Climate Models

How do they work?
What can (and can't)
they tell us about the future?
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- What is a "model”
- What does it mean

Climate Models

to model the
climate?

* How do modern o Jii\ _
climate models Al
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* How good are they?

* What can they
tell us?

* What can't they
tell us?




Sensitivity to Initial Conditions
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Climate Forcing

Changes in climate often reflect changes in forcing, as
amplified or damped by climate feedbacks

- Diurnal cycle

- Seasonal cycle

- Ice ages

- Response to volcanic aerosol
- Solar variability

- Greenhouse forcing

If forcing is sufficiently strong, and the forcing itself is
predictable, then the response of the climate can be
predictable too!



Planetary Energy Balance
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Earth

Energy In = Energy Out
SA-a)zR* =4rR°cT"
T ~-18"C

But the observed T, is about 15° C



Dancing Molecules and Heat Rays!

Nearly all of the air is
made of oxygen (O,)
and nitrogen (N,) in
which two atoms of
the same element
share electrons

o0
W=

Infrared (heat)

Diatomic molecules can

energy radiated up vibrate back and forth
from the surface can like balls on a spring, but
be absorbed by these the ends are identical

molecules, but not
very well



Dancing Molecules and Heat Rays!
Carbon dioxide (CO,)

and water vapor (H,0) T@:MT
!

are different!
/)/ N

Molecules that have many
ways to wiggle are called
“Greenhouse” molecules

They have many more
ways to vibrate and
rotate, so they are
very good at absorbing
and emitting infrared
(heat) radiation
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Solar radiation powers
the climate system.

Some solar radiation
is reflected by

the Earth and the

atmosphere.

About half the solar radiation
is absorbed by the . *

Earth’s surface and warms it. Infrared radiation is
emitted from the Earth’s

surface.



Common Sense

* Doubling CO, would
4 Watts o, add 4 watts to
* pyon\ every square meter

of the surface of
the Earth

* Doing that would
make the surface
warmer

- This was known
before 1900!




Climate Modeling
“on the Back of an Envelope”

S,(1-a)rr? = eoT* (4nr?)
S,(1- ) = 4&0T’
Note redefinition of ¢!

Assume only e changes
(no feedbacks!)

Differentiate, apply chain rule
0=4AsoT* +4g(40TY)

T. A
AT, =—-32¢
4 ¢

Change in surface temp for a
given change in effective
atmospheric emissivity (~CO,)

Envelope stolen from Dave Randall



Envelope Climate Model (cont'd)

AT, =

T A¢g

4 ¢

Plug in humerical values

goTg" =240 W m2
(from satellite data)

(Ae)(oT ) =—4 W m?

(for 2 x CO,
from radiative transfer)

Ae 4
g 240
—
T, =288 K
AT, = —%(—ij =1.2K
4 240

Envelope Based on Arrhenius, 1897




Common Misconception #1

"Expectations of future warming are based on
extrapolation of recent warming trends”

Difference (°C) from 1961 - 1990

WRONG! They are based on the idea that when
we add energy to the surface, it will warm up



Climate Feedback Processes

¢ hi cloud
$
W g ¢ |lo cloud
LV Y
, <
S 13Ts T Jsvapor
¢ albedo

» Positive Feedbacks
(amplify changes)
- Water vapor
- Ice-albedo
- High clouds

* Negative feedbacks
(damp changes)
- Longwave cooling
- Low clouds



Learning from the Past

Last Glacial Maximum 18,000 years ago

Anclent Landmass #
Modern Landmagy

Subduction Zone (wrianges pointin the
direction of subductdon) 1}

Sea Flcor Spreading Rigge  {}



Estimating Total Climate Sensitivity

* At the Last Glacial Maximum
(~ 18k years ago) surface temp ~5° C colder

+ CO, was ~ 180 ppm
(weaker greenhouse, 3.7 W m-2 more LWA\)

» Brighter surface due to snow and ice, estimate
3.4 W m=2 more reflected solar A
ATy Tg(now)—Tg(then)
AF  F(now)— F(then)
5K ) K

— =0.70
3.7+ 3.4)Wm™ Wm™
(

Almost 3.x as sensitive as suggested by Arrhenius in 1897 ...
Other feedbacks must be going on as well




Climate Model Structure
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Climate Model Grids

IN THE ATMOSPHERIC
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Climate Model Ingredients

Atmosphere model
Ocean model
Land-surface model
Sea ice model

Coupler

Partial differential equations
Spherical geometry
Discretization methods
Time steps of a few minutes
Very fast computers

About 40 models worldwide



Mass
Momentum
Energy

* Moisture

Carbon, ozone and
_othe{ chemical species
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Topography at Different Resolutions

Climate Models circa early 1990s ~ Global coupled climate
models in 2006

400 km 100 km

i Global models in 5-10 yrs
Regional models

258 km 10 km

Optinistic view on model-developenent



Grids on a Spherical Earth!
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Must fit gridded variables on a rotating sphere

Traditional latitude-longitude approach has severe
problems with tiny cells near poles

Geodesic approach (like a soccer ball) fixes this, but
introduces very complicated mathl!



Momentum
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Thing #6:

History

@® Richardson, 1922

® Von Neumann & Charney,
1946

@ Phillips, 1956

® First global atmospheric
models, 1960s

® First global coupled ocean-
atmosphere models, 1970s

® Operational forecasting with
global models, late 1970s

@® “Serious” land-surface
models, 1980s

@ IPCC, 1990s




Evolution of Climate Models

The Development of Climate models, Past, Present and Future

Mid-1970s Mid-1980s Early 1990s Late 1990s Present day Early 2000s?

Atmosphere Atmosphere Atmosphere Atmosphere Atmosphere
Land surface Land surface Land surface
Ocean & sea-ice O 1 & s
Slj_lp_)'ﬁate Sulphate Sulphate
aerosol aerosol aerosol
Non-sulphate Non-sulphate

aerosol aerosol

Ocean & sea-ice Sulphur Non-sulphate
model cycle model aerosols
~ Land carbon

cycle model Carbon
Ocean carbon ‘*cycle model

cycle model
Dynamic aa
vegetation
Atmospheric
chemistry

Box 3, Figure 1: The development of climate models over the last 25 years showing how the

different components are first developed separately and later coupled into comprehensive
climate models.



Thing #8:

An Appetite for FLOPS

NCAR
NERSC
Oak Ridge

NASA Ames

Others...

About a miillion million floating-point operations to simulate one day.
36,500 days in a century.

Computer power has increased by a factor of a million since | was in
graduate school.

The machines are getting harder to program.



Thing #9:

What’s Missing

Ice sheets
Many chemical processes

Interactive biology on the
land surface

e Seasonal greening
e Biome change

Interactive biology in the
ocean

e Carbon
¢ Turbidity
e Mixing




Cloud Processes

Radiation

—_—

Turbulence
Precipitation

These processes interact strongly on the cloud scale,
and also with larger scales.



Multiple Scales

Cloud-scale processes Meso-scale statistics
Relatively well understood === Poorly understood =)  Global scale
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Component-level tests

Weather forecasting

Simulation of the
current climate

Simulation of past
climates

Thing #7:

Testing the Models
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GLoBaL TEMPERATURE TRENDS
Troposphere

Observations
Much

' = stronger
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. 25 0.17740.052
mm Smoothed series 50 0.128£0.026
[ 5-95% decadal error bars mmm 100 0.07440.018
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(°C)

Difference from 1961-1990 (mm)

{million km?)
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Variations of the Earth’s surface temperature for...

Departures in tempetature in °C (ﬁom-me-mm-wﬂdém@
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3(!'-'u'rur'e Emission "Scenarios”
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Economists & Demographers: Different self-consistent “stories’ about
population, economic growth,technological development, trade, etc ...



Emission Scenarios vs Reality
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W@mmmg in 2090 s;

Land vs ocean! . o
missions
North vs South
Global mean
warming of 2° to 5° C
. Moderate
North American Emissions
warming of 3° to 6° C . & =
= 5° 10 11° F R e
Arctic warming of
8o to 140 F High
Emissions
Rainfall? Agriculture? < - ;

Water supply?  Ski industry?
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Water Vapor Trends

ATmosPHERIC WATER VAPOUR
gon[

a) Column Water Vapour, Ocean only: Trend, 1988-2004
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Trends in annual mean surface water vapour
pressure, 1975 to 1995, expressed as a
percentage of the 1975 to 1995 mean.
Areas without dots have no data. Blue
Shaded areas have nominally significant
increasing trends and brown shaded areas
have significant decreasing trends, both at
the 5% significance level. Biases in these
data have been little studied so the leve/
of significance may be overstated. From
New et al. (2000).




Accelerating Hydrologic Cycle

ANNUAL PrREcIPITATION TRENDS

Trend % per decade 1951 - 2003 contribution from very wet days

Global Annual Anomalies
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Simulated Precipitation Patterns
(Northern Summer)

Present Day Observed Present Day Simulated

" observations present-day
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Cryospheric Change

RATES oF OBSERVED SURFACE ELEVATION CHANGE

CHANGES IN SEA ICE EXTENT
sy Arctic Minimum Sea lce Extent Anomalies (1979 - 2005)

o0 088 1000 1005 200 008 ice 5'hee7"5' aﬂd fhe extent Ofsea ice

Y Antarctic Sea lce Extont Anomalies (1679 - 2005) Both sea ice and ice sheets are dynamic (they
move in response to a PGF, friction, etc)

Accumulating ice in cold areas due to enhanced
precipitation and melting in warmer areas
leads to stronger pressure gradients and
accelerating ice movement toward coasts

08+ L ; Melting sea ice has no effect on sealevel, but
we0 e85 w0 w5 200 2008 melting land ice does (~7 m for Greenland)

Pev-LOM 12002 D20dI@



Common Misconception #2

"When we reduce or stop the burning of fossil
fuel, the CO, will go away and things will go

back to normal”

I | I | 1 I | I I I | 1 I
Experiments Models
5000_CS  ==n-- UVic2.8 = MPI-UW

5000_CSW = =— GENIE-8 == CLIMBER = —
5000_CSWV == GENIE-16 =— GEOCYC
LTCM

0

| |
200 400 600 800 1000 2000 4000 6000 8000 10,000
Time (year)

Archer et al, Ann. Rev. Earth Plan. Sci. (2009)

— 1100

80

Emissions remaining (%)

CO, from fossil fuel will
react with oceans, but
only as fast as they “mix”
Eventually, fossil CO,
will react with rocks

About 1/3 of today’s
emissions will stay
In the air permanently!



Climate change, CO,, and energy will probably dominate human
affairs for centuries, much as religious wars, feudalism, colonialism,
and industrialization before
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