MFE Lecture 4b: Modeling Climate Change Previous Lecture Global Warming

The strongest evidence for the sensitivity of the climate system is the empirical fact that
the warmth of the current interglacial period, with Earth 5°C warmer than during the ice
age 20,000 years ago, is maintained by a forcing between 6 and 9 Watts/m2. This
observation supports the National Academy of Sciences 1979 estimate of about 3°C
warming for doubling of CO2, which causes a forcing of 4.3 Watts/m?2.

Summary: Evidence for Recent Warming

» The global average surface temperature has increased by 0.8
°C (1.4 ° F) with two thirds of the warming occurring since 1980.

— the bulk of the warming has occurred at higher latitudes
» Hydrological cycle is more intense
— Heavy rain events increasing
— Droughts and heat waves more common
— Increased in number and size of wild fires
» Decrease in sea ice thickness and extent in last 40 years

» Widespread melting of permafrost.

» Widespread retreat of mountain glaciers seen in non-polar
regions.
— Snow cover extent decreased ~20% in last 40 years

» Sea-surface temperature (SST) rise
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— widespread coral bleaching

Twenty-four hours a day, the Tar Sands operation eats into the most carbon rich forest S . . .
ecosystem on Earth. The vast mines, tailings ponds, fire- and pollution-belching refineries. « Agradual rise in sea level shows recent signs of acceleration



Annual Global Temperature Anomalies
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This chart illustrates the important influence that SST has on the
global mean temperature.

Anthropogenic Climate Change
will Persist for a Long Time

Atmospheric lifetime | 50-200 yr 50-300

Water vapor has a residence time in the atmosphere of
only a few weeks. Therefore, it is a slave (positive
feedback) to the other long lived greenhouse gases.

Carbon Dioxide Record
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CO, Contentrations and Temperature Have Tracked Closely Over the Last 300,000 Years
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Temperature (in Antarctica, °F)

CQ concentration (parts per million)

Current COz2 concentration in the atmosphere from
Mauna Loa is around 390 ppm

Climate Forcing

Change of climate forcings in W/m2 between 1750 and 2000.
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[from Hansen et al. “Efficacy of Climate Forcings” J. Geophys. Res. (2005)]
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Where is global warming going?
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Modeling Climate Change requires
the fastest super computers

()
Yellowstone 2012

Lecture 28: Modeling Climate Change

Yellowstone is an IBM iDataPlex supercomputer system, consisting
of 149.2 terabytes of memory, 74,592 processor cores, and a peak
computational rate of 1.6 petaflops.

Resolution and sophistication of climate models is increasing.
Even so Yellowstone is not fast enough to do the job.



Forecasting Phenomena over Four
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Summary of Weather Modeling: 4 Steps

Input all available observations.

Numerical procedures (grid, boundary conditions,
etc.):

. Apply laws of physics, including parameterization
of surface and cloud processes too small for the
model to directly include - integrate equations
forward in time.

. Output resulting forecast as contoured maps for
easy interpretation.

Atmosphere/Climate Simulation Models

» A coordinate system
 Variables to be solved for and governing equations

« A finite numerical discretization in space (e.g. a spatial
grid, spectral Fourier series)

« Discretization in time (“timesteps”)
« Numerical approximations for the governing equations

» “Parameterization” of the effects of “subgrid scale”
variability on the resolved scale circulation

Numerical algorithms and a computer

Initial conditions (assimilation of observations)
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Input all available observations: surface, ship,
buoy, radiosonde, aircraft, radar, satellite, etc...



Weather Satellites

Reducing Forecast Error with Satellite Data

AMSU-A ADV MW Sounder A on Aqua and NOAA POES (T) m
14S1: IR Atmos Interferometer on METOP (T H] |
AIRS: #tmos IR Sounder on Aqua [TH] : : : : :
AIREP: Aircraft T, H, and winds m i
GPSRO: RObending angles from COSMIC, METOP s |
TEMP: Radiosonde T, H, and winds /Sl s —
QuikSCAT: surface winds over oceans # 3 !
Synop: Sfc P over land and oceans, H and winds over oceans —
AMSU-B Adv MW Sounder B on Noaa POES —
GOESwinds _
METEOSAT winds e |
Ocean bouys (Sfc P, Hand winds) |
PILOT: Pilot balloons and wind profilers (winds) mmm—m)
HIRS: High-Resolution IR Sounder on NOAA POES (T, H) -
MSG: METEOSAT 2nd Generation IR radiation [T, H) — '
MHS: MW humidity sounder on NOAA POES and METOP (H) -
AMSRE: MW imager radiances (clouds and precip) -
SSMI: Special Sensor MW Imager [H and surface winds) [
GMS: Japanese geostationary satellite winds -
MODIS: Mod. Resolution Imaging Spectroradiometer [winds) i
GOES IRradiation (T,H) jml
MTSATIMG: Japanese geostationary satellite vis/IR imagery
METEOSAT IR radiation (T,H) m
03: Ozone from satellites E | | | | | | | ! |
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Contribution to reduction in forecast error (%)

ECMWEF 500 hPa Error Evolution 1981 — 2002

R.m.s. error of day-1 500hPa height forecasts
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« A. Hollingsworth ECMWEF - Sloan Conference on Weather Predictability 2003

Wisdom from the ECWMF

* Numerical Weather Prediction (NWP) .. is based on
solving a complex set of hydrodynamic equations that
describe the evolution of the atmosphere, subject to
the initial atmospheric state and initial conditions at
the Earth's surface .

« Since the initial state is not known perfectly, all
forecasts begin with estimates. Unfortunately the
system is very sensitive to small changes in the initial
conditions (it is a chaotic system) and this limits the
ability to forecast the weather beyond 10-14 days.

http://www.ecmwf.int/products/forecasts/seasonal/documentation/system3/ch1.html
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Improving Climate Change Model by Adding Resolution
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Extended-range Forecasting — weeks-

months—seasons—year S
» National Weather Service Climate Prediction Center (CPC)

http://www.cpc.ncep.noaa.gov/

6-10 Days
[+ onels meesiTexe]

Ultraviolet Radiation
Watches/Warnings

U.S. Hazards | Base-Period | Wind Chill | Monthly & Seasonal | Official SST
Assessment Means Index ssuﬁg?‘i"’“ Fosrecast BasMee-l;:;iod
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Atmosphere/Climate Simulation Models
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A finite numerical discretization in space
(e.g. a spatial grid, spectral Fourier series)
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Challenge of Modeling Clouds

Typical grid box in a GCM with inhomogeneous
distribution of clouds within it. Distribution of
clouds must be parameterized in the model.
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Atmosphere/Climate Simulation Models

1 }— )
Timesteps for moderate resolution models may be ~15 minutes,

for high resolution models they could be considerably shorter

Discretization in time (“timesteps”)

The Complexity of the Climate System

Changes in the Atmosphere: Changes in the
Composition, Circulation Hydrological Cycle
Chai in
Solar Inputs
Clouds
l Atmosphere T 7
N, O, Ar, i ’// 4 /v' ¢
H,0,CO, CH, N,0,0, efc,  ‘olcanicActivi Py
Acrosols Atmosphere-Biosphere
Atmosphere- Interactio
ke Precipitation
Evaporation
Terrestrial
Heat Wind

Exchange Stress

Land Surface

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

Hydrosphere: |
Rivers & Lakes |

Changes in the Ocean:
c Sea Level, Biogs Y
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Adding Complexity

Mid 1960s Mid 1970s-1980s Present Day 2000-2010

“ Ocean Ocean Ocean Ocean

Sea Ice Sea Ice Sea Ice Sea Ice

Coupled Climate Coupled Climate Coupled Climate Coupled Climate
Model Model Model Model
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Spray / Carbo SPFIY / Cmbo
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Interactive Interactive
Vegetation Vegetation

Biogeochemical Biogeochemical
Cycles Cycles

©UCAR, Courtesy of Warren Washington / NCU

Modeling the Water Cycle

Modeling the Climate System

] Includes the Atmosphere,
Incoming Sotar Land, Oceans, ice, and Biosphere
Ene

Models Need to Resolve Convective Clouds
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Global Simulation showing
Tropical - Extratropical Interaction

January 1 Hour 01 -
Water Vapor is shown in white and preC|p|tat|on in orange.
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Modeling Climate Change

P~

Modeling climate change means modeling the ocean circulation.

How Reliable are Climate Models?

« A common argument heard is "scientists can't even
predict the weather next week - how can they predict
the climate years from now". This betrays a
misunderstanding of the difference between weather,
which is chaotic and unpredictable, and climate which
is weather averaged out over time.

« The major forcings that drive climate are well
understood. In 1988, James Hansen projected future
temperature trends (Hansen 1988). Those initial
projections show good agreement with subsequent
observations (Hansen 2006).
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Modeling the Carbon Cycle

(CarbonlCycle]

s Vogetation

ey

©The COMET Program

« Some man-made CO2 goes (in the short-term) from
the atmosphere to vegetation, ocean surface.

« Long term sink is deep ocean. It's very slow.

How Reliable are Climate Models?

Simulated annual global mean surface temperatures

(a) Natural (b) Anthropogenic
10¢ T - 10 v

Climate models are unable to duplicate the recent
warming without taking GHG into account.

http://www.skepticalscience.com/climate-models-intermediate.htm
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Future temperature trends for different
responses to global warming

Temperature Increases for Various Emission Scenarios

w— High emissions scenario

Variations of the o] o
Earts surace temp,, | T
1 900 tO 21 00 3.0 Commitment to warming 54

without additional CO,

w— 20th century

1900 2000 2100
IPCC [ The COMET Program
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Future Temperature for Middle
Emission Scenario

Projected Temperature Increases
Middle Emissions Scenario, 2080 - 2099

IPCC / The COMET Program

Surface Temperature — 2080 to 2099
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More Rain for Some, Less for Others

PROJECTED PATTERNS OF PRECIPITATION CHANGES

multi-model A1B DJF multi-model A1B JJA

©IPCC 2007: WG1-AR4

20 -10 -5 5 10 20

(2090s: medium emissions scenario; highest confidence in stippled areas)

Regional changes (+/-) of up to 20% in average rainfall.
At mid to low latitudes, dry get drier, higher latitudes get wetter.
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Sea Level Rise: How High Will it Go?

Quasi-Equilibrium Carbon Dioxide Concentration (ppmv, year 3000)

300 350 400 450 500 5§50 600
44 1 1 1 1 | 1 a
= Global Average Irreversible Warming

B Eventual Sea Level Rise Lower Limit

Due To Thermal Expansion Only

Global Average Irreversible Warming (°C, year 3000)

0

T ¥ T ¥ T K T ¥ T v T ¥ T ¥ T T T
400 500 600 700 800 900 1000 1100 1200
Peak Carbon Dioxide Concentration (ppmv) During 21st Century

v Ty

N
Kup uvotsuedx3 [ewuay) 03 ang (W) as1y (2437 €33 I|GISIVAIL|

add glaciers

02:0.8mMPCY 3es 581 B s g (0.3-1m)
. Sl

add ice sheets?

Locked in during 21t century

Solomon et al., PNAS, 2009
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Sea-Ice Modeling

Arctic Sea Ice Extent - models & observations

Mean and range of
....... IPCC models

Arctic sea ice extent
(Sept. minimum) [millions of km?)

0 T T v -
1900 1950 2000 2050 2100

Most land areas and high latitudes will warm faster than the
global average, resulting in melting and thinning of arctic ice
sheets. Models have underestimated the pace of sea-ice loss.

Modeling Sea Level Rise

Sea Level Rise - models & observations
Satellite Observations
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Thermal expansion of seas and melting of land ice expected
to cause sea level rise of 0.3 to 1 m by 2100 depending on
societies response to global warming. Current sea-level rise
is at the upper range of earlier IPCC projections.
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Sea-Level Rise
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Should Greenland’s Glaciers melt, it would
result in a ~6 m or 20-ft rise in sea level.
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Some Things I Hope You’ll Remember
About Climate Change

* Caused mainly by different long-lived gases produced by people via a well
understood physical mechanism. CO, from fossil fuel burning is (by far) the

main climate change agent.

* Abundant data for at least a century, carefully calibrated, show the changes in
the industrial era.

e Temperatures are rising globally. There is local variability.

* Young people today will live in a world some 5-10°F warmer by the time they
are old men and women, if emissions continue ramping.

 Rainfall changes with climate change would affect many people and
ecosystems. Droughts like the dust bowl would be widespread.

» Climate changes from CO, emissions should be expected to last more than
1000 years (unless we find a ‘miracle cure’ to remove CO,)

* Climate change challenges us to think beyond our own backyards.
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Potential Climate Change Impacts

Climate Changes

E Temperature

Precipitation

.’ i Sea Level Rise

SEPA

Health Impacts
Weather-related Mortality
Infectious Diseases

Air Quality-Respiratory Ilinesses

Agriculture Impacts
Crop yields
Irrigation demands

Forest Impacts

Change in forest composition
Shift geographic range of forests
Forest HcallE and Productivity

Water Resource Impacts
Changes in water supply

Water quality

Increased Competition for water

Impacts on Coastal Areas
Erosion of beaches

Inundate coastal lands

Costs to defend coastal communities

Species and Natural Areas
Shift in ecological zones
Loss of habitat and species
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