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Major Climate Feedback Processes
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Water Vapor Feedback
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Mixing Ratio = the dimensionless ratio of the mass
of water vapor to the mass of dry air.

Saturated Mixing Ratio tells you the maximum
amount of water vapor an air parcel can carry.

The saturated mixing ratio is a function of air
temperature: the warmer the temperature the larger
the saturated mixing ration.

=» a warmer atmosphere can carry more water vapor
=>» stronger greenhouse effect

=>» amplify the initial warming

=>» one of the most powerful positive feedback
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Snow/Ice Albedo Feedback

change = Climate TABLE 2-1 Average Albedo Range of Earth's
S cooling [ Surfaces

Greater
cooling

Albedo range
Surface (percent)

Fresh snow or ice 60-90%
T Old, meltng snow 40-70
snow and ice: Clouds 40-90
higher reflectivity Desert sand 30-50
Soil 5-30
Les§sghr Tundra 15-35
radiation ! Grasslands 18-25
absorbed F
at surface orest 5-20
Water 5-10

0 The snow/ice albedo feedback is Adapted from W. D. Sellers, Physical Climatology

associated with the higher albedo of ice (Chicago: University of Chicago Press, 1965), and from
) R. G. Barry and R. J. Chorley, Atmosphere, Weather,
and snow than all other surface covering. NGRS Y D)

This positive feedback has often been
offered as one possible explanation for
how the very different conditions of the
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[Longwave Radiation Feedback

Surface QOutgoing
temperature IR flux

0 The outgoing longwave radiation emitted by the Earth depends on surface
temperature, due to the Stefan-Boltzmann Law: F = 6(T))*.

=>» warmer the global temperature

=» larger outgoing longwave radiation been emitted by the Earth
=» reduces net energy heating to the Earth system

=>» cools down the global temperature

=» a negative feedback
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Vegetation-Climate Feedbacks

Initial

ML‘J Climate _
M cooling_,_' :

Greater
cooling

High-albedo surface
reflects more
solar radiation

A Vegetation-albedo feedback
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Initial
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~ precipitation | T
Additional A%
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B Vegetation-precipitation feedback
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Cloud Feedback

Cloud Radiative Forcing as Estimated from Satellite Measurements

Average Cloud-free Cloud forcing

OLR 234 266 +31
Absorbed solar radiation 239 288 —48
Net radiation +5 +22 =17
Albedo 30% 15% +15%

P e B . ' iy . -
Radiative flux densities are given in W m™= and albedo in percent. [ From Har-
rison ef al. (1990), © American Geophysical Union. |

O Clouds affect both solar radiation and terrestrial (longwave) radiation.
L Typically, clouds increase albedo =» a cooling effect (negative feedback)
clouds reduce outgoing longwave radiation =» a heating effect (positive feedback)

0 The net effect of clouds on climate depends cloud types and their optical
properties, the insolation, and the characteristics of the underlying surface.

U In general, high clouds tend to produce a heating (positive) feedback. Low clouds
tend to produce a cooling (negative) feedback.
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El Nino-Southern Oscillation

El Nino La Nina

1 ENSO is the largest interannual (year-to-year) climate
variation signal in the coupled atmosphere-ocean system that
has profound impacts on global climate.
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ENSO-Related Research
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El Nino: originally, an oceanic phenomenon

*Every two to seven years, the
waters warm up along the western-
most shores of South America.

* Peruvian sailors who fished in this
region, were the first to notice and

to give a name to this phenomenon.

* Because the phenomenon would
usually begin to peak around the
Christian Christmas holiday, the
sailors named the odd phenomenon
"El Nino" meaning "the Christ
Child."

Observed Sea Surface Temperature Anomaly (°C)
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Southern Oscillation: an atmospheric phenomenon

In 1910s, Walker found a connection between barometer
readings at stations on the eastern and western sides of
the Pacific (Tahiti and Darwin). He coined the term
Southern Oscillation to dramatize the ups and downs in
this east-west seesaw effect.

Doulelinie

(from Rasmusson 1984) Sir Gilbert Walker
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El Nino and Southern Oscillation

1 Jacob Bjerknes was the first one to
recognizes that El Nino 1s not just an
oceanic phenomenon (in his 1969

paper).

U In stead, he hypothesized that the
warm waters of El Nino and the
pressure seasaw of Walker’s Southern
Oscillation are part and parcel of the
same phenomenon: the ENSO.

U Bjerknes’s hypothesis of coupled
atmosphere-ocean instability laid the
foundation for ENSO research.

"
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Pioneers in Modern Meteorology & Climatology

Weather: Polar Front Theory Climate: El Nino-Southern Osci.

Vilhelm Bjerknes (1862-1951) Jacob Bjerknes (1897-1975)




Coupled Atmosphere-Ocean System
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Growth Mechanism

Normal Conditions
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The growth mechanism 1s responsible for
amplifying SST anomalies during both the
warm and cold phases of the ENSO cycle.

3 Positive feedbacks from the
interaction between the atmosphere and
ocean provide a mechanism for SST
anomalies to grow in the tropical Pacific
during ENSO cvents.

J  This coupled instability mechanism
was first proposed by Bjerknes (1966,
1969) based on statistical correlations and
was later demonstrated by many modeling
studies.




ENSO’s Phase-Lock to the Annual Cycle

NINO3 S5T COMPARISON
REYNOLDS Ol S5T (LAST DATA APR. 98]

(plot from IRT)
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d  Composition analyses
have shown that ENSO
events tend to onset, grow,
and decay at certain seasons

of the year (Rasmusson and
Carpenter 1982).




Phase-Transition Mechanism

Any successful theory for the phase-transition
mechanism has to be able to (1) provide a negative
feedback to reverse the phase of the ENSO cycle, and
(2) account for the long period associated with the cycle.

a Delay Oscillator Theory (Schopt and Suarez 1988; Battisti and Hirst 1989)

(O Oceanmemory 1s carried by thermocline depth through reflection and propagation (i.¢., the delay)
of ocean waves (1.e., subsurface ocean dynamics dominants).
(O ENSO period 1s determined by the wave propagation and reflection time.

Slow SST-Fast Wave theOI’y (Neelin 1991; Neelin and Jin 1993; Jin and Neelin 1993a,b)

(O ocean memory is provided by SST through heat storage in the mixed layer (ie., surface
thermodynamics dominants).
O ENSO period is determined by air-sea interaction and surface ocean advections.

Recharge Oscillator Theory (Wyrkti 1975, 1985; Cane et al. 1986; Zebiak 1989; Jin 1997)

(O ocean memory 1s carried by the zonal-mean ocean thermocline depth, which is constantly in non-
equilibrium with equatorial wind stress on ENSO timescales (i.e., subsurface ocean dynamics
dominants).

(O ENBSO period depends on the time needed to adjust the non-equilibrium mean thermocline depth at
the equator throughout the tropical Pacific basin-wide.




SSTA Tendency Equation

d  SSTA tendency =
surface thermodynamical processes
+ subsurface thermocline process

Surface thermodynamical processes
O thermal feedback from the atmosphere (T )

O wind-forced horizontal advection (—u’*TX or bt)

O wind-induced vertical advection (—W,*TZ Or CT)

Subsurface thermocline process
O upwelling associated with thermocline depth

anomaly (-w*AT/Az or Ah)
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(from Neelin et al. 1998)
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Delayed Oscillator Theory

4 — )

Rossby wave

X
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A Wind forcing at the central Pacific:
produces a downwelling Kevin wave
propagating eastward and a upwelling
Rossby wave propagating westward.
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wave propagation: the fast kelvin wave
causes SST warming at the eastern
basin, while slow Rossby wave is
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reflected at the western boundary.

wave reflection: Rossby wave is
reflected as a upwelling Kelvin wave
and propagates back to the eastern
basin to reverse the phase of the ENSO
cycle.
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ENSO period: is determined by the
propagation time of the waves.
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1997-98 El Nino
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1982-83 El Nino
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Delayed Oscillator Theory
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Rossby wave
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A Wind forcing at the central Pacific:
produces a downwelling Kevin wave
propagating eastward and a upwelling
Rossby wave propagating westward.
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wave propagation: the fast kelvin wave
causes SST warming at the eastern
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reflected at the western boundary.

wave reflection: Rossby wave is
reflected as a upwelling Kelvin wave
and propagates back to the eastern
basin to reverse the phase of the ENSO
cycle.
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Delayed Oscillator: Wind Forcing

| Atmospheric Wind Forcing [ The delayed oscillator

' suggested that oceanic Rossby
and Kevin waves forced by
atmospheric wind stress in the
central Pacific provide the

phase-transition mechanism
(I.e. memory) for the ENSO
cycle.

] The propagation and reflection
of waves, together with local
air-sea coupling, determine the
period of the cycle.
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Wave Propagation and Retlection

[ It takes Kevin wave

ﬂ (phase speed = 2.9 m/s)

| about 70 days to cross the
ey Pacific basin (17,760km).

175 da_lys

O It takes Rossby wave
about 200 days (phase
speed = 0.93 m/s) to cross
the Pacific basin.

- -—
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100 days
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Why Only Pacitic Has ENSO?

] Based on the delayed oscillator theory of ENSO, the ocean
basin has to be big enough to produce the “delayed” from
ocean wave propagation and reflection.

U It can be shown that only the Pacific Ocean is “big” (wide)
enough to produce such delayed for the ENSO cycle.

[ It is generally believed that the Atlantic Ocean may
produce ENSO-like oscillation if external forcing are
applied to the Atlantic Ocean.

[ The Indian Ocean is considered too small to produce
ENSO.
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Decadal Changes of ENSO

“Low-pass” SST of the Eastern Pacific
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Decadal Changes in ENSO Period
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Changing Role ot Indian Ocean in the Tropical Climate System

(°C)

50-Year Warming Trend

"_'"_'_r -
(from Horeling et al. 2003)
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Pacific Decadal Oscillation

Positive PDO Negative PDO

(from University of Washington)

O “Pacific Decadal Oscillation" (PDO) is a decadal-scale climate
variability that describe an oscillation in northern Pacific sea surface
temperatures (SSTs).

L PDO is found to link to the decadal variations of ENSO intensity.
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ENSO and PDO

Pacific Decadal Oscillation

positive phase negative phase
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PDO Index

mmonthly vaives for the PO index: 1900--2001
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Subduction

equator =>
= D

12 14°C

1

surface mixed layer

34.7 isohaline

8°Cisotherm }
27.04 o, isopycnal

d;pth

Fig. 5.3. Sketch of water mass formation by subduction in the Subtropical Convergence. The T-
S diagram shows both the meridional variation of temperature and salinity between stations A

and D, and the vertical variation equatorward of station D from the surface down along the line
A'B'C'D'. For more detail, see text.
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How El Nino Changes When Climate Warms?

Hypothesis 1: Permanent El Nino U Hypothesis 2: Stronger ENSO Activity
(Philander 2003) (Huber and Gaballero 2003)
When global climate warms When global climate warms
=» El Nino / La Nina alternations disappear =» Stronger El Nino / La Nina Iternations
=> El Nino forever. =» Stronger ENSO gvents.
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North Atlantic Oscillation
AL AMbidii Cheellilize © TN e dominant mode

the North Atlantic region
ranging from central North

America to Europe and much
into Northern Asia.

The NAO is a large scale
seesaw in atmospheric mass
between the subtropical high
and the polar low.

The corresponding index varies
from year to year, but also
exhibits a tendency to remain in
one phase for intervals lasting
several years.
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Positive and Negative Phases of NAO

U A stronger and more northward O A weaker and more zonal storm
storm track. track.
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Dynamics Behind NAO

The North Atlantic Oscillation 1s considered as a natural variability of
the atmosphere.

However, processes in the ocean and stratosphere and even the
anthropogenic activity can affect its amplitude and phase.

Surface winds of the NAO can force sea surface temperature
variability in the Atlantic Ocean.

Feedbacks from the ocean further affect NAO variability.

L% ESS200A
N Prof. Jin-Yi Yu




l* wemeirlives
Eaap eekd
At AT
e ot tae

pets awarm

SR highar r$ narmal
atmaspheric pressura aver
e cantial Allante, strang
wasberly winds push
warmth and precipitation
toward nothern Lurape.

HIGHER

Sluzny tradw e

pravail it rha t.uhl:lr,ple;

NAMMER ;
THAN MORRKIAL

SO0LET
THAR MCARAL

aniithary IMINM
e LLE] gata A dnli |
L Anter?

‘With lovear than narmal
Alinuspheric pressurs

i the cendeal Atlantiv
wrul vemuk wanknrdiag
vunr it = Euncpig,
ot elavalep auek tha
Bladitarranaan ragion.

_DFICH
THAMN NORMAL

WETTE|
THAMN NORMEL

A& patt=rn af higher than
nermal atmaspharic pras-
iy oyer the Arctiv lssds

Lo ke voesberlivg

v

Wnh 1de wvivals il

I"AC MATIIMGL GEQGLAPHIC MASGAZINE MARCH 2000
SOURCES: DOUG MARTINSCHN, WIESLAW MASLOWISKL. DAVID
THOARSCH, ARD CHN L OWALLACE; ART BY ALAN DAMIELS

WARNM PHASE

Tha racent wwarns phase has braug ht

a numker of starting changas to the

Arctic Ocean, Mew wind end water
etz have drawn relatibrely warm,

aalty Atlantls water 20 percent farther

irke the Arstk tlhm [TEET l.hulnw?

North Atlantic Oscillation

Arctic Oscillation
Annular Mode

from the warmer Atlantic water has
thinned across much of the Arctic—
ice i=elf, by an

Arilie: Bewur

In cooler perigds sirong surface
winds maintein & pawerful dock-
wise gyre. or circular current, in the
western Arctic that keeps Athamhic
wuiter at bay. These wind and waler
currands also distribwbe the ecean's
ealdar, frasher insuls watar
layer mara svenly. which inhibits
the mekting of ice. Until the recent
wearm phese, This was considarad
the Arctic's “normal™ patlern.

LCooler Archc water Warmer St e waler

ESS200A
Prof. Jin-Yi Yu




Decadal Timescale of Arctic Oscillation

4| Atmospheric Pressure
over the North Pole
(in millibars)

1920 1960 2000

L The Arctic Oscillation switches phase irregularly, roughly on a time
scale of decades.

L There has been an unusually warm phase in the last 20 years or so,
exceeding anything observed in the last century.

7

{4& ESS200A
A\ Prof. Jin-Yi Yu




Climate Changes

Global temperature
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Tectonic Scale

Il |ce sheets

present

Past glaciatidns and continental positions. During Earth’s
4:.55‘-‘bil‘lion-yjear history, intervals when large continental ice
sheets were present alternated with times when they were not
 (left). The earliest history of these changes is poorly defined

because few ancient records are preserved. The movements of

continents in relation to ocean b‘a‘sins‘are well known only for
the last several hundred mil‘l‘iOn‘l)"ears'('rig‘ht)‘. (Globes adapted
~ fromD. Merritts et al., Environmental Geology, © 1997 by W. H.

‘Freeman and Company.) “ . . '

(from

O Tectonic Scale: the longest time scale of climate
change on Earth, which encompasses most of
Earth’s 4.55-billion years of history.

Tectonic processes driven by Earth’s internal
heat alter Earth’s geography and affect climate
over intervals of millions of years.

On this time scale, Earth’s climate has oscillated
between times when ice sheets were presented
somewhere on Earth (such as today) and times
when no ice sheets were presented.
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Tectonic-Scale Climate Change

Cold=——Warm The faint young Sun paradox
and its possible explanation.

0

Why was Earth ice-free even
at the poles 100 Myr ago (the
Mesozoic Era)?

Ice-free Earth /v

What are the causes and
/ climate effects of changes in
e shees sea level through time?

¥ present

Past glaciations and continental positions. During Earth’s

4.55-billion-year history, intervals when large continental ice What Caused Earth b S Climate

sheets were present alternated with times when they were not
(left). The earliest history of these changes is poorly defined
because few ancient records are preserved. The movements of tO COOI over the laSt 5 5 Myr

continents in relation to ocean basins are well known only for

the last several hundred million years (right). (Globes adapted 3 'DD (the CenOZOiC Era) ?

from D. Merritts et al., Environmental Geology, © 1997 by W. H. e 1 ﬂ - C E—
Freeman and Company.) A Tec ton i c
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Faint Young Sun Paradox

O Solar luminosity was much weaker
(~30%) in the early part of Earth’s
| Freezing point of water history (a faint young Sun).
If Earth’s albedo and greenhouse
effect remained unchanged at that
time, Earth’s mean surface
temperature would be well below the
freezing point of water during a large
portion of its 4.5 Byr history.
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Billions of years ago

Fi - '
HG'-_’RE 8-8 That would result in a “snowball”
e faint young Sun paradox. The scale on the right applies to the : 1 i
solar luminosity curve, labeled 5/5,; the scale on the left applies to Earth’ PN e L v EiCil o
temperature curves. The shaded area represents the magnitude of the geologic record.
atmospheric greenhouse effect. (From J.F. Kasting et al.. How Climate
Evolved on the Terrestnal Planets, Scientific American 256(2): 90-97,
1988, Used with permission. © George V. Kelvin/Scientific American. P ESS200A
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Three Possible Solutions

U Solution 1: Additional heat sources must have been presented

Unlikely: The geothermal heat from the early Earth is sometimes suggested
one such additional heat source to warm Earth. However, the geothermal heat
flux 1s not big enough to supply the required energy.

Solution 2: The planetary albedo must have been lower in the past

Unlikely: 1t would require a zero albedo to keep the present-day surface
temperature with the 30% weaker solar luminosity in the early Earth.

Solution 3: Greenhouse effect must have been larger

Most Likely: The most likely solution to the faint young Sun paradox is that
Earth’s greenhouse effect was larger in the past.

But (1) why and (2) why that stronger greenhouse effect reduced to the
present-day strength?
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Chemical Weathering

The precipitation process in the
atmosphere dissolve and remove CO,
from the atmosphere.

Rocks exposed at Earth’s surface undergo

Ca*? = chemical attack from this rain of dilute
. SR HCO, e

This whole process is known as chemical
weathering.

e The rate of chemical weathering tend to
+ H,CO, Ca'2 si | Si0, + CaCO, increase as temperature increases.

HCO,"
Carbonic acid -3 Shells of . . .
i lons dissolved ocean plankton Weathering requires water as a medium

in river water . . .
R e e both for the dissolution of minerals and for
\-'\-"eathermg Transpc_art Depomtmn X .
on land in rivers in ocean the transport of the dissolved materials to
the ocean

=» The rate of chemical weathering
increases as precipitation increases.
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Negative Feedback From Chemical Weathering

Warmer

E—— climate

Initial Reduction of
change _- initial warming _
Increased

temperature,
precipitation,

vegetation
Increased
CO, removal
by weathering

Increased

A

B climate

Initial

Reduction of
change

-7 initial cooling G g
ecrease

temperature,
precipitation,

fad vegetation
Decreased

CO, removal

by weathering

Decreased /

| chemical
<ERTeEs C el'l"llcla.
weathering

0 The chemical weathering works as a

negative feedback that moderates
long-term climate change.

This negative feedback mechanism
links CO, level in the atmosphere to
the temperature and precipitation of
the atmosphere.

A warm and moist climate produces
stronger chemical weathering to
remove CO, out of the atmosphere =»
smaller greenhouse effect and colder
climate.
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Earth’s Thermostat — Chemical Weathering

0 Chemical weathering acts as
Weaker solar radiation Stronger solar radiation Earth’ S thermostat and I‘Ggulate
its long-term climate.

This thermostat mechanism lies
in two facts:

(1) the average global rate of
chemical weathering depends on
the state of Earth’s climate,

(2) weathering also has the
capacity to alter that state by
regulating the rate which CO, 1s
removed from the atmosphere.

» R
R
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+ v =

- (O R e -
72N atmosP

A Early Earth B Modern Earth
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Plate Tectonics and Climate

. a & - P
A 420 Myr ago C 350 Myr ago

B 390 Myr ago D 260 Myr ago

0 How can one account for the alternating periods of climatic warmth and
coolness observed in the geologic record?

=>» Part of the answer must lie in the tectonic activity and the positions of
the continents.
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Circulation of the Solid Earth

From The Blue Planet

Ocean

Cold
Lithosphere

U The rising hot rocks and slid-away flows are thought to be the factor
that control the positions of ocean basins and continents.

=» The convection determines the shape of the Earth.
;o ESS200A
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Twenty R1g1d Plates

PR A LA
South
sea N\ American
o 9 N\ Plate

g »
aul z’ : /{ ’l".',.l'/
Antarclic Plate “"“’W,/"

L What can happen to the cold boundary?
=» The lithosphere has broken into a number of rocky pieces, called plates.

 There are a few large plates plus a number of smaller one comprise the
Earth’s surface (a total of 20 plates).

[ The plates range from several hundred to several thousand kilometers in
width.
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Three Ways for Solid Earth to Aftect Climate

 Polar position hypothesis
1 Chemical Weathering Hypothesis
1 Seafloor Spreading Hypothesis
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The Polar Position Hypothesis

Q

The polar position hypothesis focused on
latitudinal position as a cause of glaciation of
continents.

This hypothesis suggested that ice sheets
should appear on continents when they are
located at polar or near-polar latitudes.

To explain the occurrence of icehouse
intervals, this hypothesis calls not on
worldwide climate changes but simply on the
movements of continents on tectonic plates.

This hypothesis can not explain the climate
of the Late Proterozoic Era, when both
continents and glaciers appear to have been
situated at relatively low latitudes.

It can not explain the warm Mesozoic Era
when high-latitude continents were present
but were almost completely ice-free.
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Climate Changes in the LLast S00 Myr

TABLE 5-1 Evaluation of the Polar Position Hypothesis of Glaciation

Time Ice sheets Continents in Hypothesis
(Myr ago) present? polar position? supported?

430 Yes Yes Yes

425-325 No Yes No

325-240 Yes Yes Yes

240-125 No No Yes

125-35 No Yes No
35-0 Yes Yes

O Climate in the past 500 million years have alternated between long periods of warm
climate and short periods of cold climate.

O During the last 500 million years, major continent-size ice sheets existed on Earth
during three icehouse ear: (1) a brief interval near 430 Myr ago, (2) a much longer
interval from 325 to 240 Myr ago, and (3) the current icehouse era of the last 35 million
year.
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Tectonic Control ot CO, Inpur — The Seatloor
Spreading Rate Hypothesis

O During active plate tectonic processes, carbon
cycles constantly between Earth’s interior and its
surface.

The carbon moves from deep rock reservoirs to
the surface mainly as CO, gas associated with
volcanic activity along the margins of Earth’s
tectonic plates.

The centerpiece of the seafloor spreading
hypothesis is the concept that changes in the rate
of seafloor spreading over millions of years
control the rate of delivery of CO, to the
atmosphere from the large rock reservoir of
carbon, with the resulting changes in atmospheric
CO, concentrations controlling Earth’s climate.
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Negative Feedback in Seatloor Spreading Hypothesis

Fast seafloor
spreading

Slow seafloor

spreading

CO, input

Warm
Rapid greenhouse
climate
(increased temperature,
rain, vegetation)

Reduced

warming

Increased
chemical
weathering

Increased _
CO, removal

Cold

Slow icehouse
co, input [IEG——— 5"
(decreased temperature,

rain, vegetation)

Reduced
o cooling

Decreased
chemical
weathering

4y Decreased
¥ CO, removal

0 The seafloor spreading
hypothesis invokes chemical
weathering as a negative
feedback that partially counters
the changes in atmospheric
CO, and global climate driven
by changes in rates of seafloor
spreading.
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Tectonic Control of CO, Removal — The
Upliit Weathering Hypothesis

Uplift

7 \\

Steep Mass Mountain Slope
slopes wasting glaciers precipitation

\ \ /

rock
fragmentation

!

Increased
weathering
and
CO, removal

Global cooling

The uplifting weathering hypothesis asserts
that the global mean rate of chemical
weathering is heavily affected by the
availability of fresh rock and mineral
surfaces that the weathering process can
attack.

This hypothesis suggests that tectonic
uplifting enhances the exposure of freshly
fragmented rock which is an important factor
in the intensity of chemical weathering.

This hypothesis looks at chemical weathering
as the active driver of climate change, rather
than as a negative feedback that moderates
climate changes.
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Can These Two Hypotheses Explain
Tectonic-Scale Climate Changes?

TRALE 5-2 Evaluation of the BLAG Spreading Rate [CO, Input] Hypothesis

Time Ice sheets Spreading
(Myr ago) present? rates

100 Fast
0 Slow

TABLE 5-3 Evalvation of the Uplift Weathering [CO, Removal] Hypornesis

Hypothesis
supported?

Yes (high CO,)
Yes (low CO,)

Time Ice sheets : Continents
(Myr ago) present? colliding?

325-240 Yes Yes
240-35 No No
35-0 Yes Yes

Hypothesis
supported?

Yes (low CO,)
Yes (high CO,)
Yes (low CO,)
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Orbital-Scale Climate Change

Cold=+—Warm
0 2 0 Changes in solar heating driven by changes in

Earth’s orbit are the major cause of cyclic climate
changes over time scales of tens to hundreds of
thousands of years (23k years, 41k years, and 100k
years) .

O Earth’s orbit and its cyclic variations: tilt variations,
eccentricity variations, and precession of the orbit.

L How do orbital variations drive the strength of tropical
monsoons?

d How do orbital variations control the size of northern
hemisphere ice sheets?

O What controls orbital-scale fluctuations of atmospheric
greenhouse gases?

O What is the origin of the 100,000-year climate cycle of

o the last 0.9 Myr (ice sheets melt rapidly every 100,000
L 10°C—» years)?
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Orbital Scale

Eccentricity Tilt

Precession
Vega North Star
5 (13,000 years from now) (today)
Maximum tilt }.—=9.5 <~ Precession >/
Todays tilt !.—=3.5°% — /

Dy g

Minimum tilt 1 asE,

Plane of

Earth's orbit

y
I
o

i

Period: 100,000 years Period: 41,000 years Period: 26,000 years
O Orbital-scale climate changes are caused by subtle shifts in Earth’s orbit.
L Three features of Earth’s orbit around the Sun have changed over time:
(1) the tilt of Earth’s axis,

(2) the shape of its yearly path of revolution around the Sun
(3) the changing positions of the seasons along the path.

O Orbital-scale climate changes have typical cycles from 20,000 to 400,000 years.
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Seasonal Insolation Changes

O The 23,000-year cycle of
precissional change
dominants the insolation

Ve changes at low and middle

latitudes.

The 41,000-year cycle of
tilt change dominants the
insolation changes at higher
latitudes.

080"[\[ 60° 40° 20" O 20° 40° 60° 80°S

100,000

Years ago

200,000

Eccentricity changes (the
1000,000 or 413,000-year
cycles) is not a significant

300,000 ‘ influence on seasonal
B December insolation changes . .
insolation chanes.
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Insolation Control of Monsoons

O Monsoon circulations exit on Earth
because the land responds to seasonal
changes in solar radiation more

l ' quickly than does the ocean.

Changes in insolation over orbital time

W}%\ | scales have driven major changes in
LI 2 High pressure: i
|

pressure

the strength of the summer monsoons.

Cooler ocean
Hot land surface

A Summer monsoon Changes of 12% in the amount of
- | insolation received at low latitudes
have caused large changes in heating
of tropical landmass and in the
strength of summer monsoons at a
cycle near 23,000 years in length.

e

ressur |
P Low pressure: |

Warmer ocean
Cold land surface

B Winter monsoon y_
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Orbital-Scale Changes in Methane

Modern interglacial period
Methane (ppb)

Monsoon signal
30°N June insolation

3 0 500 600 700 LowerHHigher

.. B

0

100,000

150,000
Last interglacial period

d The Vostok ice record shows

a series of cyclic variations
in methane concentration,
ranging between 350 to 700
ppb (part per billion).

Each Ch4 cycle takes about
23,000 years.

This cycle length points to a
likely connection with
changes in orbital procession.

The orbital procession
dominates insolation
changes at lower latitudes.
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Insolation Control of Ice Sheets

0 Ice sheets reacted strongly
to insolation changes.

L Summer insolation
control the size of ice
Eurasia sheet by fixing the rate of
ice melting.

America

MNorth Atlantic
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Evidence of Ice Sheet Evolution

More ice +——» Less ice
Colder . . Warmer
temperature temperature

Slow driftin Iérend

100,000-year
cycles dominant

Transition
interval

41,000-year
cycles dominant
(smaller
23,000-year

cycles)

First ice rafting
2.75 Myr ago

This figures shows a North Atlantic
Ocean sediment core holds a 3 Myr 830
record of ice volume and deep-water
temperature changes.

There were no major ice sheets before
2.75 Myr ago.

After that, small ice sheets grew and
melted at cycles of 41,000 and 23,000
years until 0.9 Myr ago.

After 0.9 Myr ago, large ice sheet grew
and melted at a cycle of 100,000 years.
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Conceptual Phases ot Ice Sheet Evolution

- n a N f\ Ninici A Glaciation

NN ATLIV AL A threshold
TATRA'ATA \/ TV insolasion o 1t e iea s ) AR
, S GBI Bl %7 | Insolation

Glaciation

threshold

Ice volume

. Ice volume
No ice present

Time

A Preglaciati _—
reglaciation phase C Large glaciation phase

Glaciation

n N A N
1 _A f | f\ \ N Insolation " threshold

g V A UUU s Glaciation
||
' '

threshold
Time

A

Ice volume Ice volume

|

B Small glaciation phase D Permanent glaciation phase
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