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Climate Change

Natural Causes

<+ External: Sun-Earth Geometry
“* Internal: Feedbacks, Noise

nthropogene Causes
<» Land cover changes
<+ CO,-Emissions
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CO, Incr'ease.

Land cover: 22 %
COZ Emussuons 78°/o

The Challenge: Sustalnable Energy



Human Population: 7.047 billion

Human Population

Billions of people

7000 5000 3000 1000 ! 1000

The Challenge: Sustainable Management of an Ever-Changing Planet
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Climate Trends at different Timescales

Temperature of the last 150 years (instrumental data)

Northern Hemisphere Temp. anomaly
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Observations: Temperature trend since 1901

Annual Trend 1901 to 2005
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How is this related to past changes?



Climate Trends at different Timescales

Temperature of the last 1000 years
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History
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Proxy Data

ndirect data, often qualitative
Long time series from archives

nformation beyond the instrumental record
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Upscaling Konzept
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Climate Trends at different Timescales

Holocene: Temperature proxy for the last 7000 years

90°N

60°N

30°N

EQ

30°s

60°S

200 300 400

summer

20.2
20.0

1900
years A.D.

90

100 200 300 400

9.6
9.4
9.2

]y winter

8.8

8.6

e

6 5 4

Lorenz, Lohmann 2004" ™

1900
years A.D.

9.6
9.4
9.2
9.0

188

8.6
8.4
82
8.0
7.8

90

Anomaly (°C)

Lorenz, Kim, Rimbu,
Schneider, Lohmann 2007

Northern Hemisphere Surface Tt R

W

>014000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
Time (yr)

L T

_ Temperature anomaly (degrec)
-

05
ol Globale Temperatur

o

2

00— - A\ AN

02

a4

o5 . "
f x



Climate Trends at different Timescales

Deglaciation — Greenland ice core
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Earth System: a polar perspective

S

Ice drilling camp, 2009 Polarstern, marine sediments Lake/permafrost sediments

Climate recor:,dsdfrdiﬁ“’“} — Lake/permafrost o
icecores = - . trecords

Marine sediment
records




Information from ice cores
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Precession

Maximumt 247/2%.
Today's tilt 237/2° =
Minimum til" 227/2° =,

Plane of
Earth’s orbit
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Precession of the
axis of the earth
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Atmospheric Gas Concentrations from Ice Cores
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Orbital focing

« 20000, 40000, 100000 years
0.5, 1 year

* Geometry of the Sun-Earth configuration
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Sunspots  Photo: Nasa



Glacial-Interglacial variability
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Glacial-Interglacial variability
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Natural variability and perturbed climate

deep paleo glacial-interglacial present, future
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Greenland ice volume change
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Time Journey: Range of Variability

Temp. anomaly to pre-
industrial time
COSMOS

(Wei et al., 2012)

Validation of the models
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Earth System from a polar perspective

Temp. anomaly to to pre-
industrial time

COSMOS

(Zhang et al., 2012)

Polar amplification
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Earth System from a polar perspective

Temp. anomaly to to
pre-industrial time
COSMOS

(Pfeiffer & L, 2013)

Warm climates
Polar amplification
Sea level

["C]

Last Interglacial MIS5.5 (124,000 years BP)

]

Million years

40 30 20 10 1.0 0.8 0.6 0.4 0.2

15

110



Earth System from a polar perspective

Temp. anomaly to to pre-
industrial time

COSMOS

(Stepanek & L, 2012;
Haywood et al., 2013)

Warm climates
Polar amplification

s b e (]

Pliocene (3 Million years BP)

15
l10
5
‘0
I_5
40 30 20 10 1.0 0.8 06 04 02 & & & . @—10
o F SO A A
Million years N AT A A Y



Earth System from a polar perspective

Temp. anomaly to to pre-
industrial time

COSMOS

(Knorr et al., 2011)

Geodynamic-tectonic
processes on paleo-
environmental conditions

and glacial evolution
T+ e [C]

Miocene (10 Million years BP)

15} 1 15
10 110
5t 15
O 10
—5} 1=5
10453050 10 70 08 0F 04 0 ' ' <10
40 30 20 10 1.0 0.8 0.6 04 0.2 S AP
- O QO AY AV DA%
Million years N AT A A Y



Earth System from a polar perspective

Pliocene (3 Million years BP) Scenario: years 2083-2133
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Circulation Models

Fluid dynamical equations

Momentum equations:

tan ¢ 1
w + Adv(u) — <f+ . ano) v o= = “ (£> +
a acosp \py/
ut 1 ,
v+ Adv(v) + (f+ ! an</>) u = —— (2) + F?
a a Po/

p
0 = *<—> —gp
Po/ .

(u), + (vcos d))o] +(w), =0

Continuity equation:
1

acos ¢

Equation for tracers y, temperature T, salinity (humidity) S:
Xt + Adv(x) = Aun VX + Anv X:-
Equation of state:

p=p(6,5,2)

The equations are ” coarse grained” in space and time.
q

Subgrid scale processes are parameterized by diffusive mixing.

Cartesian Grid GCM
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Grid resolution
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Back
3-D Grid box radiation
(CO,, dust, H,0,)

Incoming
solar radiation




Ocean circulation models
and boundary conditions

Continental shelf

Deep-sea floor




Mesh resolution
1

e Model Setup:

— mesh with high resolution at deep
water mass formation areas

200 ~

150 5

Resolut

— min. resolution ~ 6.5 km
— 41 depth level
L mm~6.4 km

— ~6.000.000 3D tetrahedral elements,
~1.000.000 3D nodes R L

latitude (deg )
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Dynamics of the Ocean System

Momentum equation

Inertia (per volume)

P A ~ Divergence of stress
v .
2
,)( i —|-V-VV>=—V])+1VV—|— £
()f V \ / v
Y Advective Pressure  Viscosity  Other
Unsteady acceleration gradient body

acceleration forces



Dynamics of the Ocean System

Momentum equation

Inertia (per volume)

P A ~ Divergence of stress
2
( & +V-Vv>:—Vp+1VV+f.
/( ot N——— N’ L,_/ N~~~
v Advective Pressure  Viscosity  Other
Unsteady acceleration gradient body
acceleration

forces

Scaling (non-dimensionalized)

ov 1 5
. . . _ 9
( 5 +v Vv) Vp+uvViv + 20 x v.

—4 P —12
10 N’ 10 10—3
10_4 103

Geostrophic balance: Pressure gradient Coriolis force
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Schematic of the surface flow driven by a north-south density gradient in an
ocean basin. The primary north-south gradient — as a result of the surface forcing
— is in balance with an eastward geostrophic current which generates a
secondary high and low pressure system.



Depth integrated flow
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Figure 28: Depth-integrated Sverdrup transport applied giobally using the
wmnd strass from Hellerman and Rosenstem (1983). Contour interwal s 10
Swvordrups. After Tomezak and Godfrey (1994: 46).




Deep water

Vertical structure of the ocean

Exman pumpng/suction
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High latitudes:
Schematic of the flow of important water

masses
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Meridional overturning circulation

Atlantic Ocean deep sea circulation
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Symmetric solution

Figare 2.15: Atlantic aroulation model according to (von Lenz, 1847a, b),
figare after (Merz and Wist, 1922)

Von Lenz, 1847



>

Time, Computing power, Manpower

Types of models

Comprehensive
Models

EMICs

Conceptual
Models

Detail: N° of Earth System components and processes;
Spatial + Temporal resolution

Modified from Claussen et al.



Idealized model of the ocean circulation

Variables:
Temperature

Heat flux Salinity
freshwater flux v

Advection

Tropical
Box
PR

O = —c(aAT — BAS)

Different modes of operation: salinity matters

Stommel (1961)



Conceptual Model of MOC

South- Equator North-  Atlantic



Box Models

 Stommel ‘s model almost completey ignored
(25 years)

* Rooth, 1982: Two hemisphere counterpart,
* Unaware of Stommel (1961) model
» Rooth suggested to F. Bryan: test with a GCM



Mixing
« without mixing heavy water with lighter water

1n r1sing areas or in the surface layers of MOC,
the circulation system cannot be closed.

e Since mixing consumes turbulent mechanical
energy generated by wind 1n the surface layer
and/or by tides and breaking of internal waves
in the interior, the overturning can only work
on the basis of mechanical driving.




MOC and mixing

b
| Q heating ﬂ ﬂQ cooling

Pole Equator Pole

the upwelling can be wind-induced (Ekman pumping), isopycnals must
outcrop at the surface as in the Southern Ocean.



What drives the AMOC?
; Q heating ﬂ ﬂ Q cooling

Equator Pole

Windstress and breaking surface waves drive the MOC -> mixing
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Diffusion Advection

Eq North Atlantic N



Lessons from Paleoclimate Data
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BIOSPHERE

LAND SURFACE

Evapotranspiration
Albedo, Drag, CO,

M

Runoff:
Water, Organic Matter,...

BIOGEOCHEMICAL CYCLES

ATMOSPHERE

Radiation Transport

Air-Sea Transfer:
Water, Heat, Momentum, CO,,...




Water masses in the Atlantic Ocean
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Glacial-Interglacial changes:
Atlantic meridional overturning (AMOC)

modern world 'best glacial' run
Atlantic MOC [Sv] PD Atlantic MOC [Sv] GS, hal, Nux = 7x10° m's

e i —

10°N  20°N  30*N 40°N S0°N  60*N TO!
tatitude

L GM:
AMOC is shallower
AMOC is slightly weaker Hesse et al. 2011,

Butzin et al. 2005, 2012



Depth [km]

Glacial-Interglacial changes:
613C as proxy for water mass structure

Data (Wuellersdorfii)) and Model (best glacial)

60S 40S 20S EQ 20N

40N 60N

Hesse et al. 2011




Goal of Paleo-modeling

Past climate variations help us to understand the climate
system as a whole

To elaborate processes (first and second order)

Test hypotheses by different model scenarios and
comparing model results to data

Models need to be validated by present and past
variability



General approaches to paleoclimates

Interpretation

Climate
Dynamics

Data Models



