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Definitions
Climate/Weather Extremes

Climate Extremes

“A t th t i t th t i ithi it“An extreme weather event is an event that is rare within its 
statistical reference distribution at a particular place.  
Definitions of ‘rare’ vary, but an extreme weather event would 
normally be as rare as or rarer than the 10th or 90th percentilenormally be as rare as or rarer than the 10th or 90th percentile.  
By definition, the characteristics of what is called extreme 
weather may vary from place to place” 

“An extreme climate event is an average of a number of 
weather events over a certain period of time, an average 
which itself is extreme (e g rainfall over a season)”which itself is extreme (e.g. rainfall over a season)  

IPCC Working Group I Third Assessment Reportg p p



Which Extremes?
Consider Heavy Rainfall, Large Floods, Flood Impacts

Climate Extremes

Which “extremes” are of interest?Which extremes  are of interest?

Heavy Rainfall Event

Rainfall IDF: Intensity-Frequency-Duration

Large Stream Flows / Flash FloodsLarge Stream Flows / Flash Floods

Flood Related Breaches in Hydraulic Structures

Fl d I t H Li d EFlood Impacts on Human Lives and Economy

Floods that Cripple Societies and Communities



Which extremes are of interest?
Flock of Flamingos in an Ephemeral Lake

Climate Extremes
g p

Saline Mudflats of the Chotts Region
The usual landscape of the region

March 1990 after extreme rain in Jan 1990
A flock of flamingos made the new lake their home

Figures Courtesy: Nick Drake



Which extremes are of interest?
50 Human Lives and $15B Economic Loss

Climate Extremes
$

Great Mississippi Floods of 1993
Immediate rainfall was not THAT extreme

Continuous rainfall / soil moisture was a major factor

Figures Courtesy: AccuWeather
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Key Challenges
Modeling and Analysis of Climate / Hydrologic Extremes

Climate Extremes

Damaging extremes occur at small space-time scales
Not (well) represented in numerical models

Mismatch between model-resolution and observation scales
• Particularly relevant for intense and short-duration eventsa t cu a y e e a t o te se a d s o t du at o e e ts

Mismatch between numerical model resolutions and scales 
required to model extremes

• Climate models (G/R CM) rely on sub-grid scale parameters
• Reanalysis rely on sub-grid scale parameters as well
• RCM simulations not long enough to evaluate extremes

Mismatch between scales of climate and surface hydrology 
• Models of climate versus models of floods and droughts• Models of climate versus models of floods and droughts

Lack of observed data relevant for extremes analysis
• Not adequate for quantitative, global-scale extremes assessment

IPCC Working Group I (2001): The Scientific Basis



Precipitation Extremes 
Modeling and Simulation

Climate Extremes

D l hi h l ti i it ti d l

g

Develop higher-resolution precipitation models

Incorporate natural climate variability / changeIncorporate natural climate variability / change

Define extremes from multiple ensemble runs

Develop space-time precipitation extremes indices

IPCC W k h Ch i E t W th d Cli t E t B iji Chi 11 13 J 2002

IPCC Workshop Recommendations 
IPCC Workshop on Changes in Extreme Weather and Climate Events, Beijing, China, 11-13 June, 2002



Precipitation Extremes 
Mathematical Analysis

Climate Extremes

Analyze statistical properties of observed extremes

y

Utilize statistically rigorous rather than descriptive 
methods for extremes (i.e., extreme value theory)

Utilize the most appropriate methods (e.g., peak-
over-threshold rather than annual maxima)

E d l h i l l dExtend extreme value theory to spatial-temporal data

Validate model simulated extremes with observations

Quantify uncertainties in simulations / projections

IPCC Workshop Recommendations
IPCC Workshop on Changes in Extreme Weather and Climate Events, Beijing, China, 11-13 June, 2002

IPCC Workshop Recommendations 



Modeling & Analysis Schematics
Climate & Hydro-meteorological Extremes Impacts

Climate Extremes

R i l Cli t M d l

Observed Precipitation
Multiple Space-Time Scales

Natural Systems

General Circulation Model
Example: CCSM3

One degree spatial grids
Annual, decadal, century scales

Regional Climate Model
Example: WRF used as RCM

Kilometer resolutions
Hours, daily, seasonalExtreme

Value

Climate Science

Value
Theory



Precipitation Extremes
Challenges Specific to Modeling Precipitation

Climate Extremes

Precipitation is harder to model…p
Not a state variable of the atmospheric models
Physics (e.g., cloud microphysics) poorly understood
Convective processes operate at very high resolutions
Subject to thresholds and intermittences
Significant temporal and spatial variability

Exacerbates known issues… Exacerbates known issues
Disparate scales of climate and precipitation extremes
Disparate scales of models and observations

Recommended strategy
Real-time data needs to drive numerical models
Intelligent combination of statistical extrapolation and numerical model 
outputs outperforms either
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What about Mitigation / Feedback?
Climate Extremes

Modeling and analysis can provideModeling and analysis can provide 
insights on extremes and their impacts…

Are these insights actionable?
Prevent hydro-meteorological hazards: Reduce 
infrastructural and societal vulnerability
Design strategic policy: Mitigate long-term environmental 
change which may exacerbate natural extremes

Do the actions cause feedback loops?
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What about market actions?
The “invisible hand” to the rescue?

Climate Extremes

The risks of disasters are being spread to the 
global financial marketsglobal financial markets

Investors remain interested owing to the profit motive
Hedge funds and insurance companies benefit
Societies become financially resilient, at more reasonable 
cost of premiums 

Th i i d t d W ll St t hThe insurance industry and Wall Street have 
developed “catastrophe models” for investors

Article in NY Times: “In Nature’s Casino” by Michael Lewis, 
26th August 2007
Article in Science magazine: “Refocusing Disaster Aid” by 

J. Linnerooth-Bayer, R. Mechler, G. Pflug, 12 August 2005,
Vol. 309. no. 5737, pp. 1044 - 1046
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Research Challenges
Interdisciplinary Domain Sciences

Climate Extremes

Climate Science: Multi-scale processes, higher-resolution modeling, 
lid ti d t i tvalidation and uncertainty

Hydrologic Science: Data-driven simulations, blending of numerical 
simulations and statistical extrapolationsimulations and statistical extrapolation

Climate-Hydrology “Teleconnections”: Climate variability and 
change impacts on hydrologic / meteorological processesg p y g g p

Geospatial Science: Population and infrastructural data resources, 
geospatial-temporal indices, coupled climate/hydrology and social indices

Natural-Human Systems: Preparedness, Policy

Overarching Characteristics: Thresholds NonlinearitiesOverarching Characteristics: Thresholds, Nonlinearities, 
Feedback Loops



Research Challenges
Data, Computational and Decision Sciences

Climate Extremes

Data Sciences: Mathematical models for extreme values and 
anomalies as well as their inter-dependence in space-time; Nonlinearanomalies, as well as their inter dependence in space time; Nonlinear 
processes, predictive models, predictability

Computational Sciences:p

Coupled numerical simulations of interdependent 
processes operating at disparate space-time scalesp p g p p

Data mining for extreme, anomalies, change and 
nonlinear processes from massive geographic data

Decision Sciences: Mathematical formulations for risks, 
vulnerability, robustness and resilience, designed for guiding 

d d li d i ipreparedness and policy decisions
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IPCC 2007: Climate Extremes Summary
Climate Extremes

“It is very likely that hot extremes, heat waves, and heavy precipitation events will 
continue to become more frequent”: IPCC 2007

IPCC Working Group I: 4th Assessment Report



Examples of Recent Developments 
Climate and Hydrologic Sciences

Climate Extremes

Increasing Trend of Extreme Rain Events Over India 
in a Warming Environment

B. N. Goswami, V. Venugopal, D. 
Sengupta, M. S. Madhusoodanan, and Prince K. 
Xavier (1 December 2006)
S i 314 (5804) 1442

Buonomo, E., Jones, R., Huntingford, C. and 
Hannaford J (2007): On the robustness of changes in

Michel Déqué (2007): Frequency of 
precipitation and temperature extremes 
over France in an anthropogenic 
scenario: Model results and statistical 
correction according to observed 
values, Global and Planetary Change,  
57 (1 2) 16 26Science 314 (5804), 1442. 

[DOI: 10.1126/science.1132027]

Hannaford, J. (2007): On the robustness of changes in 
extreme precipitation simulated by two regional 
climate model over Europe, Quarterly Journal of the 
Royal Meteorological Society, 133, 65-81.

57 (1-2): 16-26.



Examples of Recent Developments 
Climate Change Impact Studies

Climate Extremes



Examples of Recent Developments 
Consequence and Vulnerability Indices

Climate Extremes

Social and 
Infrastructural 
V l bilit 2007

Grid-based 
Population 
Database

Vulnerability, 2007

LandScan Global 2004 GIST, CSED, ORNL

Prof. Susan 
Cutter: 

University 
of  South 
Carolina

FEMA Flood Risk, 2006 (Static; No climate input)
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Extracting Trends in Rainfall and 
Weather ExtremesClimate Extremes Weather Extremes

Problem Statement: 
Estimate trends in properties and volatility 
of weather extremes at inter-annual, and 
decadal to century scales.

T h i l A hTechnical Approach:
Extreme value theory adapted for massive 
geospatial-temporal data; Trends in 
thresholds, return levels, shape 
parameters and volatility of extremes 
computed as ratio of return levelscomputed as ratio of return levels.

Benefit: 
New insights on observed and modeled 
extremes. Expected trends in weather 

t di tl l t f liextremes directly relevant for policy 
making. Extremes volatility relates to 
design safety factor for infrastructures.

Khan, S., Kuhn, G., Ganguly, A.R.**, Erickson, D.J., and G. Ostrouchov (2007): Spatio-temporal variability of daily and 
weekly precipitation extremes in South America, Water Resources Research, Accepted, DOI: 10.1029/2006WR005384. 



Multivariate Dependence in Climate, Weather 
and Hydrologic Extremes

Climate Extremes
and Hydrologic Extremes

Problem Statement: 
Estimate multivariate dependence among 
climate extremes and compare extreme 
structures from observations and climate 
models (CCSM3).

Technical Approach:
New adaptation of multivariate extreme 
value theory to geospatial-temporal data 
and comparison with a correlation 
measuremeasure.

Benefit: 
Relationship among climate extremes in 
time and space can lead to new predictive 
i i ht C i f d l i l t dinsights. Comparison of model simulated 
and observed structures leads to new 
insights for model uncertainty.

Oak Ridge Institutional Clusters

Kuhn, G., Khan, S., Ganguly, A.R.**, M. Branstetter (2007): Geospatial-temporal dependence among weekly precipitation extremes with applications to 
observations and climate model simulations in South America, Advances in Water Resources, Accepted, doi:10.1016/j.advwatres.2007.05.006. 



Climate-Hydrology Teleconnections
Climate Extremes

Problem Statement: 
Quantify nonlinear links between 
hydrologic or weather variables and 
natural climate variability.

Technical Approach:
New adaptation of nonlinear dependence 
measure for noisy and limited data series 
applied to El Nino index and tropical river 
flow variability.

Benefit: 
Enhanced dependence has direct impacts 
on predictability, inter-annual policy 
making for water resources, and g
quantification of the impacts of natural 
climate cycles.

Khan, S., A. R. Ganguly**, S. Bandyopadhyay, S. Saigal, D. J. Erickson, III, V. Protopopescu, and G. Ostrouchov (2006): Nonlinear statistics reveals 
stronger ties between ENSO and the tropical hydrological cycle, Geophysical Research Letters, 33, L24402, doi:10.1029/2006GL027941. 



Nonlinear Dependence in Geophysics
Climate Extremes

Problem Statement: 
Estimate nonlinear dependence (over and 
above linear correlation) in short and 
noisy observations generated from 
nonlinear dynamical systems.

Technical Approach:
New adaptation of information theoretic 
approach for mutual information based 
dependence measure.

Benefit: 
Quantifying relationship among multiple 
geophysical variables with direct impacts 
on data-dictated predictive modeling as 

ll i l tiwell as simulations.

Khan, S., S. Bandyopadhyay, A. R. Ganguly**, S. Saigal, D. J. Erickson, III, V. Protopopescu, and G. Ostrouchov (2007): Relative performance of mutual 
information estimation methods for quantifying the dependence among short and noisy data, Physical Review E, 76, 026209, doi:10.1103/PhysRevE.76.026209



Regional-Climate Ecosystem Modeling
Collaboration with Professor Rafael Bras of MIT

Climate Extremes

Problem Statement:

Courtesy: Professor Rafael Bras Group at MIT

Problem Statement: 
Predict an ensemble of Amazonian land-
atmosphere states for 50 to 100 year 
periods based on multiple anthropogenic 
forcing scenarios.

Technical Approach:
Coupled Land-Atmosphere limited area 
physical model simulations with the 
Ecosystem Demography and Brazilian
Regional Atmospheric Modeling System.Regional Atmospheric Modeling System. 
A GCM model (CCSM3) is used as the 
lateral boundary condition.

Benefit: 
Quantifies impacts of deforestation and

Collaboration with Professor Rafael Bras of MIT

Quantifies impacts of deforestation and 
anthropogenic climate change scenarios 
on hydrology and climate in Amazonia.

Graduate Student: Ryan Knox
ORNL Mentors: Auroop Ganguly and David Erickson

Jaguar: Climate End Station



Short-term Rainfall Forecast from 
Weather Models and Observations

Climate Extremes
Weather Models and Observations

Problem Statement: 
Generate short-term, high resolution, 
quantitative precipitation forecasts based 
on numerical weather prediction model 
(NWP Eta) and remote sensing (WSR88D 

d ) b tiradar) observations.

Technical Approach:
Decompose precipitation process at high 
resolution into component processes and 
utilize a combination of precipitationutilize a combination of precipitation 
physics, as well as linear and nonlinear 
data-dictated tools, for prediction.

Benefit: 
I tit ti i it tiImproves quantitative precipitation 
forecasts for hydrologic use over the state 
of the art.

Ganguly, A. R., and Bras, R. L. (2003): Distributed quantitative precipitation forecasting combining information 
from radar and numerical weather prediction model outputs, Journal of Hydrometeorology, 4(6), 1168-1180. 



Short-term Distributed Flood Forecasting
Collaboration with Professor Rafael Bras of MIT

Climate Extremes

Problem Statement: 
Courtesy: Professor Rafael Bras Group at MIT

Generate high-resolution quantitative 
flood forecasts, as well as distributed soil 
moisture states, in space and time.

Technical Approach:
A di t ib t d t d h i ll

 

A distributed parameter and physically 
based surface hydrology model. Digital 
elevation (topography, slope, channel 
versus hillslopes), land cover, soil types, 
vegetation are the model inputs, soil 
moisture profiles are the initial states, p ,
precipitation is the forcing, and distributed 
and outlet runoff are the model outputs.

Benefit: 
Improves distributed flood and flash flood

Collaboration with Professor Rafael Bras of MIT

Improves distributed flood and flash flood 
forecasts and has potential for high 
resolution implementations in large 
watersheds.

Graduate Student: Gautam Bisht
ORNL Mentors: Auroop Ganguly and David Erickson

Jaguar: Climate End Station



Nonlinear Predictability in River Flows
Climate Extremes

Problem Statement: 
Estimate underlying nonlinear dynamics 
from short geophysical data with noise 
and periodicity, with implications for 
predictability.

Technical Approach:
New approach to extract nonlinear 
dynamics and chaos from short and noisy 
data based on separation of noise, 
periodic and dynamical componentsperiodic and dynamical components.

Benefit: 
Extracts nonlinear dynamics, even chaos, 
from short data with noise and 

lit l di t i dseasonality, leading to improved 
understanding and predictability of 
geophysical systems.

Khan, S., Ganguly, A. R.**, and Saigal, S. (2005): Detection and predictive modeling of chaos 
in finite hydrological time series, Nonlinear Processes in Geophysics, 12: 41-53. 



Climate Change, Rainfall Extremes, 
Population at Risk

Climate Extremes

Problem Statement: 
fEstimate geospatial-temporal indices for 

the properties of natural extremes in 
conjunction with consequence (population 
maps) to estimate risks.

Technical Approach:Technical Approach:
Extremes volatility indices in space and 
time multiplied with population indices to 
obtain a measure of relative risks in space 
and time.

Benefit: 
Identifies natural disaster hotspots at 
inter-annual and decadal time scales. 
Improves over state of the art maps (e.g., 
World Bank) in terms of dynamic ) y
estimates, precision, objectivity and 
applicability to continental and global 
scales. Useful for policy making and 
resource allocations.

Ganguly, A.R., Erickson, D.J., Fang, Y., and S.J. Fernandez  (2007): Recent advances in geospatial-temporal data collection and data-driven simulations promise 
better Insights and policy tools for hydro-meteorological hazards risk assessment, Opinion Essay, Bulletin  of the American Meteorological Society (in review).
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Case Study Region: South America
Climate Extremes

Population GDP

Precipitation
Fuller C T Sabesan A Khan S Kuhn G Ganguly A R * EricksonFuller, C.T., Sabesan, A., Khan, S., Kuhn. G., Ganguly, A.R. , Erickson, 
D., and G. Ostrouchov (2006): Quantification and visualization of the 
human impacts of anticipated precipitation extremes in South America. 
American Geophysical Union, Fall Meeting, San Francisco, CA.



Extreme Value Theory
The Generalized Pareto Distribution

Climate Extremes

ξ < 0: Bounded Tail

ξ = 0: Light Tail
Exponential

ξ> 0: Heavy Tail
PolynomialPD

F

EXCEEDENCES OVER THRESHOLD

Prob. (X – u | X > u) 

x 
Plots: Courtesy “The Mathworks”



Extreme Value Theory
Return Levels

Climate Extremes

T-year Return Level, RL(T)
Level that will be exceeded 
once in every T yearsonce in every T years
Probability of exceeding RL(T) 
in any year: 1/T 

N-year Return Level
u: Threshold exceeded in a year
ny: Observations in a year
ζ : Probability of an individualζu: Probability of an individual 
observation exceeding u



A Measure of Surprise
“Truly Unusual” Extremes

Climate Extremes

“Design Extremes”: t-year Return Level, RL(t)

“T l U l E t ” T RL RL(T)“Truly Unusual Extremes”: T-year RL, RL(T)

Measure of “surprise”: RL(T) / RL(t)Measure of surprise : RL(T) / RL(t)
How surprised will one be by a 500-year event when one is 
prepared for a 50-year event?

If a dam was designed for a 50-year event, will a 500-year 
event cause the dam to break?



Extreme Volatility Ratio (EVR)
A “new” measure of surprise

Climate Extremes

“EXTREMES VOLATILITY RATIO”

(EVR): RL(T) / RL(t)(EVR): RL(T) / RL(t)



Precipitation EVR
Climate Extremes



Extremes Volatility Index (EVI)
Normalized volatility measure

Climate Extremes

EVI 1 (1/EVR)EVI = 1 – (1/EVR)

Normalized measure ofNormalized measure of 
surprise: (Zero to Unity)

Non rigorousNon-rigorous 
“Probability” measure

EngineeringEngineering 
interpretation: Design 
“Safety factor”



Precipitation EVI Trends in S. America
Climate Extremes



Human Risk Index (HRI)
A Measure of Risk

Climate Extremes

Extremes Volatility Index (EVI)Extremes Volatility Index (EVI)
Non-rigorous “Probability” measure

We define a measure of “risk”
Risk ~ Probability X Potential Cost

P l i i P f CPopulation is a Proxy for Cost
Potential Cost α Exposed Populationp p



Precipitation HRI Map for South America
Climate Extremes

HRI =
EVI x Population

EVI

EVI x Population

LandScan 
Population



Disaster Impact Index (DII)
Expected impacts of “anticipated” disasters

Climate Extremes

Expected impacts
Risk / (Ability to Respond Robustly)
Risk / (Mitigation Capability)
Ri k / (Abilit t R )Risk / (Ability to Recover)
…

Proxy: Economic Well-Being
Gross Domestic Product (GDP): Approximate

DII = HRI / GDP
Higher DII Higher ImpactsHigher DII Higher Impacts



Precipitation DII for South America
Climate Extremes



Anticipatory Insights
Climate Extremes

Significant spatial and temporal variability in the 
probability of surprising precipitation extremes

Overall increasing trend in precipitation extremesOverall increasing trend in precipitation extremes 
which may have high degree of surprise

Hi h ti i t d i k i th E t tHigher anticipated risks in the Eastern coast, 
especially in densely populated Brazilian cities

Higher anticipated impacts in the Eastern coast, 
but higher GDP of Brazil is a mitigating factor



Future Research
Climate Extremes

Anticipated Climate and Weather Extremes
Hydrologic Systems and Hydraulic InfrastructuresHydrologic Systems and Hydraulic Infrastructures 
Other Sectors: Agriculture, Energy
Economic and Social Systems
Feedbacks: Natural – Built – Human Systems 
Prediction and Uncertainty
Risk and Resilience Evaluation Focus on Risk and Resilience Evaluation
Scenario-Based Policy Evaluation

A hi d li / l i t l t l b l l f

Extremes
An overarching modeling/analysis tool at global scales for 
climate extremes and impacts

Climate / metrological / hydrologic extremes
Society, economy, infrastructures, security, epidemiology, finance



Modeling & Analysis Schematics
Climate & Hydro-meteorological Extremes Impacts

Climate Extremes

R i l Cli t M d l

Observed Precipitation
Multiple Space-Time Scales

Natural Systems

General Circulation Model
Example: CCSM3

One degree spatial grids
Annual, decadal, century scales

Regional Climate Model
Example: WRF used as RCM

Kilometer resolutions
Hours, daily, seasonalExtreme

Value

Climate Science

Distributed Precipitation Model
Example: NIMROD (UK Met Office)

Minutes to Hours; Kilometer

Distributed Hydrologic Model
Example: t-RIBS (MIT)
Kilometer resolutions

Value
Theory

Hydrologic Science
Numerical Model + Data ExtrapolationWatershed scales

Hydraulic Infrastructures Flood Consequences Societal Vulnerability
Short Term Robustness

Hydrologic Science

Dams, Levees, Embankments
q

Population, Economy… Short-Term Robustness
Long-Term Resilience

Emergency ReadinessGeospatial Science

Human Systems
Risk/LossClimate/Sustainability Policy

Finance/Insurance Strategy



Climate Extremes
Focus on Hydro-Meteorological Extremes and Impacts

Your Turn…


