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UNCERTAINTY IN FUTURE CLIMATE CHANGE

Major sources of uncertainty limit projections of future climate change:

http://globalchange.mit.edu/



UNCERTAINTY IN FUTURE CLIMATE CHANGE

Major sources of uncertainty limit projections of future climate change:

 Emissions projections
- Socio-economic assumptions

http://globalchange.mit.edu/



UNCERTAINTY IN FUTURE CLIMATE CHANGE

Major sources of uncertainty limit projections of future climate change:

 Emissions projections
- Socio-economic assumptions

« Global climate response
- Climate parameters

http://globalchange.mit.edu/



UNCERTAINTY IN FUTURE CLIMATE CHANGE

Major sources of uncertainty limit projections of future climate change:

 Emissions projections
- Socio-economic assumptions

« Global climate response
- Climate parameters

« Structural uncertainty/regional patterns of change
- Differences between climate models

http://globalchange.mit.edu/



UNCERTAINTY IN FUTURE CLIMATE CHANGE

Major sources of uncertainty limit projections of future climate change:

 Emissions projections
- Socio-economic assumptions

« Global climate response
- Climate parameters

« Structural uncertainty/regional patterns of change
- Differences between climate models

« Natural variability
- Initial condition perturbations

http://globalchange.mit.edu/



UNCERTAINTY IN FUTURE CLIMATE CHANGE

Major sources of uncertainty limit projections of future climate change:

Emissions projections
- Socio-economic assumptions

« Global climate response
- Climate parameters

« Structural uncertainty/regional patterns of change
- Differences between climate models

« Natural variability
- Initial condition perturbations

 Land use land cover change

- Interaction between climate impacts on ecosystem productivity
and socio-economic assumptions (agriculture, forestry...)
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EMISSIONS PROJECTIONS

Emissions projections are highly uncertain because they depend on:
« Economic and population growth
« Emergence and costs of new technology

« Implementation of climate policies
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EMISSIONS PROJECTIONS

Emissions projections are highly uncertain because they depend on:

« Economic and population growth
« Emergence and costs of new technology

« Implementation of climate policies

General approach is emissions scenarios:

- "Business as usual” scenarios o

- Climate mitigation scenarios S
7))

used as far back as IPCC FAR (1990) IS
o
£
L
O(\l
O

—— RCP2.6
— RCP4.5
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EMISSIONS PROJECTIONS

Emissions projections are highly uncertain because they depend on:
« Economic and population growth

« Emergence and costs of new technology

—— “BAU” MEDIAN
I 67% PROBABILITY INTERVAL
95% PROBABILITY INTERVAL

« Implementation of climate policies

General approach is emissions scenarios: 40 orae
- “Business as usual” scenarios 30 | —RCP45
RCP6.0

- Climate mitigation scenarios
used as far back as IPCC FAR (1990)

— RCP8.5

10 -

Alternative:

CO, Emissions (GtC)

Probabilistic distributions of emissions
derived by sampling socio-economic and 10
technological parameters for each region
covered by the economic model.
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GLOBAL CLIMATE SYSTEM RESPONSE

 The largest uncertainties in the global climate system response to a
change in forcing involve 3 major “climate parameters”:
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- Climate sensitivity
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- Ocean heat uptake rate

Rate at which the heat stored by the global ocean increases in time
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GLOBAL CLIMATE SYSTEM RESPONSE

 The largest uncertainties in the global climate system response to a
change in forcing involve 3 major “climate parameters”:

- Climate sensitivity

Change in temperature associated with a doubling of CO, concentration
- Ocean heat uptake rate

Rate at which the heat stored by the global ocean increases in time
- Aerosol forcing

Radiative forcing of aerosol particles, both direct and indirect (clouds)
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GLOBAL CLIMATE SYSTEM RESPONSE

TEMPERATURE (°C)
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BRIEF HISTORY OF CLIMATE SENSITIVITY
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BRIEF HISTORY OF CLIMATE SENSITIVITY
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BRIEF HISTORY OF CLIMATE SENSITIVITY

First IPCC
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BRIEF HISTORY OF CLIMATE SENSITIVITY
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WHAT CONTROLS THE CLIMATE SENSITIVITY?

CRYOSPHERIC FEEDBACK
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WHAT CONTROLS THE CLIMATE SENSITIVITY?

WATER VAPOR FEEDBACK
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WHAT CONTROLS THE CLIMATE SENSITIVITY?

PERMAFROST FEEDBACK
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CLIMATE FEEDBACKS

CLOUD FEEDBACK

Warm low cloud with high albedo

=> cool the surface Low emission
Low albedo temperature
A
High emission
temperature
High albedo
Cold high cloud with low albedo
=> warm the surface
SURFACE
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REGIONAL PATTERNS OF CHANGE

Annual Mean Surface Air Temperature Response
MIROC3.2.medres PCM GISS—EH MEAN
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REGIONAL PATTERNS OF CHANGE

Annual Mean Surface Air Temperature Response
MIROC3.2.medres PCM GISS—EH MEAN
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NATURAL VARIABILITY

CRU Global Surface Temperature
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NATURAL VARIABILITY

CONTIGUOUS U.S. AVERAGE TEMPERATURE ANOMALIES
FROM 1901-1950 BASE PERIOD
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INTRODUCTION TO THE MIT IGSM



THE MIT INTEGRATED GLOBAL SYSTEM MODEL

Human System The IGSM couples:
Economic Projection and Policy Analysis (EPPA)

National and/or Regional Economic Development, - 4 h uman a Ctl Vlty m Od el ( E P PA)

Emissions & Land Use

- an Earth system model of

intermediate complexity
(MESM)

Hydrology/ [l Land use [l Agriculture, |l Trace gas
water change forestry, fluxes (CO,,
resources bio-energy, | CH,, N,0)
ecosystem and policy
productivity |l constraints

CO,, CH,, CO,
N,O, NOx, SOx,
NHs, CFCs,
HFCs, PFCs, SFg,
VOCs, BC, etc.

Climate/ |l Sea level

energy change
demand

Earth System

Atmosphere

2-Dimensional Dynamical, Urban Airshed
Physical & Chemical Air Pollution Processes
Processes

Volcanic
forcing >

Coupled Ocean,

Atmosphere, and Land
7 AR

Ocean Land
2- or 3-Dimensional Water & Energy Budgets (CLM)

Solar
forcing >

Dynamical, Biological, Biogeochemical Processes
Chemical & Ice Processes (TEM & NEM)

13

http://globalchange.mit.edu/



THE MIT INTEGRATED GLOBAL SYSTEM MODEL

Human System The IGSM couples:

Economic Projection and Policy Analysis (EPPA)

National and/or Regional Economic Development,
Emissions & Land Use

- a human activity model (EPPA)

- an Earth system model of
intermediate complexity
(MESM)

Hydrology/ [l Land use [l Agriculture, |l Trace gas
water change forestry, fluxes (CO,,
resources bio-energy, | CH,, N,0)
ecosystem and policy
productivity |l constraints

CO,, CH,, CO,
N,O, NOx, SOx,
NHs, CFCs,
HFCs, PFCs, SFg,
VOCs, BC, etc.

Climate/ |l Sea level
energy change
demand

Earth System Flexibility of IGSM include:
Atmosphere

2-Dimensional Dynamical, Urban Airshed - Va rY| n g CI | m ate pa Fam ete s

Physical & Chemical Air Pollution Processes
Processes

Volcanic
forcing >

- Varying model parameters
Coupled Ocean, controlling emissions

Atmosphere, and Land
7 AR

Ocean Land
2- or 3-Dimensional Water & Energy Budgets (CLM)

Dynamical, Biological, Biogeochemical Processes = Computatlona“y EffICIent
(can run 1000s of simulations)

g > - Implementing climate policies

Chemical & Ice Processes (TEM & NEM)

13
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

Human System

Economic Projection and Policy Analysis (EPPA)

National and/or Regional Economic Development,
Emissions & Land Use

14
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

Human System

Economic Projection and Policy Analysis (EPPA)

National and/or Regional Economic Development,
Emissions & Land Use

Primary :||||"|" % 6'. @‘ij?"é

-

” km\ Il
;I/ Region C

Consumer Producer Trade t

Sectors Sectors Flows
\ m

Expenditures %
ey
Goods & Service g
: T |
Region A Region B
Model Features Mitigation Policies
* All greenhouse-relevant gases * Emissions limits
* Flexible regions + Carbon taxes
* Flexible producer sectors * Energy taxes
* Energy sector detail * Tradeable permits
- Welfare costs of policies * Technology regulation
14

http://globalchange.mit.edu/



THE MIT INTEGRATED GLOBAL SYSTEM MODEL

Human System

Economic Projection and Policy Analysis (EPPA)

National and/or Regional Economic Development,
Emissions & Land Use

Primary :||||‘| ||H

klunlml L
'—l/ Region C
Producer Trade
Sectors Flows

\ iy

Consumer
Sectors

Expenditures
eI
Goods & Service 0
Region A Rlew:uﬂlugmo -

: |
J

Mitigation Policies
* Emissions limits
+ Carbon taxes
* Energy taxes
* Tradeable permits
* Technology regulation

Model Features
* All greenhouse-relevant gases
* Flexible regions
* Flexible producer sectors
* Energy sector detail
+ Welfare costs of policies

16 REGIONS:

United States
European Union
Russia

Rest of Eurasia
Middle East
Mexico

Brazil

Rest of Latin Am.
Dynamic Asia
Rest of Asia

Aus. & N.Z.
Canada
Japan
China

India

Africa

14
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

Human System SECTORS:
Economic Projection and Policy Analysis (EPPA)
National and/or Regional Economic Development, N on- E n S rq y
Emissions & Land Use | Ag ricu Itu re
Energy Intensive Ind.
Other Industry

_— . Services
@% 6 I Industrial Transport
e j Household Transport
Consumer Producer % Region C Other Household Cons.
Sectors Sectors Flows
E - \ - Fuels Sup Dl \
i A Crude oil
Goods & Service ) Refined oil
Region A Rﬂ@"‘g“‘on B Biofuel |
Model Features Mitigation Policies S ha | € ol |
« All greenhouse-relevant gases * Emissions limits Coal
 Flexible regions * Carbon taxes Natural gas
* Flexible producer sectors * Energy taxes
- Energy sector detail * Tradeable permits ] ]
« Welfare costs of policies * Technology regulation Electric Generation

15
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

Crops SECTORS:

Ilzglreesstfc?';k - Non—Er_1erqv

Biofuel crops — Agriculture

Energy Intensive Ind.

Crude slate & Other Industry

Transport gasoline, Services

Gasoline & diesel diesel, Industrial Transport

PHEV 1 petcoke —— Household Transport

Biofuels, CNG heavy oil, Other Household Cons.
biodiesel,

Technologies Included ethanol, ie(l:sru%%pgilly

Fossil (oil, gas & coal) NGLs & Refined oil

Coal with CCS explicit Biofuel

Gas with CCS upgrading Shale oil

Adv. gas without CCS Coal

Nuclear wral gas
Hydro "

W&i/nd and Solar Shale gas Electric Generation

v gas from coal
lomass coal liquids
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

-0.5
Fae (W/m?)

1000s IGSM runs
sampling the 3
climate
parameters

http://globalchange.mit.edu/



THE MIT INTEGRATED GLOBAL SYSTEM MODEL

OPTIMAL FINGERPRINT
DIAGNOSTICS BASED
ON 20t CENTURY
CLIMATE RECORD
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sampling the 3

climate
parameters
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

OPTIMAL FINGERPRINT
DIAGNOSTICS BASED
ON 20t CENTURY
CLIMATE RECORD

-0.5
Fae (W/m?)

1000s IGSM runs
sampling the 3
climate
parameters

O L L L
-1.5 -1.0 -0.5 0.0 0.5
Fae (W/m?)

Monier et al. (2013a)

Probability density
functions (PDFs)
of climate
parameters
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

OPTIMAL FINGERPRINT LATIN HYPERCUBE

DIAGNOSTICS BASED SAMPLING OF PDFs
ON 20t CENTURY OF CLIMATE
CLIMATE RECORD PARAMETERS
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O L L L
-1.5 -1.0 -0.5 0.0 0.5
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Monier et al. (2013a)

1000s IGSM runs Probability density
sampling the 3 functions (PDFs)
climate of climate

parameters parameters
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THE MIT INTEGRATED GLOBAL SYSTEM MODEL

OPTIMAL FINGERPRINT LATIN HYPERCUBE

DIAGNOSTICS BASED SAMPLING OF PDFs
ON 20t CENTURY OF CLIMATE
CLIMATE RECORD PARAMETERS

) 1 ) 1 1 0 v v v -
-0.5 . . q1.5 -1.0 -0.5 0.0 0.5 0 2 4 6 8 10 12
Fae (W/m?) Fae (W/m?) TEMPERATURE (°C)
Monier et al. (2013a)

1000s IGSM runs Probability density Distribution of
sampling the 3 functions (PDFs) future changes in
climate of climate global mean
parameters parameters temperature
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GREENHOUSE GAMBLE™ WHEELS
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IGSM VERSUS IPCC MODELS

GLOBAL SURFACE WARMING (°C)
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STATISTICAL DOWNSCALING

Pattern scaling method:

IGSM IGSM SCALED PATTERN
7 IGSM IGSM
90N Yy Vxy
| | jz T
\ V|GSM=C .V|GSM ) N, 1'% - B
! e ENGar SR/ a kNN
. A ' J | 4 (F.
\ NGRS
) \ IEACINEER
( dCPtR4 [ ‘\ - 7, 5 >
o= ettty | i
2
EQ .
)
4 (OBS or AR4) A il
\ C(OBSorAR4)_VXY l \J) Lq\‘ ,
/\ X,y Y ;oss or ARd) ’1 i 4'% %]V
/ @r | -
{ .sf;' T T
| EPE T
90S I

« Efficient method
« Can emulate multiple climate models

« Can be combined with the IGSM distributions of climate change
19

http://globalchange.mit.edu/



DYNAMICAL DOWNSCALING

MIT IGSM-CAM framework:

The MIT IGSM is linked to the NCAR 3-dimensional Community
Atmospheric Model (CAM) version 3 (Monier et al., 2013).

Human System

Economic Projection and Policy Analysis (EPPA) CAM | S d rl ven by th (S IG S M .

National and/or Regional Economic Development,

Emissions & Land Use SST and Sea ice

greenhouse gases concentrations

CO,, CH,, CO,
N,O, NOx, SOx,
NH;, CFCs,

Human Sea level

e @l - aerosols concentrations

Hydrology/ |l Land use [l Agriculture, |l Trace gas
water change forestry, fluxes (CO,,
resources

bio-energy, [l CH,, N,O)
ecosystem and policy
productivity [l constraints

HFCs, PFCs, SF,
VOCs, BC, etc.

Land use land cover change

Earth System
CAM3

Atmosphere
Volcanic > 2-Dimensional Dynamical, Urban Airshed SSTs and A h
forcing Physical & Chemical Air Pollution Processes sea ice cover _Atmosphere Volcanic
3-Dimensional Dynamical <-forcing
& Physical Processes

Coupled Land and
Atmosphere

Processes

\ Coupled Ocean,

Atmosphere, and Land

P\

CO,, CH,4, N0,
CFCs, HFCs,
PFCs, SFs, SOX,
BCand O;

Solar
forcing >

Ocean Land Land € Solar
Wind 3-Dimensional Dynamical, Water & Energy Budgets (CLM) Land use > Water & Energy Budgets (CLM) forcing
stress Biological, Chemical & Ice Biogeochemical Processes change

Processes (MITgcm) (TEM & NEM)

Monier et al. (2013a)
20

http://globalchange.mit.edu/



SUMMARY OF MODELING FRAMEWORK

Strengths and limitations of the 2 downscaling methods

APPROACH STRENGTHS LIMITATIONS

IGSM-Pattern scaling ¢ Can emulate multiple models ¢ LimitedtoTand P
(statistical approach) < Computationally efficient e Limited to monthly time scale
e Can derive full distributions e Cannot simulate changes in
variability and extremes

IGSM-CAM e Can simulate changes in e Limited to a single model
(dynamical approach) variability and extremes  Computationally intensive
* Not limited to T,P (can drive e Can only approximate the
models requiring various bounds of the distributions

input variables or 3D fields)
High temporal resolution

21
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U.S. EPA
CLIMATE IMPACTS & RISK ANALYSIS
(CIRA) PROJECT



THE CIRA PROJECT

CLIMATE CHANGE IN THE UNITED STATES

Benefits
of Global Action

22
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THE CIRA PROJECT

STEP 1| DESIGN GHG EMISSIONS SCENARIOS
Three scenarios:

e Business as usual or “Reference” scenario

ot ot i b b g 2 global emissions reduction or “Mitigation” scenarios

Benefits
of Global Action

22
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THE CIRA PROJECT

STEP 1| DESIGN GHG EMISSIONS SCENARIOS
Three scenarios:
* Business as usual or “Reference” scenario
ot ot i b b g 2 global emissions reduction or “Mitigation” scenarios

Benefits
of Global Action

STEP 2| PROJECT FUTURE CLIMATE

Four climate sensitivity: 2.0, 3.0, 4.5 & 6.0°C

* IGSM-CAM

* Pattern scaling using 4 climate model patterns

22
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THE CIRA PROJECT

CLIMATE CHANGE IN THE UNITED STATES

Benefits
of Global Action

STEP 1| DESIGN GHG EMISSIONS SCENARIOS

Three scenarios:

* Business as usual or “Reference” scenario

» 2 global emissions reduction or “Mitigation” scenarios

STEP 2| PROJECT FUTURE CLIMATE

Four climate sensitivity: 2.0, 3.0, 4.5 & 6.0°C

* IGSM-CAM

* Pattern scaling using 4 climate model patterns

STEP 3| ANALYZE SECTORAL IMPACTS

* HEALTH + WATER RESOURCES
« INFRASTRUCTURE  + AGRICULTURE & FORESTRY
« ELECTRICITY « ECOSYSTEMS
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MATRIX OF SIMULATIONS

NATURAL CLIMATE — EMISSIONS EMISSIONS  CLIMATE MODEL
VARIABILITY SENSITIVITY SCENARIO SCENARIO SENSITIVITY PATTERNS

\V, PATTERN
CAM €5M> SCALING

60 IGSM-CAM SIMULATIONS 48 IGSM-PATTERN SCALING SIMULATIONS

TOTAL OF 108 SIMULATIONS

23
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RANGE OF TEMPERATURE PROJECTIONS
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U.S. TEMPERATURE CHANGE (°C)
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IMPACT OF SOURCES OF UNCERTAINTY
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TEMPERATURE (°C)

RANGE OF US TEMPERATURE CHANGE FROM 1981-2000 PERIOD
FOR THE 4 SOURCES OF UNCERTAINTY CONSIDERED
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Adapted from Monier et al. (2014)

http://globalchange.mit.edu/



IMPACT OF SOURCES OF UNCERTAINTY
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PRECIPITATION (mm/day)

RANGE OF US PRECIPITATION CHANGE FROM 1981-2000 PERIOD
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CLIMATE IMPACT ANALYSIS
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BENEFITS OF CLIMATE ACTION

ELECTRICITY

HEALTH

AIR QUALITY
An estimated
57,000 fewer deaths
from poor air
quality in 2100

EXTREME TEMPERATURE
In 49 major U.S. cities,
an estimated
12,000 fewer deaths
from extreme
temperature in 2100

-
LABOR WATER QUALITY
Approximately An estimated
$110 billion in $2.6-$3.0 billion
avoided damages in avoided
from lost labor | damages from

due to extreme poor water
temperatures quality
in 2100 in 2100

ELECTRICITY
DEMAND

An avoided
increase
in electricity
demand of
1.1%-4.0%
in 2050

ELECTRICITY
SUPPLY

An
estimated
$10-$34
billion in
savings on
power L.
system costs
in 2050

INFRASTRUCTURE

=

ROADS

. In 50 U.S. cities,

BRIDGES
An estimated An estimated
720-2,200 $4.2 to $7.4 billion
fewer bridges in avoided
made structurally | adaptation costs
vulnerable in 2100 g ) isa
in 2100 AN e S
COASTAL PROPERTY
= ureanpranace | Approximately $3.1

billion in avoided

an estimated damages and

$somillionto | adaptation costs from
$6.4 billion sea level rise and
in avoided storm surge in 2100
adaptation costs
in 2100
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BENEFITS OF CLIMATE ACTION

WATER RESOURCES

INLAND
FLOODING

Estimates range
from approximately
$2.8 billion in
avoided damages to
$38 million in
increases damages
in 2100

DROUGHT
An estimated
40%-59% fewer
severe and extreme
droughts in 2100

SUPPLY &
DEMAND

An estimated
$11 to $180 billion
in avoided
damages from
water shortages
in key
economic sectors
in 2100

AGRICULTURE AND FORESTRY

/1

CORAL REEFS

An avoided loss
of approximately
35% of current
Hawaiian coral in
2100, with a
recreational value
of $1.1 billion

estimated

damages to
agriculture

AGRICULTURE

An
$6.6-511
billion in
avoided

in 2100

SHELLFISH
An avoided loss of
approximately
34% of the U.S.

oyster supply, 37%
of scallops, and 29%

of clams in 2100

FORESTRY
An estimated
$520 million to
$1.5 billion
in avoided
damages to
forestry in 2100

WILDFIRE
An estimated
6.0-7.9 million

fewer acres

burned by
wildfires
in 2100

FRESHWATER
FISH

An estimated
230,000-360,000
acres of cold-
water fish
habitat preserved
in 2100

CARBON
STORAGE

An estimated
1.0 to 26 million
fewer tons of
carbon stored
in vegetation
in 2100
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SUMMARY

« The modeling framework accounts for multiple sources of uncertainty:
- Emissions scenarios
- Global climate response
— Natural variability
- Models regional patterns of change
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SUMMARY

« The modeling framework accounts for multiple sources of uncertainty:
- Emissions scenarios
- Global climate response
— Natural variability
- Models regional patterns of change

« For temperature over the United States:
- Choice of policy is the largest source of uncertainty
- Climate sensitivity is second
- Natural variability and choice of model are small
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SUMMARY

« The modeling framework accounts for multiple sources of uncertainty:
- Emissions scenarios
- Global climate response
— Natural variability
- Models regional patterns of change

« For temperature over the United States:
- Choice of policy is the largest source of uncertainty
- Climate sensitivity is second
- Natural variability and choice of model are small

« For precipitation over the United States:
- Natural variability dominates until 2060
— Choice of model is the second largest source of uncertainty
— Choice of policy catches up by 2100
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SUMMARY

« The modeling framework accounts for multiple sources of uncertainty:

Emissions scenarios

Global climate response

Natural variability

Models regional patterns of change

« For temperature over the United States:

Choice of policy is the largest source of uncertainty

Climate sensitivity is second

Natural variability and choice of model are small

« For precipitation over the United States:

The modeling framework can be used to analyze the impact of climate
mitigation and the benefits of climate action under uncertainty

30

Natural variability dominates until 2060
Choice of model is the second largest source of uncertainty

Choice of policy catches up by 2100
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THANK YOU,
ANY QUESTIONS?



