature records from NOAA, NASA, and UKMO, with gray shading again indicating the
spread. Records are monthly means, smoothed with a seven-month running mean filter, and are
relative to 1979-1997 mean. Adapted from Solomon et al., 2007.
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Proxy Data

What sources are used

for reconstruction?

10/31/2024

Amazing interactive tool to learn about proxy data! https://interactive.carbonbrief.org/how-proxy-data-
reveals-climate-of-earths-distant-past/ NCEI Paleoclimatology data (10,000 proxy datasets):

All proxy data

https://www.ncei.noaa.gov/products/paleoclimatology

Global view +

Boreholes

Climate forcing

*

Marine sediments

Climate reconstructions

From 54,416BC to 41,781BC

Coral and sponges

MD95-2006

Dust deposition

Study link

Fire history

Historical documents

Ice cores

Insects

Lake levels

Lake sediments

Marine sediments

Plant fossils

Pollen

Speleothems

Tree rings

Other collections

© geoBoundaries © Mapbox © OpenStreetMap Improve this map
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MD95-2006

North Atlantic Ocean
Year from: 54,416BC

Year to: 41,781BC

Centennial-scale evolution of Dansgaard-
Oeschger events in the northeast Atlantic

Ocean between 39.5...

Dickson, A.]. et al. (2008)

Marine sediments accumulate on the
beds of seas and oceans around the
world. The properties and contents of
the sediment provide clues to the past
climate

Total number of marine sediments studies:

870
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https://www.ncei.noaa.gov/products/paleoclimatology

‘Hockey Stick’ Graph

g 04 “Little Ice Age”™? | 04
& 0.2 03
=

5 ¢ 0
Q

:5_, -0.2 -0
[~

S -04 e
&

E -06 06
e “Medieval Warm Period”?

200 400 600 800 1000 1200 1400 1600 1800 2000
Year

Figure 7.3. Global mean surface temperatures of the past 1,800 years. The lighter solid curve
extending from about 1850 to 2000 shows the instrumental record. The longer solid curve is an
estimate of temperature over the entire period using proxy reconstructions. and the gray shading is
an error estimate (the 95 percent confidence interval). The series are smoothed to remove
fluctuations of periods shorter than 40 years, and the temperatures represent anomalies 1n °C from a

late twentieth century value. Source: Adapted from Jones and Mann (2004).
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Temperature comparison

Proxy Data - ‘Hockey —Niann ot al 1998

“0-PAGES2k 2017 (high-res. records)

° 9 -*-PAGES2k 2017 (low-res. records)
Sthk Gra ph PAGES2k 2013
Marcott et al. 2013 (RegEM reconstruction only)
=—=HadCRUT4 (smoothed)

What properties do we assume to be
true when using proxy data?

Temperature rel. to 1401-1800 (°C)

0 500 1000 1500
Year (CE)
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https://www.pnas.org/doi/10.1073/pnas.2112797118

Greenhouse Gases and Global Temperatures

Review:
What is the most important naturally
occurring greenhouse gas in Earth’s
atmosphere?

What is the most important

anthropogenic greenhouse gas in
Earth’s atmosphere?

10/31/2024 AOSC 680 Vallis Chapter 7: Global Warming and the Ocean 17



Greenhouse Gases and Global Temperatures

Atmospheric CO; at Mauna Loa Observatory

What are the two
distinctive features of the
Keeling Curve?

10/31/2024

420:_ Scripps Institution of Oceanography
. NOAA Global Monitoring Laboratory

)
B
o
o

380

360 |

CO> mole fraction (ppm

()
I
o

320kt AT

SCRIPPS 1wstie

OCEANOGRAPHY ‘@' 1:

UC San Diego

1960 1970 1980 1990
Year

Latest reading: 421.95 ppm
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2000

2010

2020
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Human Fingerprints of Carbon Dioxide

How do we know the increase In How do we know the increase in carbon
carbon dioxide is caused by the dioxide is caused by the burning of fossil
burning of fossil fuels (per Vallis)? fuels (per Beacon of Hope)?

10/31/2024 AOSC 680 Vallis Chapter 7: Global Warming and the Ocean 19



The Likely Culprit of
Global Warming

Main Takeaways:

10/31/2024

Height

Outgoing long-wave radiation

N Tropopause

— — g —— — —

I

I

I

I

| Before
T

1

Temperature

Figure 7.5. Schematic of temperature profiles before and after the addition of greenhouse gases.
The total outgoing longwave radiation must remain the same because this radiation balances the
incoming solar radiation, and so the emissions temperature, T, stays the same. However, the
emissions height must increase (from Zj to Z; because of the increased absorptivity of the
atmosphere. Hence, if the temperature gradient in the vertical remains similar, the surface
temperature must increase.
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Has the Ocean Warmed?

Section 2

AOSC 680 Vallis Chapter 7: Global Warming and the Ocean
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What is Ocean Heat Content (OHC)?

”... defined as the heat capacity of seawater multiplied by
the change in temperature, integrated over the entire mass
of the world’s oceans.”

10/31/2024 AOSC 680 Vallis Chapter 7: Global Warming and the Ocean 22



How Do We Measure OHC In-Situ?

Fun fact: Argo
was hamed g Ascont:  ©
hecause of -; Bl oo vartiee
the program’s

ps b ~ |
. Descent to
nartnership N

with the 5 (|
Jason earth -\ _"' @ Temperature |

(in °C)

observing el
satellites =2 | in psul
N Grr]eelk 3 \

m O O De.s:centto

Jagton sa%lye’d 5000 - 2000m)

on his ship

the Argo

© Thomas Haessig
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Argo Float Distribution, Oct 2024

https://argo.ucsd.edu/about/status/
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4 )
3 Ocean Heat Content

K warming /

Kcollected here /

Indicators
/0-300 meters,\ / 0-700 m, \ / 0-2000 m, \
Ocean- Standard Important for
atmosphere measure of long-term
interface, OHC, historical energy
shows greatest measurements Imbalance and

K heat storage /

https://marine.copernicus.eu/ocean-climate-portal/ocean-heat-content

10/31/2024
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OHC

Where has the ocean
experienced the most
temperature increase?

What about the negative
trend in the Northeastern

Atlantic?

10/31/2024

Change in ocean heat content from 1993 to 2023

https://climate.copernicus.eu/climate-indicators/ocean-heat-content

Ocean depth

Global ocean

Northeastern Atlantic

0-2000 m

W/m?

1.30 +0.01 W/m?

0.22 +0.1 W/m?

°C

0.22 +0.004°C

0.04 +0.01°C

0.83 + 0.01 W/m?

0.39 + 0.04 W/m?

0.40 + 0.005°C

0.18 + 0.02°C

700-2000 m

W/m?

0.47 +0.02 W/m?

-0.16 + 0.13 W/m?

°C

0.12 + 0.005°C

-0.04 + 0.03°C
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Heat Content (10% Joules)

OHC
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0-700 m Global Ocean Heat Content

3-Month average through Apr-Jun 2024
—— Yearly average through 2023
—— Pentadal average through 2019-2023

NOAAMNE: DIS/NCE| Ocean Climate Laboratory
Lindated £ om | evitus er al. (2012)
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Heat Content (10% Joules)

Is there anything surprising in these figures?
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0-2000 m Global Ocean Heat Content

3-Month average through Apr-Jun 2024
—— Yearly average through 2023
—— Pentadal average through 2019-2023

NOAA/NE! JIS/INCE| Ocean Climate Laboratory
Updated fr m Levitus er al. 2012
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OHC

Why do some regions
exhibit cooling trends?

Do you notice anything
about the western
boundary currents?

10/31/2024

Trend in the heat content of the global ocean, for 1993-2023
Depth: upper 2000 m e Data: ORAS5 e Credit: C3S/ECMWF

Trend (W/m?)

| | | |
-8

-6 -4 -2 0 2

PROGRAMME OF

~~ Copernicus Climate Change Service
8 THE EUROPEAN UNION

Climate Indicators | 2023
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More Effects of and on the Ocean

The 4 potential effects Vallis includes are:

AOSC 680 Vallis Chapter 7: Global Warming and the Ocean
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Effect #1: The

Slowing of
Global Warming

* Thereis aslower
oceanic response
compared to the
atmosphere

* The mixed layerisin
equilibrium with the

forcing levels in the thc;usands
atmosphere about a oryears
decade ago

Timescale of
a few years

Timescale of

radiative

heating radiative  heat loss &
cooling evaporation

é § wind

—

m "\

v

wind-driven/

Mixed Layer convection turbulence)

depth
|
|
|
(&
|
|
|
—
|
G

entrainment

Thermocline

Abyss

Figure 2.5. Schematic of the vertical structure of the ocean, emphasizing the mixed layer. In the
mixed layer, typically 50-100 m deep, turbulence and convection act to keep the temperature
relatively uniform in the vertical. Below this layer, temperature changes over a depth of a few
hundred meters, in the thermocline, before becoming almost uniform at depth, in the abyss.
Adapted from Marshall and Plumb, 2007.
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Effect #1

Main takeaway:

“As the deep ocean
warms, the mixed layer
can give up LESS of its heat
to the ocean below, and so
can only balance the
radiative forcing by further
INCREASING its
temperature, so that it
gives its heat BACK to the
atmosphere.” - Vallis

Increase in
temperature

Warms the

ocean below

over many
centuries

radiative

heating radiative  heat loss &
cooling evaporation

wind
>

N L
wind-driven/

Mixed Layer convection turbulence)
A
_| \J ___ _T_ N
o
=
entrainment

Thermocline

Abyss

Figure 2.5. Schematic of the vertical structure of the ocean, emphasizing the mixed layer. In the
mixed layer, typically 50-100 m deep, turbulence and convection act to keep the temperature
relatively uniform in the vertical. Below this layer, temperature changes over a depth of a few
hundred meters, in the thermocline, before becoming almost uniform at depth, in the abyss.
Adapted from Marshall and Plumb, 2007.
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Effect #1

10/31/2024

Is the deep ocean in
equilibrium?

AOSC 680 Vallis Chapter 7: Global Warming and the Ocean
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Effect #1

What stands out in this figure?

10/31/2024
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Figure 7.7. Schema of a CO,-temperature scenario. Carbon dioxide levels increase from 1900 to

2100 (period B) before leveling off (period C) because of controls on emissions. Temperature
increases rapidly in period B, then more slowly in period C. At the end of period C (the year 2300
in the figure), anthropogenic emissions go to zero, and the level of CO

slowly diminishes through periods D and E back to levels close to, but probably a little above, the
preindustrial period. In period D, temperature stays roughly constant for centuries before it too
eventually falls back to near pre-industrial levels in period E. Many plausible scenarios can be
adapted from this plot by changing 2100 and 2300 to other dates and calibrating the y-axis.
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Effect #2: Circulation wind stress
_ FE>a.:,tc-:-rhes

Changes and a Thermohaline #
Sh Utd own subpolar gyre
Will the winds change v

Mld latitude
Westerl:es

A
subtropical gyre @

Y
mmmmn Easterly
e

their basic structure?

Trade Winds

Figure 4.1. An idealized gyre circulation in a rectangular ocean basin in the Northern Hemisphere,
showing the subtropical gyre (lower, typically extending from about 15°N to 45°N), the subpolar
gyre (upper), and the intense western boundary currents on the left.
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Effect #2:

One controlling factor in
the intensity of the
overturning circulation is
the meridional buoyancy
gradient at the ocean
surface

10/31/2024

Year
AOSC 680 Vallis Chapter 7: Global Warming and the Ocean

Surface waters here
are sufficiently dense

and sink in convective
plumes

Warmer, less
dense waters
travel from the
tropics to the
high latitudes

Transport (Sv)
o & HH

—
o
T

2005 2006 2007 2008 2000 2010 2011 2012 2013 2014
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Effect #2:

What 2 things can bring
AMOC to a halt?

Figures adapted from Liu et al. 2017
Top figure shows near-surface air temperature change
resulting from carbon dioxide doubling and AMOC
breakdown. Bottom figure shows the southward shift of the
tropical Pacific rainfall belts.
https://www.science.org/doi/10.1126/sciadv.1601666
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Effect #2:

Fingerprint of AMOC

weakening:

- Cold blob off the
coast of Greenland,
warming off the

East Coast of the
US
-2 Reminder: OHC -0.16 2 0.13 W/m?
and temperature
are directly related -0.04 £ 0.03°C

Observed temperature change since 1870 (°C)
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Effect #2:

AMOC has a tipping point:
* Decline of AMOC gets
steeper as freshwater
forcing increases
* When the green curve bends
back on itself, the tipping
point has been reached

Top figure displays the stability diagram in Stommel’s box model, with the
solid green line indicating the stable equilibrium regime and the dashed
green line indicating the unstable equilibrium regime. The blue line
represents the path leaving the equilibrium state under climate change.
The bottom figure displays the AMOC equilibrium in a three-dimensional
global ocean circulation model. The top orange line indicate AMOC “on”
and the bottom line indicates AMOC “off”.
https://link.springer.com/article/10.1007/s003820050144
https://www.nature.com/articles/nature01090

NADW Flow (Sv)

AMOC Flow (Sv)

Monostable Bistable
Regime Regime
Stommel
i Bifurcation
20 - T
Present
Climate?
b
0- o=
I T T
b a
Present
Climate
""""'-—--_._,___ ?tnmmlel
——— Bifurcation
20 —
0 —— 'l
1 T T T
-0.1 0.0 0.1 0.2
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https://www.nature.com/articles/nature01090

Effect #2

10/31/2024
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Effect #2

= Top stories

What is the current state

[0 oOceanographic Magazine : ' Live Science

I ) Atlantic current collapse d 'We don't really consider it
Of th e S C I e n C e * 'closer than we think' \ low probability anymore":
AMO C IS Weakenlng VA "8\ Collapse of key Atlantic...
.
. et 2 days ago 2 days ago
possible collapse S _ |
o T L, The Guardian : §§ BBC Science Focus Magazine :
a ro Un d m Id- C e n turv ‘We don’'t know where the The Atlantic Ocean's currents
- tipping point is’: climate - are on the verge of collapse.
(dependent On mOdel expert on potential collapse... é‘ﬂfﬂm This is what it means for th...

4 days ago 2 weeks ago

parameters used)

More news —
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Data source: Frederikse et al. (2020)

Credit: NASA’s Goddard Space Flight Center/PO.DAAC

Items with (+) indicates contribution to sea level rise while (-) indicates
contribution to a decline in sea levelrise

Effect #3: Sea 250
Level Rise (SLR)

200 . - - £ |

5 4
So E_. lf.;s""ﬂl
INce % 150 TIDE gauge - Global dam projects ,-{‘}“Iilr
E
1993, SLR S “
’ 5 100 T
. Sl + Mountain glaciers
haS risen 2 + Greenland Ice .
50 + Greenland & Antarctic lce Sheets
b 1 01 9 — + Thermal expansion
y * E + Mountain glaciers
W g

mm (about
4 inches) -50

1900 1920 1940 1960 1980 2000 2020
YEAR
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Effect #3: SLR

Based solely on thermal

expansion, we find an increase in
temperature of 1 C contributes to ‘
~0.5min SLR

/ If temperatures reach 3 C
for a prolonged period, an V
increase of 1.5 min SLR is l

likely, purely by thermal
expansion (no contribution
from melting ice sheets)

N /
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Effe ct #3. SL Vallis states, “thermal expansion of the oceans is estimated to have contributed
° a little more than half of the total sea-levelrise ... climate models project that a
global sea-levelrise due to mainly thermal expansion...”

Contributors to global sea sea level rise (1993-2018)

10
added water + thermal expansion
8
W added water
= b (mostly meltwater)
@
E
i
=
2 4 global sea level
(from satellite)
.
thermal expansion
0
1995 2000 2005 2010 2015 2020
Black line denotes beginning of the satellite altimeter record year JCHA A §
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. * Low-lying nations would be most impacted by SLR
EffECt #3' SLR * About 40% of the global population lives within 100 km of the

CcOa St (https://www.unep.org/topics/ocean-seas-and-coasts/regional-seas-programme/coastal-zone-management)

Possible pathways for future sea level rise

F)
5 (3]
L
;E 5 Nt 1ediat 19
J TLETTT nate-niga
4 *
<
[ | o
[ |
[ =] ; :
= intermediate
B 3
2
o trajectory over next 30 years
% based on observations = intermediate-low
E I
= 1 ' low
[] #L-
2000 2020 2040 2060 2080 2100

year
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Effect #3: Loss of
Sealce

https://nsidc.org/sea-ice-today

Sea |lce Extent, 27 Oct 2024 Sea Ice Concentration, 27 Oct 2024

Why is sea ice
iImportant?

UEHES

" Greenland

Edrope

xmow and lce Data Center, University

real-time data
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Effect #3: Loss of

Sealce

Why do we use microwave
radiation to monitor sea

jce?

10/31/2024
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The record of sea ice began in 1978 with the the launch of the
NASA Scanning Multichannel Microwave Radiometer (SMMR)
(right) and then continued with the Special Sensor Microwave
Imager/Sounder (SSMI/SSMIS) (left). Other satellites, like
AMSR, ICESat/ICESat-2 and CryoSat/CryoSat-2 have
continued and enhanced the sea ice record. More
information: https://www.remss.com/missions/ssmi/
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Additional Readings and Resources

How do we measure weather and climate? https://www.climate.gov/maps-data/climate-data-primer/how-

do-we-observe-todays-climate

How do weather observations become climate information? https://www.climate.gov/maps-data/climate-
data-primer/how-do-weather-observations-become-climate-data

The contribution of the UHI to global warming:
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021EF002401

Urban heat island effects of Baltimore and Washington D.C: https://www.climate.gov/news-
features/features/detailed-maps-urban-heat-island-effects-washington-dc-and-baltimore

Beyond the Hockey Stick: https://www.pnas.org/doi/10.1073/pnas.2112797118

Argo Status: https://argo.ucsd.edu/about/status/

More about ocean heat content: https://climate.copernicus.eu/climate-indicators/ocean-heat-content
AMOC talk by Stefan Rahmstorf: https://www.youtube.com/watch?v=k0FUZKOQhUGBU

The consequences of AMOC shutting down: https://www.germanwatch.org/en/87910

More about SAR, scatterometers, and radar for seaice: https://www.meereisportal.de/en/learn-more/sea-
ice-measuring-methods/measurements-from-space/active-microwave-sensors-radar

More about seaice: https://nsidc.org/sea-ice-today
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https://www.climate.gov/maps-data/climate-data-primer/how-do-weather-observations-become-climate-data
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2021EF002401
https://www.climate.gov/news-features/features/detailed-maps-urban-heat-island-effects-washington-dc-and-baltimore
https://www.climate.gov/news-features/features/detailed-maps-urban-heat-island-effects-washington-dc-and-baltimore
https://www.pnas.org/doi/10.1073/pnas.2112797118
https://argo.ucsd.edu/about/status/
https://climate.copernicus.eu/climate-indicators/ocean-heat-content
https://www.youtube.com/watch?v=k0FUZKQhU6U
https://www.germanwatch.org/en/87910
https://www.meereisportal.de/en/learn-more/sea-ice-measuring-methods/measurements-from-space/active-microwave-sensors-radar
https://www.meereisportal.de/en/learn-more/sea-ice-measuring-methods/measurements-from-space/active-microwave-sensors-radar
https://nsidc.org/sea-ice-today

Learning Outcomes

v'Discuss sources of error in the global surface temperature records
v'The modern thermometer

How satellites collect temperature measurements

How proxy data is used for temperature reconstructions

Human fingerprints of carbon dioxide

How ocean heat content is measured

How the deep ocean will equilibrate
~ingerprint of AMOC weakening

N X X X X X

v'Sea level rise by thermal expansion and melting of ice sheets
v'How we track sea ice extent and concentration
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