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Course QOutline

Building Blocks: Some important concepts
Our Goldilocks Earth: a Radiative Balancing Act
The Role of the Atmosphere: Greenhouse Gases & Clouds

Global Circulation and Dynamics of the Earth System:
Oceans, Atmosphere, Biosphere, Cryosphere, People, Lithosphere

Natural Variability of the Climate, short and long term. Ice Ages

Carbon Dioxide and other Greenhouse Gases: where do they come from,
where do they go, how are they regulated?

Impacts and Future Projections for Global Warming -- Uncertainties
Amelioration Strategies. The Climate debate. Policy options.

Climate Change 4



2/23/2021

Today’s Plan

* The Radiative Forcing Concept

e The Climate Feed

* Global Systems
— Atmosphere
— Oceans
— Cryosphere

— Biosphere
— Lithosphere
— Human Inputs

back Concept

Climate Change 4
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Defining

Effective Radiative Forcing (ERF): the rules
Radiative

1. Change is relative to 1750 CE (pre-industrial)

2. Change in Net Radiative Flux at the
Tropopause

3. Stratosphere, Troposphere, Land

Temperature, Vegetation and Snow Cover
are allowed to adjust, but

4. Sea Temperature and Sea Ice, Ice Caps are
held fixed.

Troposphere

Adigt;
Surface tive FIUX
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Radiative Forcing of Climate Between 1750 and[2011 )

Effective
Radiative
Forcing
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Time Evolution of Forcings

Effective Radiative Forcing (Wlmz)

b e Total ERF
F e Total anthropogenic ERF
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N
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Black carbon on show
and contrails

{ Tropospheric ozone

| Aerosol-radiation int.
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1750 1800 1850 1900 1950 2000
IPCC AR5 WG1, NCA4 Year
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Climate Feedbacks

* Internal Response to an External Forcing

— Can be Positive + or Negative —
 Example: Your home Thermostat

— Negative feedback: Opposes the external driver

* Climate Positive Feedback Examples:
— Ice Albedo Feedback LooP

— Water Vapor Feedback Big Effect >2x Impact

* Climate Negative Feedback Example:
— Blackbody Radiation

2/23/2021 Climate Change 4



Climate Feedbacks

* Internal Response to an External Forcing
— Can be Positive + or Negative —

 Example: Your home Thermostat

— Negative feedback: Opposes the external drive

 Climate Positi

FFeedback Big Effect >2x Impact

* Climate Negative Feedback Example:
— Blackbody Radiation
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Earth’s Energy Budget

nd Space Administration

Net solar 240.5 W/m?
Net IR out 239.9 W/m?

reflected by
clouds & reflected by  total outgoing
; ; atmosphere surface infrared radiation
incoming 77.0 22.9 239.9 T, P, H,0, gases, clouds
solar radiation
340.4

Convection into

Jinananaty

y evapotranspiration

2/23/2021

Mdi.l.m.m
Trenberth et al., BAMS, 2009

NP-2010-05-265-1 aRC




Problem 1: Wind

Air layer parcels move laterally
carrying heat, clouds, gases etc.

Stratosphere

Tropopause

Troposphere



Problem 1: Wind

Air layer parcels move laterally
carrying heat, clouds, etc.

Stratosphere

Tropopause

Troposphere

Problem 2: Spin




Problem 1: Wind Problem 2: Spin

Air layer parcels move laterally
carrying heat, clouds, etc.

If Earth were not
spinning, air could

simply flow directly in

to fill up a low pressure W
zone, if it developed. g
Really simple.



Apparent Motion in a Rotating Frame

1’
- 4
Life on a ¥ &
4
Merry-Go-Round:
The Coriolis
“Force” . 4

When one person on a
rotating Merry-Go-Round
throws a ball to another, the
ball travels in a straight line...

.

e dB

SchoolTube

2/23/2021 Climate Change 4 .
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https://www.schooltube.com/createdby/eyJpdiI6InJHcFwvSXlmdVg0Z3lsNnFOMEhQWVpnPT0iLCJ2YWx1ZSI6IkR0eHJzZ1wvS2RQSUMzVk1FR3VBTEJRPT0iLCJtYWMiOiI2M2VlZmQ5ZjYyNjkzZWIyMDAyNDYxYWJlNTg0ZjgzYjM3ZjFjYWM1MmNiNGM4NTRkMTJlZjc1MjUzZjMwYjY2In0_

Apparent Motion in a Rotating Frame

Life on a
Merry-Go-Round:
The Coriolis
“Force”

But to people on the rotating
frame it appears to follow a
curved path...

This is an illusion, but a
powerful one.

To make sense of the
apparent turn, we can invoke
a fictious force, the “Coriolis”
force.

SchoolTube
mamoloscience August 27,2019
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https://www.schooltube.com/createdby/eyJpdiI6InJHcFwvSXlmdVg0Z3lsNnFOMEhQWVpnPT0iLCJ2YWx1ZSI6IkR0eHJzZ1wvS2RQSUMzVk1FR3VBTEJRPT0iLCJtYWMiOiI2M2VlZmQ5ZjYyNjkzZWIyMDAyNDYxYWJlNTg0ZjgzYjM3ZjFjYWM1MmNiNGM4NTRkMTJlZjc1MjUzZjMwYjY2In0_

Newton’s Laws of Motion:
|. Abodyin motion stays in Aboa rd M ars I
motion in a straight line

unless
ll. An applied force causes it to
accelerate ( F=ma)
lll. For every action, an equal
and opposite reaction

Aboard the rotating cylinder “Mars |” an The wrench will follow a straight line
astronaut throws a wrench to another path directly toward where is 2nd
astronaut, aiming to the right to Astronaut will be when it arrives. No
compensate his motion at the moment. problem.

2/23/2021 Climate Change 4




Newton’s Laws of Motion:

|. Abodyin motion stays in
motion in a straight line
unless

ll. An applied force causes it to
accelerate ( F=ma)

lll. For every action, an equal
and opposite reaction

When the ship has rotated 90°, the
wrench is (let’s say) 1/4 of the way to the
end. No sweat.

2/23/2021
Climate Change 4



Newton’s Laws of Motion:

|. Abodyin motion stays in
motion in a straight line
unless

ll. An applied force causes it to
accelerate ( F=ma)

lll. For every action, an equal
and opposite reaction

. T
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When the ship has rotated 180°, the
wrench is 1/2 of the way to the end. ...

2/23/2021
Climate Change 4



Newton’s Laws of Motion:

|. Abodyin motion stays in
motion in a straight line
unless

ll. An applied force causes it to
accelerate ( F=ma)

lll. For every action, an equal
and opposite reaction
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When the ship has rotated 270°, the
wrench is 3/4 of the way to the end....

2/23/2021
Climate Change 4



Newton’s Laws of Motion:

|. Abodyin motion stays in
motion in a straight line
unless

ll. An applied force causes it to
accelerate ( F=ma)

lll. For every action, an equal
and opposite reaction

=
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— -
.

And finally, when the ship has rotated
360°, the wrench is all of the way to the
end, and the 2" astronaut is back to her
original location. Perfectly simple....

2/23/2021
Climate Change 4



Newton’s Laws of Motion:

|. Abodyin motion stays in
motion in a straight line
unless

ll. An applied force causes it to
accelerate ( F=ma)

lll. For every action, an equal
and opposite reaction

2/23/2021

2. Coriolis Force

But to the Astronauts themselves, the
wrench appeared to follow a screwy
path....

this path to a magical “force” when in
their rotating system.

—
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=
=
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-—
o
—
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Coriolis Force on Earth | <__

* Proportional to Velocity

* Only for moving objects

Acts Perpendicular to Velocity

Pushes to the Right in Northern
Hemisphere

e Left in Southern Hemisphere

* Vanishes on Equator

,\'- <

On the surface of the spinning earth, this
Coriolis force plays out as a sideways force
2/23/2021 that appears, following certain rules.....




Consequences of
Coriolis Force on Earth

* Low Pressure Develops

* Air masses start moving £/
in, velocity increases ~L A

e Coriolis force pushes
them to right

This applies to winds (moving air) rushing
in to fill the void of a Low Pressure zone.
In the Northern Hemisphere, they get
pushed to the right.....

2/23/2021




Consequences of
Coriolis Force on Earth

* Low Pressure Develops

* Air masses start moving
in, velocity increases

e Coriolis force pushes
them to right

 CCW Circulation
develops around Low

... deflecting them away from the Low....

2/23/2021



Consequences of
Coriolis Force on Earth

Coriolis “Force” is the cause\
of CCW (Cyclonic) circulation
patterns around Lows in the
Northern Hemisphere

* Low Pressure Develops

4

* Air masses start moving
in, velocity increases

'''''

e Coriolis force pushes
them to right

. CCW Circulation
develops around Low |
* Eventually Coriolis force == |
matches the A\

pressure induced force ==)

.... and finally forcing the wind to flow in a
circle CCW around the Low.




Consequences of
Coriolis Force on Earth

Coriolis “Force” is the cause\
of CCW (Cyclonic) circulation
patterns around Lows in the
Northern Hemisphere

* Low Pressure Develops , ' .
. . / : \ ‘ ‘,. .'. 3 ul. C < 5 - - N3 T Y™ d N )
* Air masses start moving , hCag! .»' ~u-~-f-‘3"\>~=‘—"! AR %(
’ - b . , ‘ 'u \ \.
! Wil ‘ . .&x’\

.
e A\ e
0\
.

L)
. :
[ "K‘;
X ’,.\ >

A\

*\\o "\ ' \\‘.- K
in, velocity increases Pt RH W

e Coriolis force pushes "
them to right

 CCW Circulation
develops around Low

e Eventually Coriolis force ==
matches the
pressure induced force ==)

The opposite happens for a High Pressure
zone.




Nothing happens at the Equator, and in

the Southern Hemisphere rotations are

reversed.....

2/23/2021



Add Atmosphere

2/23/2021 Climate Change 4



Problem: Heat Distribution

Solar radiation hits the daylight side of
earth, 1367 W/m? outside the atmosphere
and reducing to perhaps 1000 W/m? at the
surface on a clear day near the equator.

2/23/2021
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Problem: Heat Distribution

All this heat input is balanced by Infrared
Radiation into space from all over the
earth, somewhat uniformly.

2/23/2021 Climate Change 4



Problem: Heat Distribution

—)

But at higher latitudes, the 1000W hitting
the ground is spread out over many square
meters, reducing the solar heat input per

square meter to a much smaller value.

Thus, on average, the polar regions are
getting a far, far smaller solar heat input,

while still radiating quite a bit of IR.

How can this be?

—
E—)

2/23/2021
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Problem: Heat Distribution

This is only possible if huge amounts of

heat are being regularly transported from
low latitudes to polar regions.

It comes to 5 TerraWatts per hemisphere!

2/23/2021 Climate Change 4

5 Million
Gigaw:fatts



Problem: Heat Distribution

4

Logistical Problem:

How can the earth move this much heat
poleward?

Answers:

5 Million

1. By Air Gigawatts

2/23/2021 Climate Change 4



Naive Expectation for Heat Redistribution via Air

Cold r
H

—

Circulation Cell

uator —»

These simple air circulation patterns ought
to work really well to transport heat to the
poles, but.....

2/23/2021 Climate Change 4



Naive Expectation for Heat Redistribution piaAir

The required straight line
winds aloft and at the
surface cannot happen due
to the Coriolis effect...

l[ation Cell

This would work
very well -- on a

non-rotating planet

...but the Coriolis Force
won’t allow it

2/23/2021 Climate Change 4



What Actually Happens...
..sort of

Polar Cell

Mid-
Latitude

3 Cells in each Cell

hemisphere

Hadley cell

George Hadley
(1685-1768)

English Lawyer and
Amateur Meteorologist

W Z=
- irzicls yisiels
— ;,'o,'
/’ A

2/23/2021 Climate Change 4



|dealized Circulation polar cell  H
Patterns

Mid-Latitude
Cell &/

Hadley
Cell

® A wa dley cel Hadley cell
‘:‘ / > “‘. = NE
L trade winds

2/23/2021 Climate Change 4



Side View of Cell Pattern

All these circulation patterns are highly
idealized, and valid only in a rough average

sort of way. The real atmosphere is “Opop
chaotic.

__— Subtropical jet e

Jet Streams \ 3
v y /,/
Polar jet 7 )

RN 74 t

Tropopause

Mid-Latitude Hadley cell ”
’/ S— (Ferrel) \ -
Polar cell Cell ’ .
\ — . S ——— / \ .
North Pole 60°N 30°N Equator

H 2/23/2021 L Climate Change 4 H L



Modeled Circulation

NASA Goddard

Movie of an example of modelled

circulation patterns shows that polar jet
meanders randomly.

Nevertheless, the average end effect is to
transport heat toward the poles in the
amount required, albeit with lots of chaos.
Sometimes this actually brings a lot of cold
polar air down to us.

2/23/2021




Prevailing Global Wind Patterns

Roaﬁng
'ﬂ'
Forties

Wikimedia: Trade Winds
2/23/2021 Climate Change 4



Building a General
Circulation Model

Horizontal Grid
(Latitude-Longitude)

Vertical Grid )
(Height or Pressure) |

Physical Processes in a Model

solar  terrestrial
radiation radiation

4

o v P
ATMOSPHERE ) < {
FE L N |
= r’ o s l___a — '-:. = advactian ‘ ?
BUEWATERS e st o | IFN T AT RS
SUSTAINED PETASCAUE COMPUTING -~ 0. Peat gl .
; w5, | Il momentum  heat  water - seaice ) Time Steps
S AR 3

At
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Questions about
Atmospheric Circulation

it
O
V:.\’. ”
he”
Horizontal Grid %7
(Latitude-Longitude) A
Vertical Grid mB S
{Height or Pressure) =%
Physical Processes in a Model };"
i iy E
3 = ‘ ATMOSPHERE s
: HO"Se latitudes ; g
-LLrT ]
Hadley cell ) 1
! ’\q.adley cell i el acvection @ ®
¥ N 4 e }
trade vwnds o ¢ ‘ ‘ :
/& ) MOMANIUT  heat  walel  smaice |
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Dynamical Earth: The Subsystems

 Atmosphere
* Oceans

* Cryosphere

* Biosphere
* Lithosphere
e People (Anthrosphere?)

2/23/2021 Climate Change 4



Changes in the Atmosphere:
Composition, Circulation

Changes in the
Hydrological Cycle

Changes in
Solar Inputs = <
Clouds
g Atmosphere —~——T"/
&8t i // /
! i/ /
Ny D Volcanic Activity / / T 7
H,0, CO,, CH,, N,0, 0, efc. . 6
Aerosols Atmosphere-Biosphere
Atmosphere- Interaction
Ice Precipitation
Interaction Evaporation
Terrestrial
Heat  Wind . Radiation _‘Human Influences

Exchange Stress

Hydrosphere:
Ocean —

Ice-Ocean Coupling ¥

Sea Icg

R 7Hydr:);pre:
- Rivers & Lakes

Changes in the Ocean:i
Circulation, Sea Level, Biogeochemistry

——

Changes in/on the Land Surface:
Orography, Land Use, Vegetation, Ecosystems

Land Surface

Changes in the Cryosphere:
Snow, Frozen Ground, Sea Ice, Ice Sheets, Glaciers

The Dynamic
Climate System:

Many Interacting
Elements

i




® ... Earth’s Energy Budget

Net solar 240.5 W/m?
Net IR out 239.9 W/m?

reflected by
clouds & reflected by  total outgoing
atmosphere surface infrared radiation

incoming 77.0 22.9 239.9
solar radiation

340.4

Convection into
Troposphere

|
3

W

y

ng-
s
()

—t

W
A

g 'ﬂ-é.’ r
RARR

L {

v

evapotranspiration

Mdﬁ:l.mm
Trenberth et al., BAMS, 2009

NP-2010-05-265-1 aRC




600+ Earth Observing Satellites

iR,

2 =
: sm\\%

International Space Station

LIS on ISS

SAGE lll on ISS

TSIS-1 on ISS

ECOSTRESS on ISS (EVI-2)
GEDI on ISS (Evi-2) —

(NASA Earth
. \Observation
" Fleet as of

ecember 2018
hY-

GPM ’ . :
Core Observatory N F "
/ Landsat?7 "X OST‘D:.{JA:,SOHZ

2/23/2021 Climate Change 4



SENSOR'’S PRIMARY TARGET
A

LAUNCH DATE p 2003

NAME » SORCE
ALTITUDE » 398 MILES
PRINCIPAL » Tracks solar
FUNCTION radiation

2002

AQUA
438 MILES
Measures land,
ocean, and atmo-
sphere interac-
tions (emphasis
on water cycle)

1999

TERRA
438 MILES
Measures land,
ocean, and
atmosphere interac-
tions (emphasis

on land)

2008

OSTM
830 MILES

Measures sea-
level change

2/23/2021

Climate Change 4

2013

LANDSAT 8

438 MILES
Monitors land use

2002

GRACE

217 MILES

Twin satellites
measure the gravity
field for groundwater
and ice changes

2015

SMAP
426 MILES

Measures soil
moisture

2014

GPM CORE
253 MILES
Measures rain
and snow

2014
438 MILES
Measures

carbon dioxide

2004

AURA

438 MILES
Measures the
ozone layer

Most Earth
Observation
Satellites are in
Polar or High
Inclination
Orbits

These orbits allow
all or most of the

Earth’s surface to
be regularly
observed.



Oceans — ==

e e - <
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» Compared to Atmosphere: .~
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7 - ) =2 : e e - : 3 ‘ C—
Mass is 260 x e e SR g e F——
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— Heat Capacityis900x .~ e
— Response Time is typically 1000’s of times slower |




What if we turned up the heat input?

We won’t
reach
equilibrium
for a long
time...

NSNS RN !

2/23/2021 Climate Change4
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Water is Special Stuff

B

Exists in 3 Phases

/[ 4
at ordinary

l‘\\_, temperatures

Liquid —

Lots of Heat Needed to Warm up Water

=

£/ To heat 1 kilogram liquid H,0 1 DegC

2/23/2021

takes 1 Large Calorie _gmemy

Lots of Heat Needed to Melt or Vaporize H,0

To melt 1 kilogram of H,O Ice
takes 80 Large Calories

To vaporize 1 kilogram of H,0O
takes 540 Large Calories



Water is Special Stuff

@

Ice Floats

Water is a Great Solvent

2/23/2021
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Water is Special Stuff

H,0

Ice Floats

Water is a Great Solvent

Normal Liquid

This is unusual. For most
materials liquids are less
dense, and solids sink

Normal Solid

2/23/2021




Ice Floats

Water is Special Stuff

H,0

Other rocky planets have lost ther ater

to space, but we still have a lot of it....
Water is a Great Solvent Water is a Survivor

H,O is Lightest Major Gas
in Atmosphere
* H, and Helium

o much lighter, but scarce
* Water freezes out,
o not much in Exosphere to escape

e Earth gravity relatively strong
* Magnetic field shields us from Solar Wind

2/23/2021 Climate Change 4



Problem: Heat Distribution

4

Logistical Problem:

How can the earth move this much heat
poleward?

Answers:

5 Million
Gigawatts

2/23/2021 Climate Change 4



All the earth’s water, almost, would be
| frozen out in giant polar ice caps which

¢/ would be far colder than currently
y = 4

e —r
‘“Q. a 6. : \.-ﬁk» | _‘vw:#‘.

w0
-

.-

-




- | romm—
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/ Subpolar Gyre

f)

Q

g
O D

K North Atlantic Gyre

(6)
O 90090
09700

”

D¢
Indian Gyre

vy

o C
RoC

099C

46090068

©)

South Atlantic Gyre
\J
(@)

e

C
(@)

OOO

(ol

_ (@)
00 CCe

Antarctic Circumpolar

Rough, highly simplified picture of global
ocean currents.




Harald Sverdrup (1888-1957)

Norwegian Oceanographer & Meteorologist
Put Scripps Institute of Oceanography on the map

1 Sverdrup (Sv):

A million cubic meters

per second
Roughly the combined flow

of all world’s rivers.
16 billion gallons/minute

2/23/2021

Sverdrup:

Unit of water flow




Temperature (°C)
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Temperature (°C)
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How can the tropical seas be cold?

With solar heating from above and

Geothermal heat from below, the entire

COL D ocean column should eventually warm up!

Geothermal Heat from Below



How can the tropical seas be cold?

There is only one possible way to avoid
this: Cold water must be flowing in from

CO L D elsewhere. This alone proves that there
are major deep ocean currents.

Geothermal Heat from Below



Latitude (N)

Surface Currents in

North Atlantic

90°

Longitude (W) Radial Velocity [m/s]
= M——— ]
-1.2 -1.0 =0.7 -0.5 =02 0.0 0.2 0.5 Q.7 1.0 1.2
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Lotitude (N)

Surface Currents in [ e
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Visualization of Gulf Stream Eddies (NASA/MIT/JPL)
June 2005 - December 2007

The reality of the Ocean surface currents is 7 g
much more complex and chaotic, as e

S s

shown in this movie....

W R ¥
' .\))\}“\(—'T Ti o
: WA\ )
Sea Surface Temperature
<]n 13 17 21 33[> ECCO2 model using in-situ & satellite data
Celsius Visualization Greg Shirah NASA Goddard (2012)
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Visualization of Gulf Stream Eddies (NASA/MIT/JPL)
June 2005 - December 2007

Eddies and flow lines move constantly and
chaotically...

\
3 y
z /

" r \ \ | e i
\

R - |
- .1 . ..“’.’ = O RS 21/ /\\
LR e\ TS I
Sea Surface Temperature
ﬂtil:m[:} ECCO2 model using in-situ & satellite data
Celsius Visualization Greg Shirah NASA Goddard (2012)
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Coupled Atmosphere-Ocean Modes: ENSO

El Nino Southern Oscillation

Norti')’
' Pacific
‘\ Ocean

South
Pacific
Ocean

Red means positive temperature El Nino

anomalies, blue negative anomalies...
G.Shirah, NASA Scientific Visualization

Bulges represent sea level variations.
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ENSO*: The Normal Situation in the Pacific

Note that trade winds and currents along

the equator are NOT subject to Coriolis L
forces! Sy
4/ SWO ""4/ / / l :
' Equatonal currents (strong)
High
pressure
L

* El Nifo Southern Oscillation
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ey
ENSO Normal Walker Circulation
Status

(Side View) ; 1

¥
‘ o~ 1 e ‘a
f:" 5 4 hJp' S Strong Trade Winds v’

S ——

Deep cold water

0 130 140 150 160 170 180 170 160 150 140 130 120 110 90 80
'- : ;; West ! '
Darwin, Australia Tahiti Lima,Peru
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Nov 97

ENSO Surface
. Ocean Surface Height
Height and - NASA TOPEX satellite
Surface Temperature
Temperature - NASA AVHRR Satellite
Profiles sensor
Subsurface Temperatures
* NOAA TAO moored buoys
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An animation from the British Met Office
<> Met Office Normal

shows the transition from Normal to El
Nino conditions....

Walker Circulation

Australasia

Upwelling
+ 4+ 4




<> Met Office

Australasia



ENSO Events are Quasi-Periodic

: S
They tend tO peak ground Christmas tim
; | I | | ' | | | | | | !
2.5 — —r— -
2 VEI'}-’ strong 82/83
Strong
1.5
lEJ'J 1 Moderate
ﬁ Weak
—E 0-5 =
— 0
=z
O -0.5
1 Weak H l
15 Moderate l |
-2 ' Strong
La Nina
-2.5 I

| I I I I I I I I | | | |
1950 1955 1960 1965 1970 1975 1980 1985 1990 1995 2000 2005 2010 2015 2020



AMO Departure

0.6

0.4

0.2

-0.2

-0.4

-0.6

Atlantic Multidecadal Oscillation (AMO)

Atlantic Multidecadal Oscillation

Surface Sea Temperature in
non-tropical North Atlantic
with global trends removed

Monthly values for the AMO index, 1856 -201

Note the weak ~50 year cycle. There are
others like this around the world.

1880 1900 1920 1940 1960 1980 2000

1860
2/23/2021 Climate Change 4
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Atlantic Multidecadal Oscillation (AMO)

Atlantic Multidecadal Oscillation

Surface Sea Temperature in
non-tropical North Atlantic
with global trends removed

AMO Departure

Monthly values for the AMO index, 1856 -2013

—
~
[

o
o
|

o
|

O
N
I

o
~
I

I | I | I I I I
1860 1880 1900 1920 1940 1960 1980 2000
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What Moves Ocean Water?

1. Winds

— Modified by Coriolis Forces
— Near the surface only

2. Density Differences
— Colder = heavier
— Saltier = heavier

— “Thermohaline Circulation”
e Or Combinations of the two.



Where the Salt Is [PSU]

I 7_;\@///' o

‘—IA_Q ‘ > D%
]
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Where the Heat Is

Ocean Surface
Temperatures

[ ]
L ARE 180°W 135°W W A5 W




Depth Profiles

How do temperature and salinity contribute to density?

Temperature Salinity Density
Increasing Temperature (C) — Increasing Salinity (*/oc) ——» Increasing Density (g/cm) —»
¢ 4 F 12 1 o 340 345 350 355 360 365 e O B R s B A B B
0 T T T T T 0 T T T ; ' . ’
P ol Halocline J 500 Pycnocline 4
1000 1000 = 1% :
1500 |- - 1500 | 1500 =
Increasing

Note that usually ocean T and salinity combine to produce a
density profile with lighter water on top and heavier water
below — otherwise the dense water on top would sink.

2/23/2021
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. . . * Meridi |
Global Thermohaline Circulation: MOC* ——

Circulation

Again, very highly oversimplified!

Marshall & Speer 2012

\ overview of global MOC
2/23/2021 Climate Change 4



. . . * Meridional
Global Thermohaline Circulation: MOC* Overturning

Circulation

Meridional Overturning Circulation
North/South

AMOC: Atlantic MOC

\ Marshall & Speer 2012
\ overview of global MOC
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. . . * Meridi |
Global Thermohaline Circulation: MOC* ——

Circulation

Mostly, these MOC currents are very slow
Marshall & Speer 2012 moving, but the mass of water is huge.
\ overview of global MOC
2/23/2021 Climate Change 4




cOn Simplified Cross Section of Atlantic MOC

Vertical Mixing due

to ocean ridges
‘, o8 ‘' o ¢ o 1

Depth (km)

80°S 60°S 30°S 0° 30°N 60° N 80°N
Antarctica Latitude Arctic
Marshall & Speer
Nature Geoscience (2012)
2/23/2021

Climate Change 4



™ A movie showing general features of the

Thermo-Haline global MOC, with lots of artistic license.
This is NOT based much on detailed

Conveyor Loop measurements.

Sea Surface Density

.
=
N
N
-
!
.\
\

1002 1007 1016 1028 e YO
kg/m? ‘

NASA Visualization Studio

)



Hollywood Tackles the AMOC*....

* Atlantic Meridional Overturning Circulation
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...you recall what you L

said about how polar

melting might
disrupt the North
Atlantic current?

TV
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AMOC Has Decreased 3 Sverdrups (~15%) in 150 years
1.25

1.00

AN

0.25 9
Caesar ot al | 2018 global sas surface data

Rahenstoe? & al., 2015 land surlsos hermpers

Temperature Anomaly (K)
S
AMOC Flow Anomaly (Sv)

0.00 1 —— Sharwood & al. 2011 deap sea coral data
—— Thormatey et ol , 2018 subsurace lemeratures -2
=0.25 1 — Thomaley et i , 2018 sortables st data
Srrwemd of al., 2018 RAPID measurements ! =3
=0.50

] T T | T
1700 1750 1800 1850 1900 1950 2000

"I"E.Er S. Rahmstorf, RealClimate.org (2018)
2/23/2021 Climate Change 4



Sudden Doubling of CO, May or May not Trigger AMOC Collapse

—_
-
—
—
—
-
—
—
—

—— CCSM3 (CTL) — CTLCO,
—— CCSM3 (ADJ) —— ADJCO,

o
I

-é 12 E '\/\, i
g : W
s 4
o 9 5 W\ r
o . \
= | A\
6 oo “f\am —
: years WA AL n : x
5< y AWAANMINWNMAN AN AA N
3 —
| | | I | | | I | | | l | | | I | | | I | | |
0 200 400 600 800 1000 1200
Year

Liu et. al. Sci. Adv. (2017)
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Sudden Doubling of CO, May or May not Trigger AMOC Collapse

18 | | | | ] | I | | | I | | | I | | | | | | |
—— CCSM3 (CTL) = CTLCO,
15 —— CCSM3 (ADJ) ADJCO, -
o
S 12 — —
=
()]
@ Modelers agree that the AMOC can be
8 9 — stable either ON or OFF. It is unclear,
s however, what it takes to switch states.
<C .
- Some models show a near shutdown in
. 200 years SANA e . M ) il TESPONSE tO 2X CO2, others not so much.
5 < > But it is a slow motion effect.
T T | | T T 1 T I | T T | [ ! I T | T T T
0 200 400 600 800 1000 1200
Year

Liu et. al. Sci. Adv. (2017)
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ARGO: Free Floating Ocean Data Reporting

International project headquartered at UC “‘\.f}r‘/‘)‘/ // / / / L
San Diego. Named after Jason’s ship. :

to transmit data to satellite

&
i
1 Descent to depth
1 ~10 cm/s (~6 hours)

Total cycle time 10 days

~-com -

Satellite
Antenna 1 Salinity & Temperature
i 1 profile recorded during ascent
‘o 1 ~10 cm/s (~6 hours)

1

Profiling 1000 db (1000m) 1
module .

'
Temperature "
Probe 3

Float descends to begin
Circuit boards & profile from greater depth

satellite transmitter 2000 db (2000m)

|
¥ 3923 Floats
A-Feb-2021

L
] !‘_'_,H... )

— Gear motor

Dive 0-2000 m deep
10 day cycle

____Single stroke

mre " 30°N

.. . ~110cm
Temperature, Salinity, Velocity >
. . —— Battery SRR
All data publicly available wydrsic pomn o i
" (piston) 0 v TR

Use satellite 2-way L
- - L Hydraulic fluid S '. o ,}93.!:‘!"
Com m u n Icatlons a Hydraulic SOES . .':" ;-.;::.::r; .-‘:.,“:..;“: : -‘?' 5
Each Float: ¥ ,,'if_ Pt T PR
“ :,:'0- :.. : '"t N .:-’._"

* 4-5y battery life 60°g ATt il

e ~150 cycles R

* 15K 60°E 120°E 180° 120°W 60° 0"
Climate Change 4
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e >90% of added heat went to oceans

Changes in Heat Content of Upper 700 m of Oceans

Over last 50 years:

* 63% upper 700m

* ~30% below 700m
Remainder:
* Land

* Air

* |ce Caps

2/23/2021

Difference from 1993-2017 average (gigajoules/m’)

| B |
-4 0 4

Climate Change 4

2017 vs.
1993-2017 ave.

NOAA Climate.gov
State of the Climate 2017



Where Did the Extra - o Jcon =20

B Ocean 0-700m

Heat Trapped by s Ocean 700-2000m
I Ocean below 2000 m
Greenhouse Gases ,  m=m iand
Ice
Wlnd U p? B Atmosphere -
ﬁ B Uncertainty
‘0’ I TOA CERES /I
1960--2019 Sl

£

Almost all of it went into >

heating up the ocean, mainly ® a5

the upper layers. i

But for this, the Land would
have heated far more.

Heat stored in the Earth system:
where does the energy go?

Karina von Schuckmann et. al. A ICE
Earth Syst. Sci. Data, 12 (2020)

Year
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Questions about
Ocean Circulation




Cryosphere




W

~60%

——

ice produces a huge Positive

IC

ing art

Melt

Feedback from Albedo changes, amplifying

any Rad

ing.

iative Forci
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Cumulative change in ice sheet thickness

- > >3 ks : ESA satellite measurements of ice height
= =7 show large loses around edges 1993-2019

-




Eesa

Greenland Ice Sheet Contribution to Global Sea Level

ESA 2019



-

Greenland Ice Sheet Contribution to Global Sea Level

N

Measurements are closest to the 2011 IPCC
T, IYE o WEESaTT

AR‘S“'upper |



Sea Ice over 4 years old | ArCtIC Sea Ice 1984 to 2019 Sea Ice Age

saweoks20yrave  million kmt  « = woek's pror max | I ool

Jan 1984

A Movie showing artic floating sea ice
extent from 1984-2019, with different ages
of ice indicated by color. White is 4 year or

NASA 2019

» A -



Sea Ice over 4 years old

T 4@

Arctic Sea Ice 1984 to 2019

0T N At A A e - e r -

* = wook's 20-yr ave million km* « = wook's prior max

\
“ 8

o~

B 2O ()

Mar 1994

L

By winter 1994 there is 1.8 million km2 of
old ice. Note that new ice covers Hudson
Bay, the Bering sea, and elsewhere.

2/23/2021 . .
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21 1 1 l»l ok l J
L]

W,
0 05 1 15 2 26 3 '35
* = week’s 20-yr ave million km? » = waek's prior max

Sea Ice over 4 years old ArCtIC Sea Ice 1984 to 2019 » Sea Ice Age

> aa

Sep 2019

i

ALASKA

By end of summer 2019, the 4 year ice is
nearly all gone, although during the winter
there is still substantial new ice cover.

2/23/2021 ‘ SRS : o e F NASA 2019




Average Monthly Arctic Sea Ice Extent
January 1979 - 2019

16
..... Missing Extent

—_—
o
U

This includes ice of any age, decreasing
fairly fast. Old ice, however, has decreased
far faster.

—
(9}

14.5

—
S

Extent (millions of square kilometers)
G
wn

National Show and Ice Data Center

1980 1984 1988 1992 1996 2000 2004 2008 2012 2016 2020

Year



Antarctic Winter
Sea Ice Maximum

Sep 19, 2014

Not very much reduction in Antarctic sea
ice winter cover.

NASA Scientific Visualization Studio (2014)

IceSat 2
2/23/2021 Climate Change 4



. Antarctic Ice Changes
o 20032019

NASA 2019



Amundsen Ice cap gained in some areas, but lost
Coast much more in others, esp. in West Ice
Sheet.




lce Flows in

Antarctica
(Measured 2007-2009)

Satellite Radar

Interferometry:
Radarsat 1 & 2, Envisat ASAR, ALOS

Velocity magnitude [m/yr]
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Randolph Glacier Inventory

198,000 Glaciers
726,000 km?

' 8 LandSat Satellites
since 1972

Glaciers have less than 1% of ice, but are
receding very quickly.
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Global Distribution of<Glaciers
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Biomes

. rain forest

grassland

. temperate forest

desert

. Mediterranean/
chapparal

tundra

. taiga




B|Omes Permafrost Melting:

Methane & CO, Release
Sty K ’

. temperate forest

. rain forest

grassland

desert South
) America
. Mediterranean/
chapparal
tundra

taiga
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B | omes Permafrost

| Jaos

Forest Fires: CO, & Aerosolsw‘

Bl rain forest

Ve

grassland

. temperate forest

desert

2 28 Vi e, At pre ot

. Mediterranean/
chapparal

-
o
=
o

tundra

. taiga
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FOI‘ES"E Firesﬁ B | O m ES Permafrost

b

Africa
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Forest Fireg

= N
2 L&
! -
L I ’ [ ey
3 y -

Greenland

Deser

. rain forest

grassland

»
. temperate forest

desert South

America

. Mediterranean/
chapparal

tundra

taiga
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Forest Flres_ Permafrost

_Invasion
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FOI‘ES"E Fireg BIOmES Permafrost

Deser

Desertification‘

. rain forest

grassland

. temperate forest

desert
. Mediterrznean/ : Tk
chagpara T )
. Rain Forest
T t . Clearing

TS TRy wle

. taiga

imate Change 4
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Biomes

. rain forest

grassland

. temperate forest

desert

. Mediterranean/
chapparal

tundra

. taiga




Biomes Dependent »
mainly on
Temperature and =
o 300
Precipitation 5
IS
=t
o 200
(o)
g Temperate
c seasonal forest
-
<C
100 Boreal
As regional climates (Temperature and forest W;u-:;llanc{i‘f
Precipitation) change, biome boundaries = Z’:
1 rassian
must adjust. Tempﬂrdge -

Tropical
rainforest

Tropical
seasonal
forest/
savanna

Subtropical
desert

I 1
-10 0 10 20
Average annual temperature (°C)
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Lithosphere and Geological Processes




Mount
Pinatubo
Eruption

Philippines
June 12, 1991

A few large
eruptions
(“Stratovolcanoes”)
break through
tropopause and
reach stratosphere




Stratosphere

1% of Human .
[ Output ] Photochemistry

Injection Dispersion

Kilauea:
“Small”

Sedimentiation,
Circulation

Cirrus Cloud/

Nucleation

Troposphere
/\ 7 L /Modeled

Major Volcanic eruptions spew sulfate aerosols
into the Stratosphere for months or years,
changing the Albedo and cooling the earth.

Volcanos large and small supply the CO,
needed to make up sinks in the sea and
keep CO, levels steady. But human

sources of CO, are 100x larger!



Stratosphere

1% of Human
Output

uv
Photochemistry

Kilauea:
“Small”

Injection

_ Dispersion

Albedo

s

-0.2—

0.4

Temperature Change (°C)

=
o
I

into the Stratosphere for months or years,

changing the Albedo and cooling the earth.

Major Volcanic eruptions spew sulfate aerosols

0.8 '

+—T|me of Pinatuba Eruption

Measured

Modeled

1991

Hansen et al (1993)

1992
Year

1993 1994




4 99.9% of Earth’s
Carbonisin
Rocks:

Mostly Limestone
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What are the human impacts on climate?

— & = e q"

=" <.4

e Greenhouse Gas Generation
* Fossil Fuel Burning

* Industrial processes
* Land Use

— Methane CH,
—N,0
— Freons

* Aerosol Generation




What are the human

e Greenhouse Gas Generation
* Fossil Fuel Burning

* Industrial processes
* Land Use

— Methane CH,
—N,0
— Freons

We're pIaymg W|th only
~0. 01% of Earth S carbon




What are the human impacts on cIimate?

e Greenhouse Gas Generatlon
— CO,

* Fossil Fuel Burning
* Industrial processes
* Land Use

— Methane CH,

_N,0

— Freons g
+ Aerosol Generation

We're pIaymg W|th only
~0. 01% of Earth S carbon




What are the human impacts on climate?

— & = e q"

=" <.4

e Greenhouse Gas Generation
* Fossil Fuel Burning

* Industrial processes
* Land Use

— Methane CH,
—N,0
— Freons

* Aerosol Generation
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Questions about

 Cryosphere

« Biosphere

e Lithosphere

* Anthrosphere

Other stuff?
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Course QOutline

Building Blocks: Some important concepts
Our Goldilocks Earth: a Radiative Balancing Act
The Role of the Atmosphere: Greenhouse Gases & Clouds

Global Circulation and Dynamics of the Earth System:
Oceans, Atmosphere, Biosphere, Cryosphere, People, Lithosphere

Natural Variability of the Climate, short and long term. Ice Ages

Carbon Dioxide and other Greenhouse Gases: where do they come from,
where do they go, how are they regulated?

Impacts and Future Projections for Global Warming -- Uncertainties
Amelioration Strategies. The Climate debate. Policy options.
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