Components of the Earth system

Atmosphere

Oceans

Cryosphere
Terrestrial biosphere

Crust and mantle



The oceans

constituents, equation of state
vertical structure

water masses

wind driven currents
thermohaline circulation

the marine biosphere

role 1n climate



Sea water: equation of state
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Wind driven ocean circulation
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- Aniarctic Circimpaiar Curhant
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Model of Pure Thermohaline Circulation
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Broecker’s “Conveyor Belt”




“The Mixmaster”

Surface Layer Water MNorth Atlantic Deep Water

SAMW Subantarctic Mode Water UPIW  Upper Intermediate Water, 26,8 = 05 27.2
RSW  Red "r*_.: Water LeIW  Lower lntermediate Water, 27 2 = o, < 77.5
AABW Antarctic Botiom Water 10DW  |ndian Ocean Deep Water

NPDW North Pacilic Neen Watar RNA Randa Intarmadlara thlasa.



Atlantic Ocean Thermohaline Circulation
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Euphotic zone
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FRGURE 10.2.  Depth profiles of oxveen concentrations from {a) the Pacific and
(h) the Atlantic oceans. Source: From Oceanography. An Introducrion, 4th ed.,
D. E. Inpmanson and Y. J. Wallace, copyright £ 1989 by Wadsworth, [nc.,
Belmont, CA, p. 99, Ecprinted by permission.



Euphotic zone
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FGURE 10,1, Vertical distribution of (a) nitrate, (b) phosphate, and (¢) dissolved
siticon in the Atlantic, Pacific, and Indian oceans. Note that | pg-atom/L is
equivalent to | pM. Thus 1 pe-atom NO-N/L is equivalent to 1pmol of dissolved
nitrogen (in the form of NO; ) per liter of seawater. Source: From The Oceans, H.
U. Sverdrup, M. W. Johnson, and R. H. Fleming, copyright © 1941 by Prentice
Hall, Inc., Englewood Cliffs, New Jersey, p. 242. Reprinted by permission. See

. Sverdrup et al. (1942) for data sources. ——










Role of oceans 1n climate

thermal 1nertia... seasonal thermocline
heat transport

El Nino

uptake of carbon

source of trace gases



The Cryosphere




Components of the cryosphere

Cryospheric component Area Mass
Antarctic 1ce sheet 2.7 53
Greenland ice sheet 0.35 5
Alpine glaciers 0.01 0.2
Sea-ice (in season of max. extent) 7/ 0.01
Seasonal snow cover 9 <0.01

Permafrost 5 1






Continental ice sheets

Mass balance

on change rate {[em/year)
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Quelccaya Icecap, Peru 1978




Quelccaya Icecap, Peru 2000




Mt. Kilimanjaro

Les neiges du Kilimanjaro
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[AAAS), Février 2001 ; Earthobservatory nasa.gov.




Sea-1ce




Sea ice

floats
covers large areas
varies seasonally and on longer term

consists of first year and multi-year ice
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Snow cover




Snow cover
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Karst lakes on permafrost
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Role of the cryosphere

mediates the earth’s albedo
damps the seasonal cycle
keeps high latitudes cold

records past climate (ice cores)



The terrestrial biosphere
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Role of the terrestrial biosphere

moisture source

cools 1n summer by evapotranspiration
summer drawdown of carbon dioxide
source of aerosols and trace gases

influences albedo



The crust and mantle

ores (Asthencaphera) ¥
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Welzanic aschipelago
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Magnetic field oriented as it is today
Magnetic field reversed
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Role of crust and mantle

e cycling of carbon
* changing continent configurations

e changing mountain ranges

e changing ocean currents

** (on tens of millions of years)



Reservoirs 1n the hydrologic cycle

Reservoirs of water
Atmosphere

Fresh water

Mass
0.03
0.6

Fresh water (underground) 15

Alpine glaciers
Greenland ice sheet
Antarctic 1ce sheet
Oceans

Crust and mantle

0.2
5
53
2,700
20,000

Residence time
10 days
days to years
up to 10 years
300 years
15,000 *
200,000 “
3,000
1011«



The Land Bridge
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Evaporation minus Precipitation

MeEF [EvaporEion — Fracenaion) Flwe




Reservoirs 1n the carbon cycle

Reservoir Capacity Residence time
Atmospheric CO_ 1.6 10 years
Atmospheric CH_ 0.02 9 years
Active part of the biosphere 0.1 days to seasons
Tree trunks and roots 1.2 up to centuries
Soils and sediments 3

Fossil fuels 10

Organic C in rocks 20,000
Dissolved carbon dioxide 1.5
Dissolved carbonates 2.5
Dissolved bicarbonates 70

Inorganic C inrocks 80,000 108 years



The Carbon Cycle
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Three carbon cycles

e short term organic

photosynthesis vs. respiration / decay
e long term organic

burial, weathering
* Jong term 1norganic

carbonate sediment formation,

metamorphosis, weathering



Short term organic carbon cycle
Annual mean NPP




June NPP
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Summer drawdown of CO,

Mauna Loa (dots) and South Pole (line) CO2, 1958-2002
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The biological pump
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Long term organic carbon cycle




Inorganic carbon cycle
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Oxygen 1inventory

Atmosphere 2.353 kg m™
Oceans and sediments 31
Crust (ferric 1ron) >100
Crust (carbonates) >100
Crust (other) >100
Mantle (ferric 1ron) >100




Proxy evidence of past climate

Cross Seaction of a Conifer

¥ bark
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Ice cores




Sediment cores
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Isotopes

Deuterium in snow samples (temperature)

Oxygen 18 1n sediment cores (temperature)

Car
Car
Car
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|3 1n fossils (ambient CO?2)

3 1n air (biospheric sources)

bon

14 1n fossils (radiocarbon dating)



A brief history of the earth system

lifetime of solar system (4.5 billion years)
past 100 million years (since the Cretaceous)
past 1-2 million years (Quaternary)

past 20,000 years (Younger Dryas, Holocene)
past 1,000 years (MWP, “Little Ice Age”




Early history of Earth

accreted from planetesimals

bombardment (Hadean epoch)

evolution of the Sun

cyanobacteria produce O, from 3.0 -3.8bya
large methane concentrations?

loss of hydrogen

abrupt rise of oxygen 2 billion years ago

major glaciations



Formation of solar system
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Formation of solar system
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Faint young sun paradox
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EXOSPHERE
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Age (millions of years)
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Tropical glaciation

NEOPROTERQZOIC
(750 MILLION YEARS AGO)




“Snowball Earth” scenario

* cooling phase with + ice-albedo feedback

e frozen phase: CO, builds up in atmosphere
for lack of any removal mechanism

e abrupt regime shift to ice free state
* hothouse phase: gradually decreasing CO,



The past 100 million years

the K-T extinction

decline 1n atmospheric CO,

India collides with the Asian plate

uplift of Himalayas and Rockies
increased weathering

Antarctica goes south, becomes glaciated

Drake Passage opens, Panamanian Isthmus closes
changes 1n ocean circulation
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Asteroid “Ida” and i1its moon




Bopp

Comet Hale-




The Quaternary epoch

Episodic Northern Hemisphere glaciations

e cold glacial epochs, warmer interglacials

e global in extent

e evident in CO,, methane, dust

e related to orbital variations (Milankovitch)

e triggered by variations in NH summer 1nsolation



LGM Ice Extent and SST
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Vostok 1ce core

~ 370 ppmy

Temperature and CO, concentration in the atmosphere over the past 400 000 year%
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Dust Concentration
scale

Vostok 1ce core

Dust and Temperature as Function of Age
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Eccentricity Cycle (100 k.y.)
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Obliquity Cycle (41 k.y.)

Normal to Ecliptic
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The past 20,000 years

 transition to current interglacial
 The Younger Dryas event
most clearly apparent in NH high latitudes
ended abruptly 11,700 ybp
* the Holocene
“relatively” uneventful
NH subtropical dry belt was wetter 6,000 ybp
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Greenland vs. Antarctica

9N Grip e
HA 2 34 567 881 ﬁlfTHa )
J iz S
l& | |m” L-[j J( kl\tr;’ J rﬂ' j:'13' =3
ii- 'W | [ I :E
- [ 1 iy
g = ] [
= b= ,r.l-.' Illi'
= 3 ki i ' 30
[ | |.i 1 i 240
i J'I' p ; 450 20
70 Vostok Y. T
& Lk L i IL‘ a7 ,_—_,_.
) PN TR ';r"’ﬁh'l Y Moo
L Q L | iR 4an
L} [l * i ,;I' o
ot il QR ) RN g o
]
100 | 44 " :ﬂ.h WA
f L.h"‘m.-""fwi’. i ﬁﬂr £ "'-[rb'lnli

1000015000 20,000 25 0003000 35,000 40 00 45 000 50 000
aage (yrBP)



Earth the Habitable Planet







Venus

active plate tectonics
massive atmosphere (nearly 100 x Earth)
high planetary albedo
96.5% CO,, 3.5% N,; absence of hydrogen
surface temperature 737 K

super greenhouse

very slow rotation rate












Mars

vulcanism has ended

composition much like Venus
eccentric orbit

surface pressure 7-9 hPa

global dust storms

short radiative time scale

strong tidal motions, baroclinic waves

evidence of water erosion?






Jupiter

abundance of hydrogen and helium

deep atmosphere

rapid (10 hr) rotation, long lived features
emits more radiation than it absorbs

1ts moons have interesting atmospheres



Earth the habitable planet

Temperatures amenable for liquid water
escape of hydrogen

active plate tectonics

active hydrologic cycle

massive outer planets

large moon

rotation






