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Preface

The extent and pace of climate changéklead to potentiaimpacts on food, water, energy and
economic security. Observed change in the climate systemsswnaof ongoing concern for the

US. Recent unusual extreme weather phenomena worldwide, such as droughts, floods, severe
storms, and heat waves raise the specter of significant impacts gfirgpalimate in the near

term. The authorssoughtto considemhat one could expectin the period of the next decadel

would theseanomalousclimate extreme persist?To what extent i@ the extremeconditionsa

result of natural variability orgreenhousevarming, and what are plausibleimpactson U.S.

national security interests? The authors conclude that the early ramifications of climate extremes
resulting from climate change are already upon us and will likely continue to be felt over the
next decadé affecting human security and impacting U.S. national security interests.
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1)1 OO0O1T AOAOEIT 1

CLIMATE EXTREMES AMOIONAL SECURKTYHE BOTTOM LINE

Climate change has entered the mainstream as a potential threat to U.S. national security. The
Quadrennial Defense Review, and the 2010 National Security Strategy all identify climate change as
trigger outcomes that will threaten U.S. setyriThese assessments have had to rely on projections of clin
change tuned to identify impacts over roughly a exentury time frame. This time frame is driven by tt
nature of the questions that dominated the initial literature (e.g., what impacts banexpected from a
doubling of preindustrial carbon dioxide) and the fact that global climate models are generally able to re
expected impacts only over large scales and the long term.

Having arrived at a condition where climate change has been ifiihtas a likely threat to U.S. nation:
security interests, but with little ability to clarify the nature of expected climate impacts over a timeframe
is relevant to security decisiemakers, theauthorsdecided tofocus on the neaterm impacts fran climate

change (over the next decade). In short, the analysis finds that, absent unknown or unpredictable forc
increase in extreme events observed in the past decade is likely to continue in the near term as acce
warming and natural varialily combine to produce changing weather conditions around the world. This
impact Water Security, Energy Security, Food Security, and Critical Infrastructure, and brings into ot
need to consider the accelerating nature of climate stress, incednwith the more traditional political,
economic, and social indicators.

The observationatecordshowsthat the world hasbeenbesetwith a decadeof unusualweather
conditions. Droughts, strongerstorms, heat waves, floods, wildfires, and anomalousseasonal
weatherthavebeenoutsidehistoricalexpectatios. We find all of thisis consistentvith awarmer
climate, wetter in some areas,drier in others. This warming is driven by radiative energy
imbalance resulting from increasing atmospheric concentrations of greenhouse gases.
Greenhousevarmingis expectedo continuein the comingdecadesandmayin fact accelerate,
through the removal of cooling aerosofstendantoceanicand atmosphericconditions will
likely leadto persistentand amplified extremeweathereventsand climatic conditionsin the
comingdecadethoughnaturalvariability will modulate(both worsening and amelioratinipese
conditions.

In light of the potential national securityramificationsof observedclimate and environmental
changesthe authorssoughtto examinewhetherthe increasingnumbersof extremeeventsand
manifestation®f changearerootedin humaninducedclimate changethey canbe explainedas
a consequencef decadalmanfestationsof naturalweathervariability, or both Much of the
currentliterature discussingclimate changelooks to the distantfuture, 2030 and beyond.The
focusin this reportis to examine expectations regarding extreme events in the next decade that
can provide useful gdance to national security planningill extremeweatherpatternsvorsen
or continueto persist?Will we witnessnew manifestationsof extremeweather?Would this
affect U.S. nationalsecurityinterests?To accomplishthis, the authorscalled on expertsin the
field andto conductnecessarynalysego shedlight on thesequestions.The authorsidentify
critical information gapsin our understandingf climate changeand recommendappropriate



Climate Extremes: Recent Trends with Implications for National Security

measures to address these gaps, so we may better underdtandearterm asa resultof the
apparentransformationst playin Earthés climate.

Examinationof the impactsof nearterm (less than a decadelmate changeposeschallenges.
To date, most analyseshave relied on projectionsof climate changeconstruted to identify
impactsover roughly a onecenturytime frame. This time frameis driven by the natureof the
guestionsthat dominatedthe initial literature (e.g, what impacts can be expectedfrom a
doubling of pre-industrial carbondioxide) and the fact that climate modelsare able toresolve
expectedimpactsonly over the long-term. Focusing on climate stress over the next decade
requiresa different assessmendf climate science.Although global models can be used for
general guidanceatingwith centuryscaleimpactsandinterpolatingto the nearterm doesnot
suffice The global modelsoftenfail to capturethe dynamicsimportantover the nearterm and
themodelsasyet do not providerobustregionalforecastsinstead onemustpiecetogetherfrom
first principlesthe physicaldynamicsthatarelikely to generatesignificantimpacts,evaluatethe
signalsavailablein the observationalrecord, and asses9lausible societalresponsego such
changes.

To this end, the authorsundertooka careful examinationof the physicaldriversthat influence
weatherand that underlie changesin the climate system They reviewedcurrent literature,
examinedthe record of recentobservationsand model results,and consultedwith scientists
familiar with the dynamicsof weathey climate,andsociety.The authorsthuscombinedthe best
insights of natural and social scientiststo examinethe extentand paceof nearterm climate
changesandconsequencesf the resultingstresseplacedon peopleandnature.ln this way, the
authorsformulatedthe elements athe scientificframeworki theoryandobservatiori required
to examinethe mechanismst play for recentlywitnessedclimate changesaandextremeweather
conditions,in orderto assessvhatcanbe expectedn thenextdecade.

Dr. Michael McElroy of Harvard University and Dr. D. James Baker, former NOAA
Administrator arethe principal authos of this report Mr. Marc Levy, Columbia Universityled
the effort to evaluate societal consequencBse judgmentsprovidedin this report are solely
thoseof the principal authorsand do not necessarilyreflect the views of other scientistswho
participatedn workshopsor providedcritical review.

Theprincipalinteractionwith the sciencecommunitytook placeduringthreeformal workshops

1. The SocialScienceWorkshopon Societallmpactsof NearTerm Climate Stressheld on
16-17 November2011at ColumbiaUniversity

2. ThePhysicalScienceWorkshopon ExtremeWeatherand National Security held on 29
November201l1at HarvardUniversity

3. The Joint Workshop on Changing Weather: Implications for Global Stability and
National Security held on 16-17 February2012at the National Academy of Sciendes
WashingtonDC.

The Appendix to this report lists the participaotsll three workshops.
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Subsequentnformal discussionswith scientistswere undertakento clarify various points of
view. The authorsparticularly acknowledgehosescientistswho providedin-depthreview and
critique of drafts of this report (see Acknowledgements) The authors also acknowledge
researchers that provided approval for use of their materials in this ré&perauthorsalso
commissionedn empiricalanalysis leveraging opeisource temperature and precipitation data
By examininga onehundredyear terrestrialrecord of temperatureand a sixty-year record of
precipitation, coupledwith a global hydrological model, the analysisprovided insights with
respecto recentdecadatrendsin extremetemperatur@andprecipitationeventsandtheirimpact
onfreshwaterresources.

CLIMATE AND WEATHERTREMES
G/ tAYFGS Aa gKFG &2dz SELISOGET ¢S GKS
T Attributed to Robert Heinlein, Mark Twain, and many others

Climate is essentially the statistical distribution of weather vagakitemperature, precipitation, humidity) o
general conditions (hot, cold, dry, wet) that are experienced in a region over a period of time, often estir
using thirty years of observational experience. A climate extreme is a value that crosses é@destatistical
threshold. Climate statistics can be used to quantify the rarity of an extreme weather event (for example,
AY FAFGE @SIEN) G2NNByGAFE NFrAyo 2N SEGNBYS 6SI
confused with § & S E (i NB Y-$hat Oft Aktafdtica,Sife Sahara desert, or the planet Venus. An extre
weather event is generally said to be so due to its severe impact on people or nature, and is thus of n
security interest. This report will use the apprdprii S G SNY GOt AYIF S SEGNBYSE
2y AdGa O2yGSEiG® 28 y2iS (KIG GKSNB A& +faz2 &
disproportionate societal impact. This will also be of national security interest.

Chapter 2, The National Security Implications of Climate Extremesjidesan assessment of
plausible U.S. national security implications resulting from persistent or worsenmgteli
extremesChapter3, CurrentUnderstandingf the Climate System,exploresthe physicalbasis
that connectsEarths radiation imbalance,climate changes,natural variability and extreme
weatherconcludingthatworldwide anomalougpatternsare consistenwith the physicalchanges
expectedas a result of the interplay of humaninduced climate change and the natural
mechanismsthat induce variability. Chapter 4, The ObservationalRecord, examinesthe
empiricalrecordthatleadsto the centralfinding that changingextremeweatherconditions,that
is, conditions outside expectations,are occurring worldwide, affecting people, societal
infrastructureandthe ecosystenserviceson which societiesdependChapters, Expectationgor
the NearTerm Future,proposeghat acceleratedjreenhous@aswarming pointsto continuing,
and potentiallyworsening,extremeweatherconditionsabsentunpredictableor unknownforces
that would reverse the increasing radiative imbalance between the Earth and its solar
environmentChapter6, Recommendationqrovidesa summaryof dataneededo maintainand
constructively enhancethe observationalrecord necessaryto monitor, model and better
understandhe situationasit unfoldsin comingyears.Chapter 7, Climate Extremes: Principal
Findings and Conclusions, provides a synopsis of keytgesul
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2 . AOEI T Al 3AAOOEOU )i Pl EAAOEITO

IMPACTS ON WATER(HQ) ENERGY SECURAND CRITICAL INFRRECTURE

The conventional approach to assessing the impacts of climate cltahgé they will unfold only slowly and ir
the distant future bllowing pathways to which society can easily adajs inadequate. Impacts that were onc
thought of as threatening future societies have been telescoped suddenly into the present, and

consequences are stark. The risk of major societal disruptiom fiveather and climate extremes such
droughts, floods, heat waves, wildfires, and destructive storms is already with us, and expected to inc
Changes of the magnitude we are witnessing already threaten water availability, food security, €
decsions, and critical civil and defense infrastructure. The rapid loss of permanent Arctic ice could resi
cascade of climate feedbacks that lead to irreversible chawge can no longer assume that the extremes
tomorrow will resemble the extremesf gesterday.This creates amperativeto monitor and evaluate impacts
upon U.S. national security interests as nations adapt to environmental changes and respond to un
events. To do so effectively will require that we sustain and augmensoientific and technical capacity t
observe key indicators, monitor unfolding events, and forewarn of important changes.

2.1 Summary

Increasingly prevalergxtreme weather phenomena such as droughts, floods, severe storms, and
heat waves raise the spectersgnificant impacts due to changing climatethe near term.
Because of the potential proximate threat to Unh&tional security interests, thauthors
undertook a study to consider what one could expect in the next d&ddidéhesepatterns of
weather andctlimate extremes persisifo what extent are the extreme conditions a result of
natural varidility or greenhouse warming? What are plausible impacts.S. national security
interests?

While climate extremes are a fact of nature, the study fitedsevidence that receptrevalerce

of events and conditionisave exceededxpectationdased on the past century of weataed
concludesfiThe conventioml approach to looking at the impacts of climate chahdkat they

will unfold only slowly and in the distant future following pathways to which society can easily
adapti is inadequate The study further finds:

1. Impact of extreme weather. Evidence igointing to the fact thabhumandrivenchanges
in Earthts energy balance are driving a warmer and wetter atmosphignethis trend
superimposed on and magnifying natural variabifggnall positive changes in the global
mean annual temperature a@usirg anincreased prevalence of local extreme weather
conditions.Over the next few years driven by a combination of natural variability, a
warmer climate from the effects of greenhouse gases, andre vulnerable world in
generali the risk of major soctel disruption from weather and climatelated extreme
events can be expected to incred3eese stresses will affect water and food availability,
energy decisions, the design of critical infrastructure, use of the global commons such as
the oceans and th Arctic region, and critical ecosystem resources. They will affect both
poor and developed nations with large costs in terms of economic and human security.
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2. The national security context: It appears that the impacts of climate changes are more
imminentthan previously thoughit a cause for significant concern in the latter part of
this century, but affecting society in significant ways today and in the coming decade.
The important societal implication of global warminghe near terns not that porbns
of the earth are going to experience higher temperatures, increaseutgireni and
increased droughtd; is that the extremes alikely to become morerevalentand more
frequent What was once a 1 in @@ear anomaly is likely to become a 1 in 10lan 30
year anomaly or even mofeequentin the near futureOur infrastructureand agriculture
is not designed to aommodatethe increasing frequency and prevalencesath
extremesHuman security and thaterests of most nations are at stake as a ressitabf
increasingclimate stressThe national security context will change. The potential for
profound impacts upon water, food and energy security, critical infrastructure, and
ecosystem resources wilifluence the individual and collective responsd nations
coping with climate changed.S. nationakecurity interests have always been influenced
by extreme weather patterisow the risks will become larger and more apparéhe
study renders the gigment that théncreasinglydisruptive influences of climate extremes
necessitate their careful consideration in threat analysis, mitigation, and resgoise.
in the best interest of the U.S.le vigilantaboutextreme weather patternsie behavior
of nations in their attempts to mitigate or adapt to the effects of chaagirgmesand
impacts on social, economiand political welbeing.

3. Regional effects of neaterm climate stress:Regionaltrends are driven by laregeale
features of the alnate systemsuch as the ocean sea surface temperatures, the
atmospheré water vapor holding capacity, and atmospheric circulation patt@mes.
can expect increased warming worldwide with amplification in the Arctic, a warmer
ocean,increasing stormintensity in the tropical regions, generally drier subtropical
regions, likely wetter conditions in temperate and boreal regigtiismore intense and
less frequent precipitation eventnd the increased likelihood efildfires. Regional
prediction remais challenging and will require focused efforts to maintain and enhance
Earth observations, especially of the oceaddswever, as exemplified by warming,
climate extremes will intensifylhe effectswill be worldwide and will impact all nations.
The boxbelow highlights some of the changes we expect to see in selected régibns
arehighly relevanto US national security interests.



Climate Extremes: Recent Trends with Implications for National Security

IMPACT OF EXTREME WEATHER TRENDS ON SELECTED REGIONS

o : = %

Mexico and Southwest United States

Changes in the Hadley Cell circulation patterns are expected to drive a hotter, drier climate with attendant expansion of desert
and arid zones, though patterns will be dominated by natural variability. This region is also vulnerable to both Pacific and
Atlantic hurricanes, which are expected to become less frequent but more intense and, therefore, more destructive.

e Eastern Mediterranean Region
The recent amplification of freshwater deficits since the early 1980s is consistent with an expanding Hadley Cell. This suggests
that more extensive droughts are likely in a region with chronic water stress and long-standing security issues.

3 Southwest Asia
Already a water scarce region, continued expansion of the Hadley Cell would imply a hotter, drier regional climate with
attendant expansion of desert and arid zones. This could amplify recent tensions over the management of transnational
waterways in the region.

e Indus, Ganges, and Brahmaputra Region
Annual precipitation in the Indus, Ganges, and Brahmaputra river basins is dominated by the South Asian monsoon and
dependent upon melt water from the Himalayan region. In the short term, warming influences on the South Asian monsoon
point to amplified natural variability leading to a less reliable monsoon, and a likely increase in extreme precipitation. Hence,
one can expect to see increased flooding throughout the region.

China

5 Large portions of China lie in the subtropical regions likely to be affected by an expanding Hadley Cell. Weather and climate
conditions in this region are dominated by a combination of natural variability, a warming trend, and recent regional
industrialization causing large emissions of aerosols from coal-fired power plants. As new policies reduce aerosols and
warming continues, enhanced extremes are now evident and likely in the near future.

6 Arctic Region
The total volume of Arctic sea ice shrank in the summer of 2012 to the smallest amount ever observed during the age of
satellites. The transition to summer season ice-free status is now well underway and could happen within a few decades. This
shift has already injected sovereignty disputes, jurisdictional claims, resource competition, and military capacity expansion
into the national security considerations for the region.
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2.2 Discussion

The publicationof this reportcomesat a time whenthe U.S. has just seethegrip of widespread
and severedrought.The drought has affected agricultural productivity and mieog example,
nuclearpowerproductionin the U.S.was measured #telowestseasonalevelsin nineyearsas
droughtand heatforced reactorsto slow output. The United Stateshas faced severeclimate
stressbefore.The impactof the dustbowl in the early 1930sis imprintedin the memoryof our
natiorts history. That event was made worse by poor lamse managementhe intensityand
scopeof the currendroughtcombinedwith recordhigh temperatureseawakens images of the
dust bowl eraThe affected areas of tliistbowl periodwere widespread in the United States
and Northern Europdoday we agairind widespreaddroughtin many important parts of the
world at the same tim&Vate resourceswhile alreadymuchin demandandinefficiently usedin
certaincritical regions,arethusfurther stressedlueto this extremeweather.The impactof this
unfolding eventon peopleandhow it may echothroughthe world marketshasyet to play itself
out. However,it certainlybearswatching asthe world is more vulnerablk®daythan it was in
the 1930s.

Theworldwide droughs of 2012are nota singulareventof late. As this report showst appears
thatwe haveexperiencedn unusualnumberof weathereventsthroughoutthe pastdecadeand
somehaveaffectedU.S. interestsasis illustratedin the foldout panelsbelow. For example, the
major drought and heat waves in Russia in 2010 led to major wheat crop failures that influenced
the internabnal market placeAre theseeventsharbingersof a changingclimate or part of
naturalvariability? Or, do we seea proximatethrea® In either case, asociety rapidly becomes
more vulnerable, gentistshavewarnedof the impacts of drthcomingclimate stressi a new
threatto humansecurityin future decadesWhateverthe underlyingcausewhat will unfold in
the coming decadeis of concern.Will the current pattern of extremepersist, worsen, or
amelioratein the coming decade?The mounting evidenceindicatesa growing threatthat the
consequencesf naturalvariability will be much greateras the extremesare magnifiedby the
influences otlimatechange.

With weather and climate extremes, as with any threat our nation faces, there iarachtad
imperative to observe, monitor, and study related factors to provide insight and objective
anal ysis to our nationbs policy makers about
Changesof the magnitudewe are witnessinghave implications for food, water, and energy
security. We designour society, including its infrastructureand its defenseapparatusaround
expectations, includinglimate,the expectation®f weatherpatternsand eventsClimateis and
hasalwaysbeena natural constrainton nationalpowerand prosperitylt hasnot beenperceived

as a threat, only a surroundingcondition that must be accommodatedn both tactical and
strategicplanning.However,we canno longerassumehat climateis fixed andunchangingThe
scopeof recentlyobservedextremeeventsand the prospectof future changeghat could drive

more extreme weathavarrantcloseattention.We can no longer assume that the extremes of
tomorrow will resemble the extremes of yesterday.

This studyreveals:
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1. Impact of Extreme Weather

Over the next few years, driven by a combination of natural variability, a warmer climate from
the effects of greenhouse gases, and a more vulnerable world in general, the risk of major
societal disruption from weatheand climateextremessuch as droughts, floods, heat waves,
wildfires, and destructive storms is expected to incre@ibese stresses will affect water and
food availability, energy decisions, the design of critical infrastructure, and the use of the
commas. They will have large costs in terms of both economic and human se@g#pox

below Trends in the Prevalence of Extreme Temperatures.)

A more vulnerable world: More prevalent extreme weather can be expectedto have a
comparativelydisproportionatesocial and economicimpact on humansocietiestoday, with or

without its recentamplification and whateverthe cause.That is becausesociety haschanged.
Increased population; growing industrial infrastructure; urban growth and burgeoning mega
cities; ircreased habitation of coastal regions; growing dependency on water resources to satisfy
agricultural, industrial, energy, and domestic needs are all characteristics of a human society with
i ncreasing r el i aWithoutdeliberateadapidiore tbesiumaretoll of iextreme .
events will continue to mount and the escalation of extreme events as the climate warms will
only makematters worseSocial and climate changes interact to increase insecurity as society
struggles to meet greater demandveh inceasingly degraded environment.

Impactson water securitySeverewveatherconditionsdirectly impactthe hydrologicalcycle and
the availability of fresh water resources.Global freshwater withdrawals have increased
approximatelyeightfold in the last century Exploitation of waterthat makes it unavailablefor

subsequentise by downstreamusershasincreasedaboutfive-fold in the last century. These
trendsare projectedto continuewell into the 21%* century. With an expectedincreasein the

numbersof floods anddroughts,manycountriesimportantto the U.S. could faceenvironmental
stressthat may lead to responsesand adaptationghat, in turn, may presentopportunitiesor

challenges toU.S national security interests.Large scale migrations, political realignments,
increasedcompetitionover resourceschangesn economicpolicy, price shocks,and possible
conflict over increasinglyscarcewater resourcesand transboundary watersven failure of

marginalstatesareall plausible.

Challengesto food security:Food production,alreadyin increaseddemand,will suffer with
more heat extremesand increasedvariability of rainfall, leading to instability in the food
markets.Overthe pastfour years,major spikesin global food priceshavearisenfrom a perfect
storm consistingof widespreaddroughtin multiple major agricultural regions, diversionsof
commodity grain for biofuel production and increasing demand from rapidly growing
economiesuchasindiaandChina
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TRENDS IN THHREVALENCE OF EXTREEMMPERATURES
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The prevalence of annual average temperature extremes of the past decade is greater than for any
period in the past one hundred years the graphs aboveged bars indicate the proportion of the measure
land area of the Earth that experienced an annual average temperature hotter than would be expect
occur once in thirty yearand Hue bars indicate the proportion of the measured land area of Earth where
annual average temperature was cooler than what Wbhbe expected to occur once every 30 years. Clim
norms were estimated using three baseline periods: theyéar period from 1950 through 2010 on the lef
the 61 years beginning in 1930 in the middle, and the 61 years beginning in 1910 on the eftgutively a

climate for each of three generations. Relative to the early DSy (i dzZNE  Of AYF G S y 2

generation, over 30% of the land surface has recently experienced abnormally warm weather as compi
the expected longerm averagevalue of about 3% that experienced such conditions during the period 1
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Implications to energy security: Emissionsfrom energybasedfossil fuel combustionare the
largest human contribution to greenhousegas concentrations The energy production
infrastructure,requiring copious amountsof water, is often locatedin regions susceptibleto
drought,flood, anddamagingstorms that areexpectedo becomemore prevalentin the coming
decade It is, therefore,vulnerableto disruption due to extreme weather. Nuclear power
generation isalsosensitive to heat waveBuring the 2012 heat wave, reactors have been shut
down becauséncoming coding water was too warmLargescale geoengineeringfforts to
counterthe impact offossil fuel emissionsare being developed, bt little is known aboutthe
impactsof theseefforts There is als@ notableabsencef workablemechanismgor diplomatic
coordinationfor geoengineering projects

Threat to critical societal infrastructureThe probability of a major storm crippling a megacity

will increase because storms will become more destructive, there will be more flooding from the
surge from higher selavels, and there will more coastal megacities due to population growth
and increasig urbanization. Critical infrastructure, including dams, roads, bridges, ports, ralil
systems, and airports has been engineered and constructed to specifications based on the
extremes observed under the climate of the past cen®ignificant infrastructte is
concentrated imoastalzoneareasthat are particularlyvulnerableto extremeweatherandrising

sealevel. In areas of permafrost, where ground stability is threatened by warming, infrastructure
such as pipelines is highly vulnerable. The vulnditstbis especiallyclearin our defenseand

maritime shipping apparatugreliant upon coastalports. More frequentand prevalentclimate
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extrems in the coming decadeimply that we will
likely seeboth more frequentinfrastructurefailure
and growing demand for financial resourcesto
hardenrexistinginfrastructure.

Impact upon the Arctic, the global commons and

natural ecosystemsThe global impact of climate
change as well asthe impacton the Arctic region,

the coastalzones, and critical ecological resources
such as Amazonia, will increasecompetition and

hopefully  cooperation among nations to

accommodatehangesThis is clearlyevidentin the

case ofthe Arctic Basin asit losesits summertime
ice cover faster than expected enabling new trade
routesand expandedopportunitiesfor oil and other
mineralexploration.

2. The National Security Context

The probability of a major storm crippling

megacity will increase because storms w
become more destructive, surge from highe
sealevels, and there will be more megacitie
due to population gowth and urbanization.
The World Bank assessed the impact

climate change on three Asian coast
megacities (Bangkok, Ho Chi Minh City, a
Manila) and concluded that all three face
significant risks (8% of regional GDP) due t
increasing frequency foclimate extremes.
The day after Hurricane Sandy pounded N
York City (October 30, 2012), Govern
' YRNBg /d2Y2 &aidl adSR
reality when it comes to these weathe
patterns. We have an old infrastructure an
we have old systems and that is natgood
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Human security and the interests of nations are at stake as a result of the environmental changes
we expect to see in the coming decadé® prospect of serious socioeconomic disruptions in
response to weather and climate related extreme eventsors imminent than previously
thoughti a cause for significant concern in the later part of this century, but affecting society in
significant ways today and through the coming decatlee impact on human security and the
individual will be profound as will thecollective response of nations. The national security
context will change. (Sgmgel3: Case Studies Linking Climate Stress and Nati&@wgaurity)

Much of what we assumeaboutthe future basedupon our experiencewith the pastmay be in
doubt. Humanpopulationis projectedto grow to 9.2 billion in 2050, an increaseof morethan
30% from the present.The increaseover the 70 yearsfrom 1980-2050will exceedthe increase
experiencedluringthe 150,000yearsprior to 1980.Economicactivity perpersorhasalsogrown
substantially.The productionand consumptionof goodsand servicesper capitagrew by more
than 70% between 1975 and 20¥¢hile improvementsn technologyhaveenabledusto make
moreefficient useof resourcesaggregateesourcaisehasgenerallyoutstrippedheseefficiency
gains due to larger, more affluent populations.In addition, environmentalpressuressuch as
climate changewill furtherstresgheresourcebaserequiredto sustaichumandevelopment.

As a result,we mustnow seriouslyconsiderfuturesconstrainedy Earths continuing capacity
to provide the resourcesto support human society in context of social and environmental
stressorsWhenandwherewe bumpup againsttheseconstraintsve will needto adapt.In some
casestheseadaptationsnay be long anticipatedwell planned,andorderly. In other situations,
they may be forced by surprises,chaotic in implementation,and pose significant national
securitychallengesin somecasesadaptationsvill be carriedout smoothlyby selforganizing
processesuchas markets but other cases will requirenterventions.Wheneverthe stakesare
high, decisionmakerswho already have robust assessmaiiishold a significant advantage.
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This reportfocuseson the scientific basisfor expectingan increasein the frequencyand area
affectedby extremeweatheroverthe nextdecadewith consideratiorof the physics thatunderlie
the functions ofylobalandregionalclimate. The conclusionswill be controversiakto some.But
theevidencds inescapabléhatmorefrequentweatherextremesarehavingimpactsthatconcern
our securityintereststoday. The report warnsthat we can expectthis to continue.The risk is
sufficientto warrantattention.It is evidentthathumansecurityandthe interestsof mostnations
areat stake.Theimpacs of climatechangesffectsocietyin significantwaystodayandthrough
the coming decads. They pose complex questionsregarding the human dimensioni the
responsef people,individually andcollectively,as theirenvironmenchanges.

Recent years have witnesseda marked increasein concernthat climate stresswill pose
significant challengedor U.S. national security. Such concernhasbeenreflectedin scientific
scholarshipin publicationsof policy think tanks,andin high-level governmenpublicationssuch
asthe QuadrenniaDefenseReview. Behindthis recentthinking aboutclimatesecuritylinkages
is a combinationof new understandingof the vulnerability of societiesto climatic stress,
underscored by seriesof recentcaseexampleghat bring thesevulnerabilitiesinto sharprelief
and a mounting empirical record that demonstrateshat weatherextremesare becomingmore
common. Theselinkages can be broadly categorizedas 1) multipliers of political instability
threats 2) interactionof climate stressand globalization;3) disruptionof internationalpolitics
throughchangesn territory anddiplomacy and4) driversof humanitariarcrises.

Multipliers of political instability threats: Political instability, in the form of coups,civil war,
andotherforms of internalpolitical violenceconstitutesa major U.S. nationalsecuritythreatfor
which strongpossibleconnectiongo climate stresshavebeenidentified. In the aftermathof the
Cold War and the rise of major security problemslinked to political instability in the early
1990s,major resourceshave beendevotedto understandinghe causesof political instability,
with significantadvanced®eingmade.

Severalkey drivers of instability have clear links to climate stress.For example,a prolonged
droughtin apoor,agriculturallydependensocietywill generateonsequences:
A Depression of livelihoods among rural societies, as herding and farming deelitse
A Depression of government revenue, as agricultural exports decline
A Increased movement of populations in search of suitable pastuceoatahd
A Decreased perceptions of government legitimacy, if responses to the crisis are judged
inadequate.

Each of these consequentesbeenshownto elevatethe risk of political instabilityThe same
dynamics contribute to the risk of humanitarian egeacies.The genocide inDarfur was

precededy a multi-decadedroughtthatgenerateduch consequencebhe recentcollapseof the

Mali statealsowasprecededy a severedroughtlinked to theseconsequences

11
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CASE STUDIES LINKINGMATE STRESS ANITIONAL SECURITY

The following examples linking climate stress, society, and security foreshadow events that the world m:
in the near future.

Northern SahelDrought fuels Tuareg rebellion and Islamic extremism.

Climate shocks in the 1970s and 198€supled with corruption and discriminatory government policies, le
some Tuareg to migrate north where they were radicalized, armed, and trained by the Libyan regime. Af
Gaddafi regime fell in 2011, these fighters returned to Mali, formed théddat Movement for the Liberation
of Azawad, declared independence, and collaborated with Islamic extremists with ties to Al Qaeda. A
drought contributed to the breakdown in order, and the extremists toppled the Malian government and s
control of the north.

Pakistan Strategically important country with high climate vulnerability.

Pakistan is extremely vulnerable to climate stress due to its physical geography and interacting democg
socioeconomic, political, and institutional dimensionigslexposed to multiple weather and climate extrem
including cyclones, tornadoes, monsoons, glacial melt, floods, landslides, heat waves, and droughts. Th
to provide timely, coordinated, and adequate humanitarian relief to recent disasterschagibuted to
weakened security. Islamic extremist groups have taken advantage of these conditions to establish gra
charities providing emergency care, food, shelter, and employment to disaster victims as a means of re«
support for militantnetworks.

Indonesia.Amplified natural hazards and competition for resources.

Indonesia has always been vulnerable to stress from weather and climate extremes. The country is loca
region that makes it highly sensitive to El Ni#outhern Oscillatio (ENSO) events. The large 1987E| Nifio
triggered a severe drought, massive fires, and crop loss that accentuated the Asian financial crisis and ¢
pressure on the failing Suharto regime. Emerging changes in rainfall and storm patterns aregffect

security and coastal vulnerability. Largeale biofuel production, to meet rapidly rising global demand,
generating conflict over land.

RussiaFood security, urban unrest, and stress on fragile international systems.

In 2010, decreased grainrgduction in southern Russia and neighboring countries, stemming from |
temperatures and reduced rainfall, led to a spike in global wheat prices. Russia banned exports as a ree
domestic food security fears. This move put even greater upwardspreson food prices worldwide, witt
particularly acute shocks in regions dependent on wheat imports. Thus climate stress in Russia
accentuate unrest in Egypt, Tunisia, and Algeria during early 2011.

Arctic. Loss of sea ice generates internationahtgons.

Arctic sea ice has experienced historical minima in recent years, with a transition to summer sedsee i
status now well underway. This shift has put strain on an uneasy status quo regarding territorial competi
the region. Territorial ad Exclusive Economic Zone (EEZ) boundaries are disputed in the region, and nc
shipping and mineral exploration are suddenly more feasible these disputes are starting to escalate.

12
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In any single caseit is not possibleto attribute causalresponsibilityfor political instability to
climate stress,but statisticaltestscan help identify the overall pattern.Publishedtestsclearly
demonstratehat deviationsfrom normal climatic conditionsare associatedvith a significant
increasein the risk of political violence (seethe boxaboveg. Although the strength of this
propositioncontinuesto be debatedby scholars,there is no doubthat the evidencesupports
heightenedttentionto thelinkages.

Interaction of climate stressand globalization: Political instability canalso be exacerbatedby
climate stressthat operatesthrough less direct means. Globalization creates patterns of
vulnerabilitythatcanbe accentuatetdy climateshocks.Thefood price spikesof 2010,generated
by severedroughtin key global wheatproducingregionsin Eurasia,led to a sharpincreasen
dissatisfactiorwith political leadershipn severalArab countries.The combinationof an acute
shortageof affordablefood, deeprootedconcernsaboutlegitimacy, andabsencef mechanisms
for peacefulpolitical contestatiornelpexplainthe emergencef the Arab Springin 2011.

Anotherexampleof indirect transmissions in the areaof policy responsesin 2008 and 2010,
the worldwidediversionof crop productionto biofuel contributed tosharpincreasesn global
food prices. The biofuel surgeis largely a result of climate policies mandaing increased
production.Similarly, concernsaboutwater scarcity, in part elevatedby worries over climate
changebut also promged by economicallydriven increasesn consumption,have led some
countriesto increaseconstructionof reservoirson transboundaryivers, or evenin somecaseso
contemplatediversionthat harmsdownstreaminterests.Such policy response®levatedcross
border tensionin regionssuch as the LancangMekong GangesBrahmaputra and Ili River
(KazalkhstanChina) basins.

A third andkey categoryof policy responsehathasraisedalarmsis the sharpincreasan foreign
land acquisitions Severalcountriesthat are worried abouttheir long-term ability to meetfood
securityneedgdrivenagainin partby climatechangeprojections)haverespondedy executing
long-term leasesand purchasesf agriculturalland in poor countries.Becausepoor agrarian
countries are often politically fragile, the injection of contentiousland politics may be
destabilizing. Indeed, the governmentof Madagascar fell in 2009 precisely becauseof a
controversyoverthe governmenrts handlingof a majorlanddealwith SouthKorea.

The vulnerabilitiesassociatedvith globalizationhavethe potentialto transmitthe impactsof

weatherand climateextremedo the U.S. homelandThe Thailandfloods of 2011,triggeredby a

combinationof unusuallyheavyrainsandland usechangesn the region,shutdown production
of key componentgor computerharddrives This ledto a globalharddrive shortagehatlasted
for months. The heavy concentrationof critical elementsof the global supply chain in this

vulnerable region could easily be repeatedelsewhere Another possible threat to the U.S.

homelandlies in the shifting patternsof infectious diseasethat could be triggeredby climate
changeDenguefever, for example hasshownsignsof movinginto the southernU.S. ashabitat
conditions for the Aedes aegypti mosquito shift. Similarly, Vibrio bacteria a precursorto

gastrointestinatliseasesuchascholera arenow living in the Baltic Seal a migrationenabled
by warmer waters

13
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Disruption of international politics through changesin territory and diplomacy Finally,
climate changehasthe potentialto disruptinternationalpolitics in a way that createsnational
security problemsfor the U.S. Reductionsin Arctic seaice have alreadytriggeredfearsof a
scramblefor control of shippinglanesand mineraldepositsin the region. Competingterritorial
claimsin theregionhadnot beenassociateavith internationaltensionin the past,becausehere
were no viable prospectdor actingon suchclaims. As the Arctic hasbeenfree of ice in late
summerto a greaer extentand for longer periods than ever before, prospectsfor mineral
exploitation fisheries exploitationand shipping are now much more real The prospectsfor
challengingconflicts over control are potent. A similar dynamic hasemergedin the northern
borderbetweenndia andPakistanlUnresolvederritorial disputesarebeingexacerbatethy fears
that climate changeis affecting transboundaryvater resourcesof the Himalayanglaciersand
thusupsettinghefragile politicalequilibrium

Weather and climate extremesay create degraded conditions thirrorist and criminal
organizationould exploit to their advantag&he watercrisisin Yemen,for example though
largely driven by growth in consumptionin an arid region, has beenaugmentedby rainfall
shortages This crisis has been linked to the weaknessof the regime which in turn has
heightenedoncernof a growing Al QaedapresenceSimilarly, in northernMali therearefears
thatthelossof statecontrolhascreateda potentialhavenfor Al Qaedaandits sympathizersThe
droughtin Mali cannotbe blamedasthe primary force behindthis developmentput it clearly
playeda role in the history of contestectontrol in the region. The collapseof the Somalistate
was exacerbatedy long-term droughtin the region, and has generatddng-lasting security
threats.Theseexamplesdemonstrate that weather and climate extremes can influence hostile
interests imewregionsof theworld.

Drivers of humanitarian crises Humanitariarcrises with cleardirectlinks to climatic stresse$
disastersassociatedvith droughts,floods, severestorms,temperatureextremeswildfires, and
landslidesi are growing rapidlyln addition,complexhumanitarianremergenciesrisethrough
the interactionof multiple stressessuchas political violence,refugeeflows, malnutrition, and
epidemics.Often suchcrisesemergein placesthat constitutethreatsto U.S. national security
becauseof the needto employ U.S. military resourcesas part of an organizedresponseor
becaus®f destabilizingeffectsin critical regions

During the 20" century patternsof interdependencandvulnerability evolvedin a way thatled
to a dramaticincreasein the role of socioeconon forcesin shapingU.S. national security
Theseprocessesacceleratedh the aftermathof the Cold War. Now the 21% centuryis shapingup
to be a periodin which weather and climate extremes a@eneratingsimilar levels of security
threats.Therefore understandinghe natureof theseclimatic stressesstheyarelikely to unfold
in theneartermis of crucialnationalsecurityimportance.
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Heat Waves

TrendEvent. Recent heat waves and
potential for more frequent heat
waves in the future.

Descriptiorllmpact. The Berkeley
Earth Surface Temperature group
recently released results thainfirm
other previous work that indicates
temperature rise of 0.9°C has
occurredalready. Record highs now
outpace record lows by 2 to 1. 40,000
people died as a result of Eurdpe
recordbreaking heat wave in 2003.
The summer of 2003 was the hottest
in 140 years. There is evidence that
towards the end of this century, every
summer inEurope could be as hot as
the summer of 2003. It is very likely
that heatwaves could become hotter
in the future in London and that heat
related mortality could increase six
fold. This is also true for Boston,
Budapest, Dallas, Lisbon, and
Sydney.
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Temperature Anomaly, 112011 (NASA)

National ~ Security  Implications.
Extreme heatwaves can cause a
variety of impacts to a countly
security, with ripples back to US
security. Food price spikes after the
2010 Russian heatvave provide a
good example. Higkemperatures can
also impact a countég ability to
operate power facilities reliant upon
cooling water, such as Frargse
shutdown of nuclear reactors during a
2009 heatvave.

Reference NASA, 2011; Meehl,
2009; Mulle/Berkeley Earth Surface

Temperature pup, 2011;
Schiermeier in  Nature, 2011;
Gosling, 2011.
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Drought

TrendEvent. Recent drought and
potential for more frequent droughts
in the future.

_—

Extreme Drought Conditions

Descriptiorllmpact. Increasing
temperatures and changes in
precipitation crea the potential for
future drought conditions, with some
regions  experiencing  persistent
drought. One regional example of
multiple recent droughts is the Horn
of Africa, which recently experienced
the worst drought that eastern Africa
has suffered in 60 yes. More than
11 million people needed food
assistance, and the arid conditions
caused famines in Somalia. Tens of
thousands of people died. In 2010, a
severe drought in Southeast Asia and
southern China caused the Mekong
River to drop to a 5@ear low. h
Peru, droughts associated with El
Nifio events in the 1980s and 1990s
spurred increased migration from
rural areas to cities.

National ~ Security  Implications.
Increasing regional drought
conditions impact regional and global
food and water security. Lackfo
available water may also affect
energy security in areas relying on
waterintensive energy sources.

Reference: United Nations, 2011;
Fraser in The Daily Climate;
MercyCorps, 2011; Schearf in VOA,
201Q Tomas Castelaz®007

Floods

TrendEvent. Recent Ilbods and
potential for more frequent floods in
the future.

Descriptiorllmpact. Increasing water
vapor in the atmosphere leads to
greaer precipitation amountsThis
increase of precipitation for some
areas leads to a greater chance of
flooding, especially in developed
areas where natural water flow has
been altered. One example is the
2011 Thailand flooding that occurred
during the monsoon season. The
flooding inundated about4.8 million
acresof land, over740,000acresof
which are farmland, in 58 provinces.
It has been described #@the worst
flooding yet in terms of the amount
of water and people affect@®even
major industrial areas were inundated
by as muchas 10 feet. As of
December 3, 2011, some areas still
remained 6 feet urgiwater and many
factory areas remained closed.

National ~ Security  Implications.

Increased regional flooding destroys
infrastructure and impacts local
industry. Flooding in areas with
existing instabilities or inadequate
response capabilities may create
searity crises for countries of

interest. The Thailand flood affected
global supply chains for items like
computer hard drives.

Thailand Floods, October 2011

ReferenceUS Navy& AFP, 2011.
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Severe Storms

TrendEvent. Recent severe storms
and potential fomore intense storms
in the future.

Potential for Increased Storm Intensity

Descriptiorlimpact.According to one
study, the average intensity of
tropical cyclones is expected to
increase by 241% while the
frequency of occurrence is expected
to decrease by-84%. One example
of repeated hurricane damage in a
vulnerable area is Haiti, where the
hurricane season of 2008 was the
strongesttheydve ever experienced.
Four stormsFay, Gustav, Hanna,
and Ike-dumped heavy rains on the
impoverished nation. The rugged
hillsides, stripped bare of 98% of
their forest cover thanks to
deforestation, let flood wate
rampage into large areas of the
country. Haiti suffered 793 Kkilled,
and the hurricanes destroyed 22,702
homes. About 800,000 people were
affected. The flood wiped out 70% of
Haitids crops, resulting in dozens of
deaths of children due to malnutrition
in the months following the storms.
Damage was estimated at over $1
billion, the costliest natural disaster in
Haitian history.

National Security ImplicationsThe
potential for increased storm intensity
means greater risk for vulnerable
populations living ear coastal areas.
Critical infrastructure may also be
threatened, similar to the Gulf of
Mexico oil facilities damaged during
Hurricane Katrina.

Reference Knutson et al., 2010;
www.reliefweb.org Masters, 2008
NASA, 2012

Arctic Sea Ice

TrendEvent. Decreasing Arctic sea
ice extent and thickness.

Descriptiorlimpact. The Arctic has
experienced faster waing than the
rest of the globeThe total volume of
Arctic sea ice shrank last fall to the
smallest amount ever observed during
the age of satellitesThe monthly
averaged ice extent for August 2012
was 4.72 million square kilometers.
This is 2.94 million square kilometers
below the 1979to 2000 average
extent, and 640,000 square kilometers
below the previous record low for
August set in 2007The Arctic has
lost an area greater than all the U.S.
states east of the Mississippi, and
what ice remains appears to be
getting thinner and weaker

Northern Hemisphere Extent Anomalies Aug 2011
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Decreasing Arctic Sea Ice Extent
(NSIDC)

National Security ImplicationsThe
prospect of the disappearance of
Arctic sea ice raises the risk of new
rounds of competition, and injects
uncertain  elements to security,
especially among the circumpolar
staes. The interrelations among the
Arctic States involve sovereignty
disputes, jurisdiction claims, resource
competition and military capacity
expansion, while new neArctic
interests in the Arctic draw in
elements of international shipping,
seabed resources exploitation,
environmental concerrand scientific
research.

ReferenceNSIDC, 2011; @Harra in
Alaska Dispatch, 2011; University of
Alberta, 2011.
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Mediterranean Drought

TrendEvent. Recent drought in the
Eastern Mediterranean may have
contribued to Arab Spring uprisings.
Some predictions for the future
anticipate  continued,  persistent
drought for this region. Rainfall in
eastern Syria fell to 30 perdeof the
annual average in 2008he worst
drought for 40 years The al-
Khabour, a main trictary of the
River Euphrates, dried up.

Descriptiorllmpact. In early 2011,
food prices peaked at a level slightly
higher than the peak level reached in
2008. Between 2006 and 2008
average world prices for rice rose by
217%, wheat by 136%, corn by
125% and soybeans by 107%.
Drought and oil price volatility were
key drivers of the food price crisis in
2007 and 2008. In Syria, since the
2007/2008 agriculture seasoreamly
75% of agriculturedependent
households suffered total crop failure.
Just over 800,000 gople have lost
their entire livelihood, according to
the UN and IFRC.

Milimeters
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Decrease in Precipitation (1971 2010)
(NOAA)

National Security ImplicationsThis
region is of critical interest to the US,
especially the relationship between
Israel and its regial neighbors.
Government transitions in Egypt and
issues over crogsorder water rights
hold much uncertaintyThe current
crisis in  Syria remains tense.
Continued stability in Iraq after US
withdrawal is also a concern.

Reference: NOAA & UN, 2010;
BBC, 2M08; Erianet al, 2010.

Climate Extremes: Recent Trends with Implications for National Security

Mexico Drought

TrendEvent. The recent Mexico
drought started in late 2010 and
worsened throughout 2011,
particularly across northern and
central Mexico.

Mexico Drought, October 2011 (NADM)

Descriptiorlimpact.  The area
spanning the southwest U.S. and
Mexico has experienced periods of
prolonged drought in recent years,
with expectation of transition to a
state of persistent dryingBy late
October, more than half the country
was in severe to exceptional drought,
considered Mexio@ worst drought in
70 years. Initial estimates: 2.5 million
people affected, 2.2 million acres of
cropland destroyed, and hundreds of
thousands of livestock lost.

National ~ Security  Implications.
Mexico has a weak central
government, high crime, and major
issues with drug cartelsClimate
stresses have the potential to
exacerbate tensions between the US
and Mexico over illegal drug and gun
trafficking as well as illegal
immigration. This persistent drought
may have a devastating impact on
food, water, and eargy in the region.
This situation increases the risk of
instability in Mexico. Heightened
climate stress that affects local food
security and water scarcity could
further erode government power and
contribute to deepening disorder.

ReferenceNOAA NCDC, 211.

Pakistan Floods

TrendEvent. From late July to
August 2010, rainfall related to the
Asian monsoon was displaced
unusually westward, and more than a
foot of rain fell across a large area of
the Upper Indus Valley. Flooding
returned in 2011.

Descriptiavimpact.  The 2010
Pakistan floods covered at les&R
milion  acres caused 2,000
casualties, displaced 20 million
people, and washed out 70% of roads
and bridges in affected areas. In the
2011 floods in  Sindh, the
infrastructure of health, education,
ard transportation was completely
wiped out. Pakistan flooding in 2010
was connected to the Russian heat
wave; an unusually strong polar jet
stream shifted northward of Moscow
and plunged south toward Pakistan,
remaining in place for more than a
month.

National ~ Security  Implications.
Pakistads stability is a key interest
for the US, especially considering
their influence with the conflict in
Afghanistan, as well as operations
against the Taliban and Al Qaeda in
Pakistan. Pakistds nuclear
capability makests level of stability

a particular concern. Ongoing cress
border issues with India, including
water transfer, add to the potential for
climate to affect the status quo. In
recent testimony, DNI Clapper
mentioned the Pakistan floods were a
military issue 6r the US.

pas. Track o flood wave
ruas | ADMNSTERED along

PaKisTAN

o

Pakistan Floods, 2010 (USAID)

ReferenceDNI, 2011; NASA, 2011;
NCDC, 2011; USAID, 2010; Houze
etal., 2010.
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Russian HeatWave

Trend/Event. Record warm
temperatures, drought, wildfires, and
poor air quality impacted Russia
during July 2010, continuing through
mid-August across western Russia.
The head of the Russian
Meteorological Service said that the
country experiencedfithe longest
unprecednted heat wave for at least
1,000 years

Russian HeatWave July 2@ 27, 2010
(NASA)

Descriptiorimpact. Unofficial
estimates placed the death toll near
15,000 people across Russia, with
7,000 in Moscow alone. At the
beginning of August,over 430,000
aces were burning with over 600
active fires. Outside Moscow,
Russi@s most deadly wildfire since
1972 charred homes and farmland.
Economists predicted the heat and
fire would cause over $15 billion in
loss of economic growth this year.

National Security Imigcations. A
major impact from the fires and heat
were the loss of wheat crops. Russia
is the worlds thirdlargest exporter
of wheat and had recently slashed its
harvest forecast from 90 million
metric tons to 60 million metric tons.
Due to the shortagehe 18 million
metric tons that were to be exported
would no longer leave the coundry
threatening wheat prices worldwide.
Military and nuclear installations
were also threatened across the
country by the fires, prompting the
emergency transport of missilesd
nuclear fuels out of har@e way.

ReferenceNOAA NCDC, 2010.

China: Drought & Floods

TrendEvent. The 2010 drought in
southwestern China was referred to
as the worst in a century. That same
year, heavy rainfall and flooding in
northeastern China ledto the
evacuation of more than 250,000
people in Dandong.

Descriptiorlimpact.By March, 2010,
about 51 million people faced water
shortages in a number of provinces.
Fearing unrest due to soaring food
prices, authorities sent 10,000 armed
police to the affcted regions. Three
Gorges Dam power production was
down by 206 as a result of this
drought. The narrowing and
shallowing of the Yangtze stranded
thousands of boats and left a 220km
stretch off limits for container ships.
Droughts in 2011 destroyed grahmat
would have been enough for nearly
60 million Chinese to eat for a year.
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2012 FloodAffected Chinese Provinces
National ~ Security  Implications.
Chinags economic growth and

position of influence make it a key
state of interest to the UElimate
streses have the potential to disrupt
Chinas flow of water, decrease their
hydropower generation capability,
impact food and water security, and
affect internal stability. Chiréa
growth is driving them to expand
their energy and food sources beyond
their boreers. Chindg  military
presence is also expanding to ensure
the flow of these critical resources.

Reference NOAA NCDC, 2011;
ClimateWire, 2011; Watts in
Guardian, 2011; Moore, 201®Red
Cross &Asia News, 2012.
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Increasing concentrations of greenhouse gases combined etitngesin the concentration of particulate
matter (aerosols) are responsible for important changes in regional and global climate. Until recentl
warming influence of iggenhouse gases has been offset to a significant extent by cooling contribute
aerosols, most notably by sulfate particles formed by oxidationswifur dioxide released primarily in
conjunction with combustion of coal. Steps taken in the US and Europe over the last few decades to

emissions of aerosols and their precursors have resulted in an important increase in the net positive ra
forcing of the imate system. Plans for China point in the same direction. Consequences include: accel
warming of continental regions of the northern hemisphere, particularly at higher latitudes; a decrease

ice cover of the Arctic Ocean, most notably in suenna general slowdown of the polar jet, and the tenden
of the jet to develop largescale meanders, resulting in unusual patterns of persistent weathed an

expansion of the Hadlesell, resulting in a poleward extension of desert regions. All oféHastors have been
implicated in the general increase of weather extremes observed over the past decade.

The chapterbegins,in Section3.1, with an overview of the factorsresponsiblgor a changing
global climate: increasesn the concentratiorof greenhousgases changesn the influence of

aerosolsandthe role of a varying outputof energyfrom the sun. Section 3.2 addressescent
dataon the changing(increasing)heatcontentof the ocean,combinedwith trendsin globaland
regional surfacetemperatureswith specific discussionof the impact of aerosols.Section 3.3
focuses on themplicationsfor regionalweather.Section 3.4 discussestérnal(natural)factors
contributingto varyingweatherconditions.

3.1 Earth® Temperature Responseto Radiative Forcing

Radiative forcing is a process that either elevates or decrease& Eamiperature because of an
imbalance between solar energy absorbed and infrared energy radiated back out inteespace
box). Our level of understanding of this pess, and our ability to model it, affects our
understanding of weather and climatariability andtrends and our ability to relate them to
causative factors, such as huriaduced greenhouse gas emissidhalsoaffectsour ability to
understand and paét securityrelevantenvironmental changebat affecthuman societyand
actions We recommend an effort titbsere and assess changes and trendadiative forcing
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RADIATIVE FORCING
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factors that affect climate are altered. The word radiative arises because these factors change the k
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from a factor or group of factors is evaluated as positive, the energy of the -Barthsphere system will
ultimately incease, leading to a warming of the system. In contrast, for a negative radiative forcing, the €
gAff dzt GAYFGS¢t @ RSONBI aSz f SIFRAY3 2" Assesshanz
http://www.ipcc.ch/pdf/assessmenteport/ar4/wgl/ard-wgl-chapter2pdf, FAQ 2.1 Box, p. 136.)

Theconcepf radiativeforcing asemployedby the Intergovernmental Panel on Climate Change
(IPCQO) (see box)and as usedcommonlyin a variety of climate studiesis relatively simple. It
seeksto provide a rough estimateof the changein energyflux at the top of the atmospheren
responséo anassumeahangan atmosphericompositionIn the caseof agreenhousgassuch
as CO,, the compositioris assumedo be constantas a function of altitude The concepfirst
calculatesthe changein the temperatureof the stratospheresubjectto an assumptiorthat the
temperatureeverywheren the stratospheradjuststo the new compositionaccordingto whatis
referredto aslocal radiative equilibrium. Thatis to say, at everylevel in the stratospherend
above,it assumeshatthereshouldbe no net sourceof energy:sourcesandsinks of energyare
takento be in precisebalance.The temperatureof the lower atmospherdthe tropospherepand
surfaceare fixed at levels that prevailedprior to the postulatedchangein composition.The
resultingchangein the flux of energyat the baseof the stratospherdthe tropopause)s then
calculated.Sincethereis no net sourceor sink for energyabovethe tropopausethe changein
energyatthetropopausehouldbe the sameasthe changan energyatthetop of theatmosphere,
an indication thereforeof the resultingimbalancein global energy.The justification for this
presumption (why temperaturesin the stratosphereshould be allowed to adjust while
temperatures thetropospherandat the surfacearefixed) is based on twphysical factors

1. The stratosphergcloserto space)can adjust relatively rapidly to the compositional
change

2. Thetemperaturen thetropospherendat the surfacewill be controlledto alargerextent
by the dynamicsof the climatesystem py prevailingconditionsat the surface andby the
vagariesof the changingcirculationsof the atmosphereand oceanin responseo the
changingenergetic®f theglobalsystem.

Concerngelatingto humaninducedclimatechangehavebeenbasechistorically on two sources
of information: evidence for a significant long-term increasein global average surface
temperatureand the interpretationof thesedata using complex coupled oceanatmosphere
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cryospherebiospherenodels The modelsaredrivenby computationakstimateof imbalancen
theglobalenergybudgetresultingfrom changesn solarirradianceandchangesn theabundance
of radiatively active constituats of the atmosphere For example, @& increasein the
concentrationof an infraredabsorbinggas such as CO, would meanthat the region of the
atmospherdrom which radiationcould escapdo spacewould transitionto a higherlevel of the
atmosphereSincetemperaturelecreasewith altitudein the relevantregion,this would resultin
a reductionin the emissionof infrared energyto space The Earthwould cool less All other
factors equal, this would resultin a net gain of energy, triggering warming This sequence
definesthe essencef the greenhouseffectandthe sourceof the concernwith respecto human
inducedclimatechange.

Radiativeforcing canalsobe negative An increasen the abundancef light-coloredparticulate
matter in the atmosphereg(aerosols),or clouds, would be expectedto enhancereflection of
incidentsunlight,contributingto anincreasen the planetaryalbedowith a resultingdecreasén
the quantity of energyabsorbedfrom the sun. This is the direct effectGlobal temperatures
would be driven to declinein this case,to reducethe emissionof infrared energyto spaceas
neededto restoreglobal energybalance.lPCC distinguishesbetweenthe direct and indirect
effects of aerosols.The latter account forthe possibility that aerosolscan serve as effective
nuclei for condensatiorof atmospheriovater vapor, contributingto a potentialincreasein the
prevalenceindreflectivity of clouds,thusresultingin additionalnegativeradiativeforcing.

Climate Sensitivity

Radiative forcing is usually identified as the
responseto.a specifi.ed.i_nstanta.neoushangein S S ™
atmospherigoropertiesi doubling of CO,, for balance between energy absorbed by the Eal
example. There are two important aspectsto from the sun and energy emitted back to spac
this response.As discussed,we expect an  The energy excess (or deficit) is reflected primau
increasein atmospheridemperaturgassuming  through a change in the heat content of the ocea
that the forcing is positive) as the system  The ocean has been gaining energy over the p
adjuststo accommodatehe related additional  fifty years, and arguably since the end of the"1!
net input of energy The temperatureof the century, indicating .tk.lat the energy |mk?alan.ce hi
. been generally positive the Earth and its climate
.atmosph.enmugtlcheasesothateventuallyt.he s e hEE SClUSiE @ @ P
increasein radiationto spacecatchesup with  i5crease in energy.
the assumednitial imbalance.This leadsto a
new equilibrium with a generallywarmer planet. The increasein CO, and resultingwarming
triggersadditionalchangesn the planetaryheatbudget.Thesechangesanbe eitherpositive or
negative For example, mincreasan the abundancef watervaporin the atmospherevould be
expectedo add tothe warmingcaused by increased levels@D, (watervaporis animportant
greenhouseagent). On the other hand, an increasein cloud cover, resulting in enhanced
reflection of sunlight, would have the opposite effect. The equilibrium changein global
temperatureresulting from a specifiedforcing is expectedto accountfor both the direct and

A change in the concentration of greenhouse gas
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indirect effectsof the forcing identified in termsof whatis referredto asthe climate sensitivity,
“Y definedby

Y YY O
where Y'Y definesthe magnitudeof the resulting equilibrium global averagetemperature
changepromptedby a specificchangen netinputenergy’O

With ¥Y expressedn °C, andF givenin units of watts per m? (Wm®) averagecover the

Earths surface,"Yhasunits of °C per watt per m®. The classicstudyby Charneyet al. (1979)
estimatech value for "Yequivalentto 0.75°C  0.375°Cper watt per m? of global surfacearea,
which would imply that the global averagetemperatureshouldincreaseby 3°C  1.5°Cif the
abundancef CO, were to double (equivalentto a radiative forcing of 4 Wm). The models
consideredby IPCC cover a range of values for the temperaturechangeresulting from a

doublingof CO,, from alow of 2.1°Cto a high of 4.4°Ccorrespondingo a rangeof valuesfor S

from 0.525°CperWm? to 1.1°CperWm. A recentstudyby Hansenand Sato(2012)basedon

a consideratiorof paleodataextendingback800,000yearsarguesthat the rangeof permissible
values for S should be narrowedto 0.75°C  0.125°C per Wm, which would imply an

equilibriumtemperaturéencreaseof 3°C  0.5°Cfor adoublingof CO,.

Theresponsef globaltemperaturdo a specificimposedradiativeforcing dependsiot only on

the value assumedfor the climate sensitivity ("Y, but also on the temporalresponseto the
imposedforcing. The additionalenergyabsorbedy the Earthheatsnot only the atmospherand
surface,but will also heatthe ocean If the radiativeforcing is negative,as expectedo result
from anincreasen reflectiveaerosolsthe entire systemmustadjust,in this casecontributingto

adecreasén atmospheri@andsurfacetemperaturesith a correspondinglecreasén the quantity
of heatstoredin the ocean The greaterthe sensitivityof the climatesystemthelongerthetime

requiredto reachequilibrium With higher sensitivity, a larger portion of the imposedenergy
imbalancemust be sharednot only with surfacelevels of the ocean,but also potentially with

regionsof the oceanat depth The currentgeneratiorof modelssuggestshat perhapst0% of the
anticipatedequilibrium temperatureresponsecan be realizedin as little as five years The
subsequentesponsghowever may requireas much as hundredsof yearsor longer. The GISS
modeldiscussedby Hanseretal. (2011)takesasmuchas600yearsto reach80% of the eventual
equilibrium temperatureresponse Resultsfrom other climate models are similarly sluggish

Hanseretal. (2011)concludeghatthe existingset of climatemodelsgenerallyoverestimatehe
time requiredfor the global systemto respondo radiativeforcing. Thefew modelsthat c factor
in deep oceamsignificantly overestimatehe rate at which heatis transferredo the deepocean

thusextendingthe time requiredfor the surfaceto approachts newequilibriumvalue A similar
conclusionwasreachecearlierby Forestetal. (2006).

Solar Influences

The climate systemis expectedto respondnot only to changesin the concentrationsof
greenhousg@asesand aerosolsput alsoto changesn solaractivity. The outputof energyfrom
the sunvariestypically over a periotf approxmately 11 years(the so-calledsolarcycle). The
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energycrossinga unit surfaceareaorientedperpendiculato the raysof the sunat (roughly) the
averagedistancebetweenthe Earth and sun is referredto as the solar constant.Figure 1
summarizeslataon thevariationof the solarconstanasmeasureaverthe past35 years.

Total Solar Irradiance
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Figure 1. Solar Irradiance.

Solarirradiancefrom a compositeof severalsatellitemeasuredime series.Monthly mean(red line) andannualmean(blackline).
Imagefrom Hanseretal. (2011).

The resultspresentecherecovera little more thanthreesolar cyclesincluding the mostrecent
minimum, which lastedfrom about2004to 2010. As indicated,the mostrecentminimum was
more persistentand the magnitudeof the energyflux decreasedo a level lower than was
observedduring either of the two prior solar cycles. The changein the magnitudeof the solar
constantfrom solar maximumto solar minimum amountsto about1.5 W m? This implies a
changeover a solar cycle of a little morethan0.25W m in the rate at which solarenergyis

absorbedy the Earth (averagingover the planetarysurfaceandaccountingfor energyreflected
backto space)Hanseretal. (2011)arguethatthe decreasén solarirradiancebetweer2000and
2009wasresponsiblgor a reductionin energyinput to the Earthof approximately0.14 W m.

They suggestedthat this may have contributedto the relatively small changein surface
temperaturesbservedover the sameperiod asindicatedby the datapresentedn Figure4 and
Figure®. It is importantto note though that despitethe decreasén solar enegy input, the heat
content of the oceancontinuedto increase,as indicatedin Figure 3. The sun is currently
transitioninginto a periodof enhancedmission.To the extentthatthe recentreductionin solar
luminosity contributedto a decreasén therateof growth of surfacetemperaturesye canexpect
thistrendto reversdan thenextdecade

Performance of Climate Models

Climate models (usually coupled Atmosphere and Ocean Global Circulation Models) are
typically tuned to reproducgastvariationsin global averagesurfacetemperatureEarly studies
restricting attentionto the influence of the changingconcentrationof greenhousegaseshad
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difficulty in reproducingthe trend observedoverthe past150 years Modelstypically predicted
an increasein global averagetemperaturegreaterthan what was actually observed.This was
followed by a recognitionthat aerosolscould provide a sourceof negativeradiative forcing,
offsetting the forcing contributedby the combinationof greenhousgasesand aerosols Given
the uncertaintyin specifyingthe magnitudeand time history of the contributionof aerosolsto
overallradiativeforcing, it is clearthatthe introductionof a potentialaerosolinfluenceprovided
models with an important additional degreeof freedom This facilitated efforts to fit the
historicalglobal surfacetemperaturelata.StottandForest(2007)summarizehe valuesassumed
for aerosolforcing in the modelsemployedto simulateclimatefor purposesf the IPCC (2001,
2007) rangingfrom a high negativevalueof -1.1 Wm™ to alow of -0.4Wm.

Closeinspectionof a numberof the modelsemployedby IPCC indicatesthat while the models
aregenerallysuccessfuin reproducingpasttrendsin globalaveragesurfacetemperaturegetails
of the climates simulated by these models can vary significantly from model to model.

Differencesinclude importantvariationsin the simulationsof regional climate, in additionto

significantdifferencesn treatmentf the hydrologicalcyclei greateror lessermrainfall, greater
or lesser cloud cover, differencesin cloud altitudes and thicknesses,etc. Under these
circumstancesthe ability of modelsto project conditionsin the next decadeis questionable.
Thereis a view, however that usefulinformation can be obtainedby combiningresultsfrom a

rangeof models(anensemble)The argumentn this caseis thaterrorswill tendto cancelwhen

outputsfrom a rangeof modelsare combined,so that resultsfrom an ensembleof modelsare
likely to bemorecredibleandrobustthanresultsfrom anysinglemodel.

Respondingo the conclusionthat the incorporationof excessheatin the oceanby the current
generationof modelsis excessiveHansenet al. (2011) exploredthe implication of potentially
fasterresponse®f the climate systemto extraneousourcesof radiativeforcing. If the climate
systemis assumedto respondfasterto radiative forcing than rates assumedin the current
generationof models,and if the modelsare still requiredto reproducethe changesn global
averagdemperatur@bservedverthe pastl50years,it is clearthatvaluesfor radiativeforcing
assumedy the modelsmustbereduced Sincethe contributionof greenhousgasedo radiative
forcing is relatively well determined,this must require an increasein the magnitudeof the
negativeforcing attributedto aerosols.To accommodatdasterresponsesit was necessaryo
increasethe efficiency of the negativeforcing attributedto aerosolgto reducethe net positive
forcing contributedby the combinationof aerosolsandgreenhousgases)Hansenet al. (2011)
concludedthat in order to accommodatethe faster climate responsesenvisionedin their
intermediateandfastmodels the magnitude®of the negativeforcing attributedto aerosolshould
beincreasedy 33%and66%respectivelyrelativeto the standardslow responseimulation.
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DID WARMING STOP 18987

Recent controversy over the significance of hunmaiuced climate change has focused on the lack o
significant change in global average temperatures over the most recent decade, since about 199§ se¢
6). An oped published in the Wall Street Journal by 16 distinguished scientists on January 27, 2012, cha
the credibility of the Intergovernmental Panel on Climate Change (IPCC) andNf& @ A f Ay 3 G A
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these discordant views? There are anmer of points to make:
1. Intrinsic factors, essentially the noise of the climate system, can result in déoagentervals over
which global average temperatures exhibit little change. The longer;y&80 record indicates a
number of occasions identifiadith hiati similar to that observed recentlfFigure2).

2. The case can be made (Kaufmann et al., 2011) that the minimal change in global a
temperatures observed over the recent past can be attributed to the combination of an increa:
negative forcing of the climate system responding to an increase in aerosols, prevalence of th
(La Nifia) ENSO phagégurel3), and the decrease in solar insolation associated with the exten
recent solar minimum.

3. While global average surface temperatures may have varied little over the recent pastatable
that 1998 was a warm EIl Nifio year which may skew the averages. The evidence suggests sit
changes in the geographic distribution of surface temperaturégute7 and Figure8) and in the heat
content of the oceanKigure3).

4. An important, though unresolved, question concerns the potential significance of the intel
between natural variability as exemplified by these various fluctuations and huntiuted change in
regulating atleast the shortterm expression of the global climate system.

23



Climate Extremes: Recent Trends with Implications for National Security

Global Land—-Ocean Temperature Index
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Figure 2. Global Land-OceanTemperature Index.

Line plot of global meanland-oceantemperaturéndex, 1880to presentwith the baseperiod 1951-1980. The black line is the
annualmeanandthe solid redline is thefive-yearmean . The greenbarsshowuncertaintyestimates(Hanseretal., 2006).

3.2 Radiative Imbalance: Evidence from the Ocean,Land, and
Atmosphere

If thetrendsin surfacetemperaturedisplayedabovecanbeinterpretedaspersuasivevidenceof
achangen global climate,datafrom the oceanprovideevenmoreconvincingevidence thathe
energybudgetof the earthis no longerin balance Without question,the planetis now gaining
energy.energyabsorbedrom the sunindisputablyexceedghatreturnedto spacein the form of
infraredradiation.Theincreasdn heatcontentof the oceanclearly attestgo this fact. It hasbeen
goingonfor atleastthe past50 years,arguablymuchlonger,andmostlikely sinceasfar backas
1890.

There hasbeenan impressiveincreasein measurementsf the heatcontentof the ocean(an

indicationof total storedenergy)overthe pastseveralddecadesttributedlargelyto the succes®f

the internationalArgo float program.The Argo programemploysa seriesof drifting robotic
probes,deployedessentiallyworldwide They aredesignedto record oceantemperatureand
salinity to depthsasgreatas 2,000 m, althoughmorerealisticallyto about1,750 m. The probes
surfaceevery10 days,relayingtheir databy satelliteto receivingstationsaroundthe world. The

informationis madeavailablewithout restrictionto the global community of oceanscientists.
Some3,5000f theseprobesweredeployedandoperationabsof March 2012.

A summaryof dataon oceanheatcontentreportedby Trenkerth and Fasullo(2012),essentially
anupdateof resultspresentedby Levitusetal. (2012),is displayedn Figure3. A notablefeature

of this presentations therecentincreasan the heatcontentof the oceanat depth(below 700 m)
ascomparedo the more mutedchangeobservedat shallowerlevels (above700 m). In order to

make easier comparisons, the numbers below have averaged the heat content change over the
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total surface of the Earth for the period of time of the observatiorikis way, it is possible to
convert very large numbers of joules to more manialgeaatts per meter squarestated thus,
the rate of increasein oceanheatcontentto the lowestlevels sampledoy Argo averagedabout
0.6 Wm™ between1993 and 2011 Hansenet al. (2011) adopteda value of 0.51 Wm™ (again
globally averaged¥or the interval 2005to 201Q with an uncertaintyof 0.12 Wm™ attributedto
differencesin treatmentsof the oceandata. They associatech somewhathigher value (0.625
Wm? with a similar uncertaintyrange)with the more extendedperiod 1993i 2008, consistent
with the modestdecreasen the growth rate of the oceanheatcontentobservedmostrecently
(Levitus et al., 2012). The decreasen solarluminosity during the most recentsolar minimum
may havecontributed,as suggestedy Hansenet al (2011),to the slowdownin heatuptakeby
upperlevelsof the ocean(above700 m) since2004 asindicatedby the datain Figure 3. Recent
reanalysisof datafrom the British Challengerexpedition(18721876) (Roemmichet al., 2012)
suggestshatthe heatcontentof the oceanmay haveincreasedy asmuchasa factor of 2 over
the past135 yearswith approximatelyhalf of the increaseaking placeprior to the 195@s. The
obvious conclusion:the Earth has beenout of energybalancefor much of the pastcentury,
consistentvith thetrendin globalaveragesurfacetemperaturesdicatedin Figure?2.
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Figure 3. The Global OceanHeat Content in 17 J from NODC (NESDIS, NOAA),
Updated from Levitus et al. (2012).

The blue and dark red curvesshow 3-monthly valuesfor 0-700m (blue) and 0-2,000 m (dark red). The dashedred curveis the
pentadal(running 5 year) analysisfor 0-2,000 m for which, in the 1980s,the 2 standarddeviation error is about +2x1G% J,
decreasingo +1x10% Jin the early 1990s butincreasingn the late1990suntil it decreasesubstantiallyto about+0.5x1G? Jin the
Argo era.Thereferenceeriodis 1955 2006.(SourceTrenberth2012).
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Considering constraints imposed by
existing ocean heat content data, and The impact of warming has been significantly reduced,
accountingfor additional storageof heat least over the past 50 years or so, by an imgot offset
by the atmosphereand land as well as contributed by negative forcing attributed to aerosols.
changesassociatedwith the cryosphere,

Hansenet al. (2011) concludedthat aerosolsshould accountfor radiative forcing equivalent
to -1.6 Wm™? in 2010 with a subjectiveestimateof uncertaintyof 0.3 Wm™. Murphy et al.
(2009), in an independentnalysisusing spacebasedmeasurementfom the Earth Radiation
Budget ExperimentSystem(ERBE) and the Clouds and the Earths RadiantEnergy System
(CERES) along withoceanheatcontentdata,concludedhatthe aerosolforcing in 2000would
haveamountedo about-1.8 Wm™, with anaverageof -1.1 0.3 Wm inferredfor the period
1970to 200Q Both conclusions areonsistenwith Hansenet al. (2011). Thesestudiessuggest
that the impact of warming due to the increasingconcentrationof greenhousgaseshasbeen
significantlyreducedat leastoverthe past50 yearsor so, by animportantoffset contributedby
negativeforcing attributedto aerosols.

Our understandingf the physicaland chemicalpropertiesof aerosolsincluding the details of

their imputed impact on climate is regrettablylimited. Anthropogenicsourcesencompass
variety of forms of particulatematter producedby emissionsof SO,, NOy, and NH3, together
with arangeof specieof organiccarbonincludingblack carbonor soot.Naturalsourcesnvolve

a variety of different forms of wind-blown dust including but not limited to light-colored
particlesraisedby windstormsin desertregions(a sourceof negativeradiative forcing). The
relatively large negativevaluesinferred by Murphy et al. (2009) and Hansenet al. (2011) for

radiativeforcing by aerosolsuggesthatthe dominantimpactof aerosolshouldbe attributedto

theirrole asa sourceof cloud nuclei,whatIPCC definesasthe indirecteffect. This conclusionis

consistentvith recentanalysedy Boothetal. (2012)andLeibenspergeetal. (2012).

Aerosols are not welnixed in the atmospher@hough an unsettled scientific issube large
variations in regional concentrations of aerosmis thought to influence local weathé&wor
example, Booth et al. (2012) argue that changing patternsof sulfur emissions(including
emissionsassociatedavith volcanoesnayhaveplayedarole in determiningthevariability of the

Atlantic sea surface temperature (an index of the Atlantic Multidecadaillation (AMO) (see

box below)) at least over the past century. These sea surface temperature changes influence the
phase of weather patterns from the North Atlantic to the Mediterraneans@tgee in favor of

the influence of the ocean currents be sea surface temperature. For example, the persistence
of the variability observed over the longer interval covered by Knudsen et al. (2012) argues in
favor of the ocean connection. Arguably both influences: changing patterns of aerosols and
changing ocan currents may have played a role in affecting Atlantic sea surface temperatures
over the more recent periotleibensperger et al. (2012) argue for a major aerosol role in
regional temperatures, concluding that trends in emissions of anthropogenicsaémsothe

US over the period 1980 to 2010 had an important influence on climate over the Eastern US and
the North AtlanticAnnually averaged temperatures over the central and eastern US declined by
between 0.5 and 1I°C between 1950 and 1990, in contréstthe significant increase in

26



Climate Extremes: Recent Trends with Implications for National Security

temperatures observed both globally and hemispherically particularly over the post 1970 period
as indicated ifrigure4.
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Figure 4. Eastern U.S. Cooling from Aerosolsand Global Temperature I ncreasesy Hemisphere

Top graph: Changein annualmeansurfaceair temperaturg°C) over the mid-Atlantic U.S. dueto U.S. anthropogenicaerosol
sources.The time serieshas been smoothedwith a 15yr moving average.Shadingindicatesthe 95% confidenceinterval
(Leibenspergeetal., 2012).Bottomgraph:Global surfacetemperaturehangg°C, 5-yearmean)(datafrom Hanseretal., 2010)

Leibenspergeet al. (2012)attributedthe warmingoverthe easternJ.S. since1995to measures
implementedn the U.S. to reduceemissionsnotablyof conventionapollutantsandspecifically

SO, andNOy. Sourcesfor these pollutantpeakedn 1980and1990respectivelyFigure5). The

results for global emissions presented here differ somewhat from those displ&ygdreill.

The more recent analysis is probably more accurate, although still subject to considerable
uncertainty.
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Figure 5. Global (solid) and U.S. (dashed)Trendsin Emissionsof SO,, NO, for 1950 205Q

US emissionsaremultiplied by 10 to fit on scale.SO, andNO, emissionsarefrom EDGAR (van Aardenneetal., 2001;Olivier and
Berdowski,2001).Emissionsareextendecpastthe year2000following the IPCCA1B scenaridLeibenspergeetal., 2012).

They concluded that the negative radiative forcing attributed to anthropogenicaerosols
originating from the U.S. declinedby asmuchas 1.8 Wm between1990and2010. Measures
taken over the sametime interval to limit emissionsin Europewould have resultedin an
additionalincreasein net positive radiative forcing in the Atlantic sector(due to the further
reductionin theoffsettingnegativeforcing from aerosols).

A plausiblecasecanbe madethatthe recentincreasan net (positive) radiativeforcing inferred

for the North Atlantic environmenimay havelargely contributed taheimportantrecentchanges

in climate over extensiveregions of the northern hemisphere particularly at mid and high
latitude regimes. Continuing efforts to limit emissions of pollutants implicated in causing
damage to public health and to the general environment will further réukicde of aerosolsas

an offset to the positive radiative forcing contributedby greenhousegaseg We might thus
expectthe trendsin climate recordedover the pastdecadeto persist,indeedto becomeeven
moreextreme aswe discusselow.

Figure 6 illustratesthe differencesbetweenthe trendsin marine and terrestrial (sea vs. land)
globally averagedurfacetemperaturgover the past half century.

A notable feature of the results pligyed here is the increase in land temperatures as compared
to ocean temperatures over the past 15 years. This is exactly what one would expect from the
recent increase imet positive radiative forcing resulting from the decrease in emissions of
conventonal pollutants discussed above. The impact of the resulting warming should be
experienced first on land and later in the ocean, reflecting the higher heat capacity of the latter.
Temperatures increased more rapidly at northernlatidides than at southe mid-latitudes
(Figure 7), a result again consistent with what one might expect if the increase in radiative
forcing were experienced primarily ihd north. (The bulk of anthropogenic emissions originate
from industrial regions concentrated in the northern hemisphere). Wallace et al. (2012)
concluded that a significant fraction of the excess warming observed from 1965 to 2000 was
associated with dymaically induced warming in winter over higatitude northern hemisphere
continents.
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Figure 6. Monthly (thin lines) and 12-month Running M ean (thick lines)
Global Land and Sea Surface Temperature Anomalies
Baseperiodis 1951-1980.Imagefrom NASA/GISS.
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In additionto the land-oceandifference,warming was strongestin the Arctic (Figure 8). This
contributedto a notabledecreasén summerice coverin the Arctic Ocean accompaniedy an
importantdecreasé multi-yearice in thisregionasillustratedin Figure9.
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Figure 8. 60-month Running M eanTemperature Changesin Five Zones

Arctic (90.0- 64.2°N),N. Mid-Latitudes(64.2- 23.6°N), Tropical (23.6°S),S. Mid-Latitudes(23.6- 64.2°S),and Antarctic (64.2-
90.0°S)(NASA/GISS).
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Figure 9. Arctic Sealce Reductions

Left image: Orangeline indicates1979to 2000 averageextentfor the day shown.White area (pssivemicrowavesatellitedatg
shows the total areaof oceancoveredwith atleast15% ice in 2011 Rightimage:Recentchangesn the spatialextentof seaice in
the Arctic Ocean comparisonof datafor 2007 and 2012 with the averagefor 1979-2000. The ice-free regionsduring the late
summersof 2007 and 2012 expandedy closeto 3 million km? (roughly 30% of the entireland areaof the US including Alaska)
with respecto thelong-termaveragelmages from NationalSnowandIce DataCenter.
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3.3 The Impact of Changing Climate on Weather Systems

Arctic Amplification

An extensiveregion of the U.S. east of the
ROCkleswaSbath?dn tropicalor SUbFrOplcal air throughout the northern hemisphere will becomi
for muchof thewinter of 2012,resultingin what increasingly influenced by the fact that

we refer to in this reportas the yearwithout a  temperatures are increasing more rapidly at tr
U.S. winter. Temperaturesn Chicagowere in poles than in the tropicsg in the nothern

excessof 80°F for an extendedperiod in mid- hemisphere this phenomena is known asctic

March, a condition without precedent.Record  Amplification

high temperatures occurred over extensive
regionsof the easternU.S. reflecting the favorable(warm side) location of this portion of the
countrywith respecto theaveragepositionof thejet.

It is expected that largscale circulation patterns

The questionarisesasto whethertherehasbeenanimpactof greentouse gses GHG) warming
on this kind of extremeevent. Francisand Vavrus (2012) have carried out a diagnosticstudy
showingthatthe declinein the strengthof the polarjet defining the boundarybetweenthe mid-
latitude and polar regimesis consistent with the decrease in the overall gradient of temperature
between mid and high latitudes (Arctic Amplificationsee box)(The larger the temperature
gradient the greaterthe speedf thewind requiredto balanceherelatedgradientin pressure) A
possiblefurther consequencerould be anincreasen the amplitudeof the northrsouth(Rossby)
wavesassociatedvith the jet. Think of the jet as developinglarge north-southmeandersasiit
progresseslowly zonally aroundthe planet,althoughthe actuallinks herestill needto be better
understoodFigure 10 illustratesthe latitudinal excursionof the jet observedn March 21,2012.
Liu etal. (2012)havedemonstrated link betweernthe decreasén autumnArctic seaice andthe
winter Northern hemispherecirculation that appearsto be relatedto other natural variability,
namelythe negativephaseof the winter Arctic Oscillation(see box o page 39. This circulation
changeresultsin more blocking patternsand cold surgesover northerncontinents,as well as
bringingmore moisturefrom theArctic to producesnowfallin Europeandthe U.S. In anycase,
Arctic warmingresultsfrom Rossbywave propagatiorfrom lower latitudes,amplified somewhat
by seaice lossandperhapdy lossof snowcoverearlierin theyear.In short,the Arctic warming
is a consequencef changesn lower latitudes While it is possiblethat it feedsbackon lower
latitudes,it remainsto be seenwhetherit hasa substantiakffecton the restof the globe.To this
we would add that as the offsetting effect of the aerosolinduced cooling diminishes, the
importanceof the greenhousgaswarmingcanonly increase.
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Figure 10. Path of the Jet Stream on March 21,2012
Image courtesy of wunderground.com

Regional Influences of Aerosols

Emissionsof SO,, displayedin Figure 11, offer a usefulsurrogatefor the trendovertime in the
global source of (anthropogenic)aerosolsavailable to offset warming resulting from the
increasingconcentratiorof greenhousgasesA breakdownof individual contributionsto these
emissiongs displayedin Figure12. The rapidincreasdn global emissiondrom about1950to
1970 offers a potentialexplanationfor the pause(hiatus)observedover this time interval in the
otherwiseinexorablerisein globalaveragesurfacetemperatures.

Gl obal emi ssions peaked in the early 197006s,
in the US and Europe to minimize the environmental damage associated with acid rain (see
Figure 12 for the temporal trend in US emissions). The increasglobal average surface
temperatures resumed subsequently. Emissions from China and from shifiging 12) now
constitute the most important, maspidly growing sources of sulfur emissions, responsible in
combination for the modest increase in the global source indicated for th20@@speriod in

Figure 11. There are reasons to believe, though, that Chinese emissions may have decreased
more recently as the government moves aggressively to deal with problems of local and regional
(conventional) air pollution. As discussed by Lu et al. (20&®)jssions from the US have
decreased precipitously over the past 4 years, reflecting-ipdaeed switching of fuels from

coal to natural gas in the power sector, prompted by the recent fall in prices for natural gas,
leading to selective idling of the ast inefficient (oldest) codired power plants that were
generally not equipped to remove sulfur. As noted above, the recent downward trend in
emissions from China and the US raises the possibility for a significant increase in net radiative
forcing in he immediate future: in fact we may already be experiencing the impact of this
increase.
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Figure 11. Global Sulfur Dioxide Emissionsfrom Fuel Combustion and ProcessEmissions
with Central Value (solid line) and Upper and L ower Uncertainty Bounds (dotted lines).

SourceS.J.Smithetal., 2011.
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A notablefeature of the data presentedn Figure 12 is the increasein emissionsof sulfur
associatedwvith the use of high-sulfur bunker fuels by shipping. Emissionsfrom this source
likely surpassedhosefrom the US at somepoint the early 20003. It may be worth noting that
emissionsof sulfur (andnitrogen)into arelatively pristineenvironmen{the atmosphereverthe
oceans)ould havea differentially greaterimpact on climate as comparedwith emissionsinto

more polluted environmentsloserto industrial sourcesEmissionsin the former caseare more
likely to contributeto productionof the fine particlesthat could serveasan enhancedourceof

nucleifor condensatiolf waterin clouds(morecloud particles,enhancealoudreflectivity).

Authoritiesin Europeand in the U.S. are committedto legislatng significant reductionsin
emissionf SO, from shipping,atleastin their territorial waters.Prospect®verthe nextdecade
or soarethusfor anoverall decreasen global emissionf sulfur, goodnewsfor public health,
for a reductionin the acidity of precipitation,andfor the overall healthof the biosphere.The
downsideis that warming of the planet may accelerateand weatherpatternsmay become
increasinglyanomalous

Effect on Precipitation and the Hydrological Cycle

Therateof global precipitationis controlledultimately by the rate of global evaporationmainly
from the ocean.The Argo float data(Levitus et al., 2012)confirm thatthe supplyof heatto the
oceanhasbeenincreasingover the pastseveraldecadesA significant fraction of the energy
absorbedy the oceanis usedto evaporataevater.It would bereasonablgn light of theevidence
for increasednput of heatto the ocean,to expecta rise in evaporation However, given the
strengthof the overall hydrological cycle, the resulting changemight not be consequential
(readily detectable).A conservativeapproachwould be to assumethat there has been little
changen eitherglobalevaporatioror precipitationovertherecentpast andthatthis conditionis
likely to persistinto thefuture. The atmospheré warmernow thanit hasbeenin the past,andit
hasbeenobservedhat the abundancef watervaporin the atmospherdasincreasedandit is
likely to continueto do so. When conditionsfavor precipitation (rising atmosphericmotion
associatedvith the onsetof a storm), it is probablethat the intensity of the resultingrain or
snowfallwill increaseasa consequencef the enhancedupplyof watervapor.Of course what
really mattersis the intensity and spatial distribution of that rainfall, which is controlled
ultimately by dynamical processesn the atmospherelf global precipitationis conserved,
however,this meansthat it mustrain or snowlessin otherregionsor at othertimes Whatwe
may expect then is weatherwhose patternsare more variable and generallymore extreme-
increasedncidencesof floods in someregionswith droughtsin others.This is preciselythe
patternobservedover the pastseveralyearsas discussedater in this report. And the trend is
likely to persistindeedto becomeavenmoreextremejn the yearsahead.
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Impact on Extreme Conditions

A relatedquestionconcerngheimplicationsof a
Warming climgte for violent storms i for expansion of what is known as the Hadle
hurricanes,major cyclones and tornadoesfor circulation, the system that dominate:
example.Emanuel(2007) hasarguedthat there  meteorological conditions in the tropics and sul
iS no reasornto expectanincreasan thenumber  tropics. A poleward shift of the Hadley circulatic
of hurricanes(or typhoons as thesestormsare  system could cause these desert regions to exte
calledin the Pacific) However he states that  to higher latitudes: think of the Saha Desert
is likely thatthesestorms feedingoff highersea extending across the Mediterranean into southel
surfacetemperatureswill be more energeticin Europe o the. SOUthweSte.m des?rt of t.h D
. . moving north into the graigproducing region of
the future, packinga strongerpunch.A similar -
conclusionholdsfor major cyclones Exposedto
highersurfacetemperatureandanenhancesgupplyof watervapor(condensatiof watervapor
representsthe primary energy source for hurricanesand major cyclones)these storms are
expectedo exactanincreasingoll in the future, not only in damageo propertybut alsoin loss
of life. On the otherhand,despitepublic perceptionthat tornadoeshavebecomemore frequent
and more damagingrecently and that they may have expandedtheir range, the scientific
evidencesupportingthis view is at bestambiguousThereis no basis,therefore,in the case of
tornadoego offer anymeaningfulprojectionsfor thefuture.

With a warmer climate, we may expect a

With awarmerclimate,we mayexpectan expansiorof whatis knownasthe Hadleycirculation,
the systemthat dominatesmeteorologicalconditionsin the tropics and subtropics. Moisture
ladenair risesin the equatorialregion. After losing the bulk of its moisturedueto precipitation,
theair movesto higherlatitudesin the uppertropospherén bothhemispheregjefiningthe upper
branchef a matchedpair of circulationloops.It sinksto the surfacein the subtropics(in both
hemispheresat latitudesbetweenabout25 and 35 degreesyeturningto the equatorialsource
regionthroughthe lower branchef the circulationloops(definedby the tradewinds). Thereis

observationakevidencefor expansionof the Hadley @Il by as much as 2 degreesof latitude
betweenl1979 and 2005 (Fu et al., 2006; Seideland Randel,2007) There are als@onvincing
theoreticalreasondo attributethis expansiorto anincreasen temperatureand moisturein the
tropics(Held, 2000;Held andSoden 2006 Lu etal., 2007;Friersonetal., 2007).1t is interesting
to note that modelstend to greatly underestimatdéhe observedexpansionof the Hadley cell.

Therearetwo possibleinterpretation®f this disparity.Much of the observedrendin the past30
years could be a reflection of potentially reversible natural variability. Alternatively, it is

conceivablethat the models are underestimatingthe sensitivity of the mean meridional
circulationsto the buildup of greenhousgases.

Whentheair sinksto the surfacein the subtropics it hasalreadylost the bulk of its moisture.It
is not only very hot in this case(in the absencef moisturethe temperaturef the air increases
by closeto 9°C for everykilometerof descentput alsovery dry. The majordesertregionsof the
world are generallyco-locatedwith the descendindoops of the Hadley circulation system.A
polewardshift of the Hadley circulation systemwould causethesedesertregionsto extendto
higher latitudes:think of the SaharaDesertextendingacrossthe Mediterranearinto southern
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Europe or the southwestermlesertof the U.S. moving northinto the grain-producingregion of
thecountry.

We may anticipatethat expansiorof the Hadleycell is likely to continueover the next several
decadeslargely asa consequencef the increasen the concentratiorof the greenhousgases.
We would not, however expectthe behaviorof the Hadleycirculationto be particularlysensitive
to changesn emissionsof the anthropogeni@erosols The impact of those aerosols/ould be

expressednoredirectly at higherlatitudesof the northernhemisphergalthoughtherecould be

an indirect influenceif the aerosolsprompteda larger scalechangein oceancirculation that

extendednto thetropics.

3.4 Natural Variability in the Climate System

In addition to the longerterm impact of humaninduced changesin greenhousegasesand
aerosolsthe climate systemmay be expectedo respondto a rangeof influencesthat may be
considerednhaturalin origin, variability reflecting the essentialnon-linearity of the underlying
physics.Changesnay ariseon a variety of time scalesrangingfrom daysor monthsin the case
of weatherto yearsor evenhundredsof yearsin responséo changesn the ocean.Examplesof
someof the more persistenithangesaffecting climatic conditionsin the tropics and over large
regions of the northernhemisphereinclude the EI Nifio T SouthernOscillation (ENSO), the
Madden Julian Oscillation (MJO), the Atlantic Multidecadal Oscillation (AMO), the North
Atlantic Oscillation (NAO), the Arctic Oscillation (AO), and the Pacific DecadalOscillation
(PDO), with similar quastregularfluctuationsobservedn the southernhemisphergsee box).
An interestingunresolvedquestionconcernghe potentialsignificanceof the interplay between
natural variability as exemplified by thesevariousfluctuationsand humaninducedchangein
regulatingat leastthe shorttermexpressiorof the globalclimatesystem

The oceanatmosphere system is closely coupled. As a consequence, the atmosphere is expected
to respond to changing conditions in the ocean (specifically changes in the distribution of
temperature expressed at the ocean surface), and vice versa. Tlie EIS¢uthern Oscillation
(ENSO) represents an important example of this variability, one that has been intensively studied
in recent years. The extremes of this phenomenon are referred to aSoEdrdi La Niia. El

Nifio is identified with unusually warm condihs in the tropical Pacific extending from the
dateline to the coast of South America. It is associated with drought over Indonesia, Australia,
and southern Africa, and with unusually heavy rains over Peru and Ecuador. Meteorological
conditions during LaNifia reflect roughly a mirror image of those observed during Bb Ni
(heavy rains over Indonesia, Australia, and South Africa; drought over Peru and Equator). ENSO
also affects weather patterns over extensive regions of the tropics ardomab, in
environments as disparate as coastal California, the American Southwest, and northeast Brazil.
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NATURAL OSCILLATIONS
INTERANNUAL TO DE@GAFFEATURES OF THIMEBTE SYSTEM

In addition to the quassteady patterns of atmospheric circulation such as the tradteds and the Hadley cell
there are transitory patterns that can persist for weeks, months, and years. These patterns are called m¢
oscillations, but they are only quaseriodic. The patterns or oscillations are driven by changes in sea su
temperature and atmospheric pressure that arise from natural variability and are shaped by the ocean's
to store and transport heat, as well the effects of soil moisture, vegetation, and snow and ice.

Because the patterns help determine the paths of Weather systems and thus the distribution of hee
rainfall, and ice, they can lead to variations in how wet, dry, warm, or cold a particular spot on Earth will
any time of year. Over the years, there have been at least a dozen different oscillatEntified and followed
with increasing insight. Important oscillations discussed in this report include (by time scale):

A Madden-Julian Oscillation (MJO)irregular tropical disturbance of winds and rainfall that trave
eastward with a cycle of roughly 30 to 60 days.

A Monsoon: a major tropical wind system driven by differential heating of ocean and land that reve
direction twice yearly, leading to wesimmer) and dry (winter) seasordajor monsoonal circulations
occur in Asia and India, although smaller monsoons are also found in equatorial Africa, no
Australia, and the southwestern U.S.

A El Nifio/Southern Oscillation (ENSQ)haracterized by chamg in tropical Pacific Ocean sea surfa
temperature and associated disruption of trade winds, rainfall and droughts. Both warm (El Ninc
cold (La Nina) events occur on an irregular cycle, with a warm event (El Nino) occurring about eve
years.

A Indian Ocean Dipole (IOD¥haracterized by changing Indian Ocean sea surface temperatures that
the normal convective winds to the west, leading to anomalous rainfall and droughts. Occurs !
irregular cycle of roughly 3 to 7 years.

A Pacific DecadaDscillation (PDO)characterized by sea surface temperature shifts over the entire Pa
Ocean area, with largest impact on the jet stream across North America and fishery ecosystems
Northeastern Pacific. Changes appear on a time frame of 15 ye&G.

A North Atlantic Oscillation (NAO)the dominant mode of winter variability in this region characteriz
by an oscillation in atmospheric mass between the subtropical high and the polar low, reflectin
strength of westerly winds across the Atlaninto Europe. The index varies from year to year, but &
can remain in one phase for several years. Related to the Arctic Oscillation, observed in the circu
Arctic.

A Atlantic Multi-decadal Oscillation (AMO)characterized by changes in the averddéorth Atlantic sea
surface temperature between the equator and 60 degrees north and associated with changes
latitudinal overturning circulation. The cycle of warm and cool periods is multidecadal.
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The warm phase (El Ro) is associated typittg with unusually heavy rainfall over coastal
California. The cold phase (La M) is implicated with abnormally dry conditions in the
American southwest. The La 4 condition, which has applied over the past several years, as
indicated inFigure13, may have been responsible, at least in part, for the devastating, persistent
drought experienced recently in Texas and extensively more recently (June 2012) over New
Mexico, Utah, Nevada, @nArizona. Expansion of the Hadley circulation may also have played a
role in this context, underscoring an important point: the potential significance of the interplay
between natural variability and human induced change in regulating at least th&eshort
behaviorof the global climate system.

MULTIVARIATE ENSO INDEX
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Figure 13. ENSO Index.

The Multivariate ENSO Index (MEI) illustrates periods of El Nino (red) and La Nina (bluE)e indexis basedon the six main
observedvariablesover the tropical Pacific. Thesesix variablesare: sealevel pressurezonal and meridionalcomponentof the
surfacewind, seasurfacetemperaturesurfaceair temperatureand total cloudinessfraction of the sky. The MEI is computed
separatelyor eachof twelve sliding bi-monthly season¢Dec/JanJan/Feband NovDec).Imagefrom NOAA/ESRL.

Muller et al. (2012) concluded that the decadal variability of global land surface temperatures
over the past 60 years is correlated significantly (correlation coefficient of Qi@b)the
variability of the Atlantic sea surface temperature, as represented by the AMO index (Atlantic
Multidecadal Oscillation As noted in the box above, the AMO is associated with a more or less
coherent pattern of variability of ssarface temperatas in the North AtlanticMonthly values

for the departureof the AMO from the meanaredisplayedfor the interval 18562009in Figure

14, showing avariationon atime scaleof between60 and90 years.As noted earlierBoothetal.
(2012)havearguedthat changingpatternsof sulfur emissiongnayalsohaveplayedarole in the

AMO variability, at leastover the pastcentury.Knudsenet al. (2011) presentevidencethatthe

AMO hasbeena persistenteatureof north Atlantic climatevariability for at leastthe past8,000
years.They point to a seriesof studieslinking the AMO to changesn precipitationover North
America, droughtsin the Sahel,variability in northeasterrBrazil rainfall, the frequencyand
intensityof tropical hurricanesandpotentiallyevento changesn the interhemispheri¢ransport

of heat
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Monthly values for the AMO index, 1856 - 2009
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Figure 14. Monthly Valuesfor the AMO Index 18561 2009.

Thetimeseriesaarecalculatedrom the Kaplansea surface temperatu®ST) datasethich is updatedmonthly. |t is anindexof the
North Atlantic temperaturesNOAA ESRL createsboth a smoothedand unsmoothedrersion.Imagefrom Wikipedia, Datafrom

NOAA ESRL
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A review of the observational record demonstrates that the prevalence of recent climate extremes ex
historical expectations and that their extent is worldwide, affecting people where likey where they draw
upon fresh water resources, and where they grow food.

A Global average land surface temperature has increased by about 0.9°C since the 1950s. During tl
period, the prevalence of extreme warm anomalies has increased and the pmeeatd extreme cool
anomalies has decreased.

A There is no obvious loagrm trend in global annual precipitation over land. However, there is str
evidence that precipitation has occurred in more extreme events for most of the northern hemisphi

A Highertemperatures combined with more extreme precipitation have combined to produce increa
prevalence of severe freshwater deficits since about 1980 and a much smaller increase
prevalence of freshwater surpluses since about 1990.

A Most of the permafrst observatories in the Northern Hemisphere show significant warming
permafrost since about 1980990.

A The minimum September arctic ice extent for each of the past five years-@00[) was lower than at
any other year in the period of record and daalig at an average rate of about 12% per decade.

The climate of the pastdecadenasbeenunusual.Global averagesurfacetemperaturen eachof

thetenyearsfrom 2002through2011rankedamongthetop 13 yearsin a 132yearinstrumental
recordthat beginsin 1880 (NCDC, 2012). This decadehasalso beenmarkedby a numberof

high impact weatherrelateddisastershat include dramaticheatwaves,droughts,floods, and
storms(WMO, 2011; NOAA, 2012; NOAA, 2011). Thesephenomenare occurringat a time

markedby apparentchangesn the basicclimate system.Humaninducedclimate changesare
evidencedby numerousscientific measurementgsee box below). Naturally induced climate
changesare evidencedby active El Nifio-SouthernOscillations, the Atlantic Multidecadal
Oscillation, and other regional oscillations.We examinethe documentedempirical recordand
describethe evidencethat makesit clear that the intensity of recentunusualeventsexceed

normal expectationsandthat their extentis worldwide, affecting peoplewherethey live, where
theydrawuponfreshwaterresourcesandwheretheygrow food.

This section begins with a review of the observationalrecord for surface temperaturg

precipitation, floods and droughs, with a particular focus on trendsin the prevalenceof

extremes.It then reviews trendsin the observedimpact of climate changeson arctic ice,

permafrost,glaciers,ice caps,ice sheets,and sealevel. This surveywill provide a basisfor

understandinghe scaleandscopeof extrane eventsand manifestation®f changesn important
physicalcomponentsof the Earth systemthat can affect weatherpatterns.With observational
evidencewe illustrateactualchangesn extremeweathermpatternsanticipatedn Section3, fiOur

CurrentUnderstandingf the Climate Systeno, andsetthe stagefor Section5, fiProspectsor the

NearTermFutureo
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GROWING EVIDENCEHRAMANINDUCED CLIMATE CHZAN

Observations of key indicators related to climate chani
over the past five years are demonstrating clearly th
the factors associatedg A 1t K 9 NI KQa

imbalance are changing in a way that is consistent w
the basic physics of anthropogenidimate change
driven by increased emission of greenhouse gases ofi
to some extent by emissions of industrial aerosols.

RECENT MONTHLY MEAN CO, AT MAUNA LOA

400

395

390 1

PARTS PER MILLION

Multiple lines of observational evidence conclude th:
atmospheric concentrations of greenhouse gases ¢
increasing and thatmost of this increase can be
attributed to the combustion of fossil fuels (Blunden ¢  38°
al, 2011). Carbon dioxide (gCconcentrations have 2008 2009 2°1°YEAR2°11 0
increased fromapproximately 340 ppm in 1980 to

approximately 397 ppm today (NOAA Mauna Loa Observatory, 2012). One @athatfmost of this increase
is due to fossil fuel combustion because:

October 2012

n
o
=
w

1. The northsouth difference inconcentrationsis increasing in a manner that is consistent with,C
emissions from fossil fuel combustigredominantlyin the Northern Hemisphere ral

2. Measurements of tracers indicate fossil fuel combustion. Decredébdn CQis a result of adding
CQ from fossil fuel combustion (depleted 61C);**C in C@shows that the added GGs of organic
origin; and a decrease in the ratio 0.0, is consistent with @consumption by fossil fuel combustiol
(Blunden et al., 2011)

The current rate of increase in atmospheric,@exceptional when comparei changes on geological tim:
scales, as assessed from measurements of air trapped htores (Blunden et al, 2011). Atmospher
concentrations of other major greenhouse gases such as methang @@ nitrous oxide (pD) are also
Ay ONB I aAy 3 de ofinedrzérS didwth, afnSspheric methane increased globally in 2007 and 200
gt dp LIJI LISNI 8SFNE YR o6& 9Y9p 5 H LIGb conkehtrations rap
increasing, due in part to application of fertilizers on agriculturapsrat a rate of 0.75 £ 0.01 ppb per ye
(Blunden et al, 2011).

Otherkeyevidenceis routinely monitored by NOAA and others:
A Global average surface temperature is rising
A Global average sea surface temperature is rising
A Sea level is rising
A Global upper oean heat content is rising
A Specific humidity is increasing
A Northern hemisphere snow cover is decreasing
A The lower stratosphere is cooling while the upper troposphere is warming
A Energy from the sun has not significantly increased.

The last two observationsupport the view that increased atmospheric concentrationgrelenhousegases are
largely responsible for observed increases in global average surface temperature, increases of tempera
the upper troposphere, and decreases of temperatures in tmatssphere (where infrared radiation emittec
by CO2 can communicate directly to space). The latter two conditions may be considered as critical fingt
of GHGinduced change.
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4.1 Surface Temperature

Multiple independenestimatef trendsin global meantemperaturever time haveall reached
the sameconclusion.Global averagesurfacetemperaturgcorrectedfor heatisland effects)and
global averagesurfacetemperatureover land only have both increasedsignificantly sincethe
1950s. The resultsfrom a recentre-analysisof global land surfacetemperaturerecords are
depictedin Figure 15 below (Rohdeet al., 2012). This analysisreportsthat fithe global land

meantemperaturencreasedy 0.89+ 0.06C in thedifferenceof the Jan2000Dec 2009average
from the Jan1950 Dec 1959 averagg(95% confidencefor statisticaland spatialuncertaintiesp

A parallel analysisconcludedthat fiurban warming does not unduly bias estimatesof recent
global temperaturechang® (Wickham et al., 2012). As discussedn Section 3, some have
observedhatthe rate of changeappearso haveleveledoff or evenreversedn the pastdecade
(Allegre et al., 2012).In a climate with stronginter-decadalvariability, suchperiodsareto be

expected,evenwhen the long-term trend is dominatedby warming (Easterlingand Wehner,
2009;Rohdeetal., 2011 Rohdeetal. 2012). During thesefhiatus periods,it is possiblethatthe

excessaatmospherie@nergyis absorbedy deepoceanwaters(Meehlet al., 2011)and/orthatthe

negativedirect and indirect forcing effectsof shortlived atmospheric@aerosolshaveincreased,
particularly in Asia, since the mid-1990s(Murphy et al., 2009; Wild, 2009; Kaufmanet al.,

2011;Wild, 2012).

12-month moving average of surface temperature over land
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Figure 15. 12-month M oving Averagesfor Four IndependentEstimatesof Global M eanL and Surface
Temperature,and a Gray Band Correspondingto the 95% Uncertainty Rangeon the Berkeley Average.
SourceRohdeetal., 2012

While it is clear that global average temperaturesare increasing, the most imminent
consequence® national securityoccur during periodsof temperatureextremesWhen people
andecosystemsare confrontedwith temperaturesvell outsidetheir rangeof expectationdased
on recentprior history, they often respondin atypical ways that can pose national security
challengesTheseeffectsare magnifiedby todays globalizedpolitical-economywhenepisodes
of extremetemperature®ccur at many different placesat oncei a phenomenorthat Thomas
Friedmanrhaspopularizedasiglobalweirdingd (2010).
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Figure 17 and Figure 18 presentthe key resultsfrom an analysisof trendsin the prevalenceof
temperatureextremesThis analysisexamineghe estimatedfreturn period® of annualaverage
temperaturesor land surfacegrid cells coveringapproximately64,000 sq km each,basedon a
climatology constructedfrom observedannual averagetemperaturedor 1910-2010 obtained
from the NASA Goddardinstitute for SpaceStudies(GISS, Hansenet al., 2010). The 250 km
versionof the GISSdataseis usedhere.Only grid cellswith at least10 monthsof gooddatain
80% of the yearsbeinganalyzedareused Datafor missingcell-monthsarereplacedwith mean
values for that month over the period of analysis.This criterion is usedto avoid potentialbias
associateavith sparseweatherstationsin the high-latitude regionsof the world wherewarming
is most pronounced.Annual averagetemperaturedor qualifying cells are fitted using the
generalizeextremevalue(GEV) distribution(Hoskingetal., 1985;Hosking,2009).Theinverse
of the returnperiodis the probability of observingan anomalyof a given magnitudeor worsein
a given year. For example,a return period of +30 meansthan one would expectto observean
fiabove mediard (or fhotd) anomalyof a given magnitudeor worse in 1 out of 30 years.
Similarly, a return period of -10 meansone would expectto observea fibelow mediard (or
ficoldd) anomalyof a given magnitudeor worsein 1 out of 10 years.Figure 16 depictsthe cells
usedto generatehe distributions,andthe cells usedto computeoccurrenceof extremeannual
averaggemperatures.

Qualifying Cells — 1950 through 2010 Qualifying Cells — 1910 through 2011

T | e T 2,
Figure 16. Cellsfrom GISS Temperature DatasetUsedto GenerateReturn Periods.

The left mapshowsthe cellsthat qualify whenanalyzingthe periodfrom 1950through2011, andthe right mapshowsthe cellsthat
qualify whenanalyzingthe periodfrom 1910through2011.

Theresultingtrendsin the prevalencef extremeannualaveragegemperaturesverthe measured
land surfaceare shownin Figure 17. The red barsin thesechartsdepict the fraction of the
measuredand areawith abovemedianannualaveraggemperatur@anomaliegwarmevents)that
exceeda 30 yearreturn periodthreshold,andthe blue barsdepictthe fraction of the measured
land areawith below median anomalies(cool events)that exceeda 30 year return period
threshold.For referencethe gray areadepictsthe value onewould expectwith a stationaryand
spatiotemporallyandomclimate. Figure 17 (left) showsthe trendusinga baseperiodof 1910
1970 to estimatereturn frequencies.This plot shows a relatively stable temperatureregime
throughoutthe baseperiod (except forwidespred cold eventsin 1917, andperiodswith above
and below expectedprevalenceof warm and cold yearsin eachdecadethroughthe 1970s
Beginningin the early 1980s the prevalenceof warm yearsvastly exceedsanythingobservedn
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the baseperiod and the prevalenceof cold eventsvirtually disappearsdy the 2000s. These
changesare consistentas the baseperiod is movedforward in time in Figure 17 (centerand
right), but successivelyessdramaticsincethe morerecentbaselineperiods include moreof the
hotyears

1910-1970 Baseline 1930-1990 Baseline 1950-2010 Baseline

GISS Annual Temperature - GEV based on 1910-{1970 GISS Annual Temperature - GEV based on 1930-1990 GISS Annual Temperature - GEV based on 1950-2010
Aken Return Frequency 30 Aggregated Over Land At Return Frequency 30 Aggregated Over Land Area
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Figure 17. Trends in the Prevalenceof Extreme Annual AverageTemperatures(19102011)Using
Three BaselinePeriods (1910-1970,1930:1990,and 1950-2010).

Red barsin thesechartsdepictthe fraction of the measuredand areawith abovemedianannualaveragetemperatureanomalies
(warm events)that exceeda 30-year return period threshold,andthe blue barsdepictthe fraction of the measuredand areawith
belowmediananomalieqcool eventsihatexceeda 30 yearreturnperiodthreshold.

Figure 18 presentsa more detailedlook at the prevalenceof extremetemperaturesising the
19502010baselineperiod.Figure 18 (UL andUR) depictthetrendin the proportionof theland
surfaceexperiencindlO- and30-yearannualaveragdemperatur@nomaliesisingthe 19562010
baselineThered barsdepictthe areaexperiencingagbovemediananomalieghot temperatures),
and the blue barsdepict below mediananomalies(cool temperatures)For referencethe gray
areadepictsthe value onewould expectwith a stationaryand spatiotemporallyandomclimate.
As above,thesetwo plots show a clear trend towardssignificantly more prevalenthot annual
averagetemperaturesstarting in the mid-198Gs, coincident with a marked decline in the
prevalenceof cool averageannualtemperatureghatbeginsin the mid-1970s.The prevalenceof
30-year extremesappeargo be partially correlatedwith ENSO variability. This correlationis
less pronouncedn the prevalenceof 10-year extremes.To demonstratehat the trend toward
more widespreachigh temperatureanomaliess not limited to sparselypopulatedhigh latitude
regions, Figure 18 (LL and LR) show the trendsin the prevalenceof 30-year temperature
extremesusing the 19502010 baselineperiod weighted by populationcirca 2000 (CIESIN,
2005) and by cerealproductioncirca 2000 (Monfredaet al., 2008) Thesechartsclearly show
that the increasing prevalenceof hot averagetemperatures,and the correspondingnear
disappearancef cold averagetemperaturesis occurringin the populatedand agriculturally
productiveregions of the world, not just in the sparselypopulatedhigh-latitudes where the
absolutechangean temperaturdnasbeenhighest.
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Figure 18 Trends in the Prevalenceof Extreme Annual AverageTemperature Using 19502010Baseline

(UL) Fractionof land areaexperiencingtemperatureextremeswith an estimatedreturn frequencyof 10 yearsor greater.(UR)
Fractionof land areaexperiencingemperaturextremeswith anestimatedeturnfrequencyof 30 yearsor greater(LL) Fractionof
population(ca. 2000) living in areaswith an estimatedreturn frequency of 30 yearsor greater.(LR) Fraction of global cereal
production(ca.2000)in areaswith anestimatedeturnfrequencyof 30 yearsor greater.

Theresultsdepictedin Figure18 areconsistentvith similar analysegperformedby Hanseret al.
(2012A, 2012, Meehl et al., (2009), Trewin and Vermont (2010), Brown et al. (2008), and
Alexanderet al. (2006) usingalternateemperaturelatasetandstatisticalmethods.The Hansen
etal. resultsaremostcomparabldecauseheydirectly examineextremesn annualandseasonal
averagetemperaturausing the GISS temperaturedataset They report increasingprevalenceof
extremetemperatureg bothwinter andsummerperiods.Figure 19 depictshow the distribution
of summertime temperatureanomaliesover Northern Hemisphereland has shifted towards
hotter temperaturesind broadenedy decade.The Brown et al. and Alexanderet al. analyss
describeconsistentrendsin extremesof daily minimum and maximumtemperaturesMeehl et
al. examinetheratio of recordhigh maximumtemperaturdo recordlow minimumtemperatures
in the U.S. andfind thatthe ratio hasbeensteadilyincreasingsince1970. Trewin and Vermont
examineratios of recordhighsto lows in Australiaandfind that the ratio hasbeenincreasing
sincethe1960s.
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Jun—Jul-Aug Temperature Anomaly Distribution: NH Land
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Figure 19. Distributions of Northern Hemisphere Summer Temperature Anomalies
over Land by Decade(Source:Hansenet al, 2012a)

Usingthe GISStemperatur@atasetHansenet al. depicthow the distributionof summertime temperatur@nomalieover Northern
Hemispherdand hasshiftedtowardshottertempeaturesandbroadenedyy decade shifting thetail of thedistributiontowardmore
extremetemperatures;n summerandin winter periods.

The global trend in averageland surfacetemperaturds clearly relatedto the increasein the
prevalenceof extremeannualaveragetemperaturess illustratedin Figure 20. Thesegrapls
overlaythe trendin meanglobal surfacetemperaturever land derivedfrom the GISS dataon
thetrendsin prevalenceof 10- and30-yearextremedrom Figure 18 (a) and(b) above.A single
scalefactor is appliedto the global surfacetemperaturemears to fit themto the rangeof the
prevalence The proportion of land areawith extremeaverageannualtemperaturess clearly
relatedto the globalaveragegemperatureanomalyoverland. Globalmeantemperatur@verland
anomaliesexplain about 90% of the difference in the proportion of measuredland area
experiencinghot-cold extremesusinga 10-yearthreshold(left plot) and 73% of the difference
using a 30-year threshold(right plof). This suggests that any future increases in global mean
temperature over land will likely be accompanied by greater prevalence of extraperatures.
The prevalence in 3@ear extremes appears to be partially correlated with ENSO variability in
addition to global mean temperature over lankis impliesthat the prevalence of the most
extreme local annual mean temperatures during thedeeside will rise along with global mean
temperaturgand is likely to beyreatestluring periods of ENSO variability.
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Figure 20. Comparison of Global M eanLand Surface Temperature Prevalence
of 10- (left) and 30-year (right) Extremes

Globalmeanland surfacetemperaturelataarescaleduo fit therangein prevalence
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Figure 21 depictsin mapform the maximumreturnfrequencyper cell per decaderom 1910to
2010,usingabaseperiodof 19502010.Theincreaseaccurrencef 10- to 30-yearhigh average
annualtemperaturegyellows, orangesyeds)startingin 1981:1990is unmistakableAside from
the high returnfrequenciesobservedn the U.S. in the 1920 and 1930Gs, only small pocketsof
high returnfrequenciesarevisible from 1910through1980.Clearly the proportionaloccurrence
of unusually high averageannualtemperaturedhas increasedin the last few decadesAlso
apparentn thefigureis thefact thatthesehigh averagegemperaturearedistributedover mostof
thelandareafor which therearequalified cells.

Figure 22 summarizes results of a similar analysis restricted to Mexico and the U.S./Mexico
border region (Texas, New Mexico, Arizona, and Southern California) using the20980
baseline period. Whel some of the results for this region mirror those for the global analysis,
there are some important differences. While there is a clear trend toward greater prevalence of
extreme high average annual temperatures beginning in th&98a$ as in the globahalysis,

it is not unique. There are several years in the period-1928 that also exhibit widespread
occurrence of extreme high average annual temperatures. Low average annual temperatures in
the U.S./Mexico border region occur primarily in the 199Q0 and 1974990 periods. Those
periods show up in the global prevalence results, but are less widespread. These results suggest
that temperature extremes in this region are dominated by-aeglidal oscillations, but that the
extremes in the current ped are somewhat more prevalent and more closely sequenced in time
than in the 1920s and 1930s. This analysis cannot discern whether thimsplg satural
variability, a general warming trenddffects of rapid regional industrialization that resulted in

large emissions of aerosols from cbedd power plants and the subsequent reduction in these
emissions due to the Clean Air Act of 1990 as suggested by Leibensperger et al. (2012), or
interactionsamongall three of these influences.

In general, the anadjs of trends in the prevalence of extreme annual average temperatures for

specific regions is less conclusive than the global analysis. This is not surprising, given that the
climate in these regions is dominated by natural variability. However, thissittadeesults from

the global analysis even more compelling. When aggregating across many regions, each
controlled in different ways by natural variability, there is a clear trend toward greater prevalence

of extremes that coincides with global averageuahland surface temperature anomalies.
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Figure 21. Maximum Return Period of Above M edian Annual AverageTemperature
Anomaliesby Decade(1910-2010)Using a 1950-2010BasePeriod.

Gray= <10, yellow= 120, orange= 230, red=03 0, whi t e = Amircredsdnitheglobatanhdredianalogcurrencef
20- and30-yearabovemedianland surfacetemperatur@anomaliess evidentfrom 1910through2010.This figure depictsthereturn
periodof the largestabovemediantemperatureanomalyoccurringover eachtenyearperiodsince1910in eachgrid cell with near
continuousmeasurementthroughoutthe period With the notableexceptionof the U.S. dustbowl era,few locationsexperienced
20- or 30-year above mediantemperatureanomaliesin the period 1910 to 1980 (orangeand red in the figure). However, the
majority of the measuredand surfaceexperienced30-year high temperaturest leastoncein the period 2001-2010 (red in the
figure). This analysishasshownthatthe high-temperatur@nomaliesareoccurringnot only in unpopulatedareassuchastheboreal
andArctic regionswhereaverageéemperaturebaveincreasedhe most,butalsoin agriculturalcroplandsandpopulatedareas.
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Figure 22. Trends in the Prevalenceof Extreme Annual AverageTemperaturein

Mexico and the U.S./Mexico Border Region.
(UL) Fractionof regionalland areaexperiencingemperaturextremeswith an estimatedeturnperiodof 10 yearsor greater (UR)
Fraction of regionalland areaexperiencingtemperatureextremeswith an estimatedreturn period of 30 yearsor greater.(LL)
Fractionof regionalpopulation(ca. 2000)living in areaswith an estimatedreturn period of 30 yearsor greater.(LR) Fractionof
regionalcerealproduction(ca.2000)in areasvith anestimatedeturnperiodof 30 yearsor greater.
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The past decade has been marked by a number of high impact weather related disasters that include d
heat waves, droughtdloods, and storms (WMO 2011; NOAA 2012; NOAA 2011). In one particular event
March 2012, a large portion of North America experienced a prolonged period of exceptionally
temperatures that broke numerous temperature recorc
throughout the regionby large amounts, leading astut
20aSNBSa G2 LINROfIAY dadzyy
Y2YyGK a I ¢K2tS ¢6la GKS a
contiguous United States, a record that dates back to 18
The average temperature of 51.1°F was 8.636va the 28"
X century average for March and 0.5°F warmer than t
Monthly average temperature anomal previous warmest March, in 1910. Of the more than 1,4
expressed as return frequency for Marc months that have passed since the U.S. data record be
2012.Dark red areas havabovemedian  only one month, January 2006, has seen a larger depart
temperature (relative to 195@010) with  from its average $ YLISNI G dzNB G KIy a
an estimated returnperiod of greater 5012 |n the period from January 1 through June 10, 20
than 50 years. the ratio of record daily highs to record daily lows in tt
conterminous United States exceeded 10:1 (Walton, 2012)

The U.S. map illustratebat the eastern twethirds of the United States and much of Canada experien
temperature anomalies with expected returperiods of more than 50 years. While the March recol
temperatures made headlines, it has not been as widely reported that theeentinter was unusually warrr
and followed an extremely warm spring and summer in 2010. The charts show the monthly tempe!
anomalies expressed as retuperiod for Toronto and New York City from January 2010 through March 2(
During the winter of 20112 (November through March) the returperiod2 ¥ ¢ 2 NPy (i 2 Q&
temperature anomaly exceeded 50 years in 4 of the 5 months, and the remaining month (January) had &
period of almost 20

years. In New York City Monthly average temperature anomalies expssed as return frequency for
both February and Toronto and New York City (Jan 20iMarch 2013. The winter of 2011/12

March exceded the 50 (November¢ March) was extremely warm in both citiehis followed an
year threshold, extremely warm spring/early summer (Marduly) in 2010.

Toronto ON NewYork NY

December was just shy Jan 2010-Mar 2012 Jan 2010-Mar 2012
of the 50 year threshold, %
November had a 30 yeat

return frequency, and }

Return frequency (yr)
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spring/early summer in 5040 2010 5 3 3 5 10 20 4050
2010, 4 out of 5 months !
from March through July
exceeded the 50 year
return period threshold

in New York City, and March and April exceeded the 50 year threshold in Toronto.

Jeuondeoxa. |

Return Frequency (Years)

While one extreme event does not constitute a trend, the analysis presented in Chapter 3 indicate
prevalence of extreme temperatures has been @asing in parallel with global average temperatures.
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4.2 Precipitation

The trendsin global annualprecipitationanomaliesover land derived from three datasetsare
shownin Figure23. No clearlong-term patternemergedrom thesedata.Although observational
evidenceto datedoesnot suggesta robustlong-term trendin global annualprecipitationover
land since1900(IPCC AR4, Working Group 1\WG1), §3.3.2),shortertermanalyseshatfocus
on the period from 1990to present,and benefit from the availability of satellite sensorswith
consistentoverageoverthe entireglobe,do find evidenceof anacceleratindiydrologicalcycle
thatis consistentwith Figure 23. However,thereis increasinglystrongobservationakvidence
thatannualmaximum1-day and 5-day precipitation(RX1D and RX5D) andthe contributionof
large precipitation eventsto annualtotals are rising with time for the vast majority of the
NorthernHemisphergSeungKi et al., 2011; Alexanderet al., 2006; and Gleasonret al., 2008).
As explainedin Section2, this evidenceis consistenwith the Clausiu$ Clapeyronrelationthat
establisheghat the warmerair hasincreasedcapacityto hold watervapor. It is also consistent
with observationalecordsthat indicatean increasingtrendin specific humidity over land and
oceanssince the early 1970s with fiapparentpeaksduring strong El Nifio event® and some
flattening from 1998 through 2009 (Blunden et al., 2011). Total column water vapor has
increasedat 0.30 +/- 0.08 mm/decadesince 1987 and also showslarge peaksduring strong El
Nifio eventsand troughsduring strong La Nifla events(Blunden et al., 2011). With greater
capacityto hold watervapor,one expectsto observean increasechumberof large precipitation
events.
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Figure 23. Global AveragePrecipitation Annual Anomaliesover Land from in situ Data
Relativeto a 1961-:1990BasePeriod.

ImagesourceBlunden,J.,D. S. Arndt, andM. O. Baringer,2011.
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Trend analysisof precipitationand relatedparametersvas done using global land surfaceair

temperatureand precipitation data dataset specifically constructedfor applicationsto global

hydrology by the NOAA Climate Prediction Center (Fan and van den Dool, 2008 for

temperature;Chen et al., 2002 for precipitatior). These datasetsprovide monthly average
temperatureandtotal monthly rainfall for each0.5 x 0.5 degreeland surfaceareafor the period
1950present.Analysis of averageannualtemperaturebasedon this dataset was found to be
comparabldo thatreportel aboveusingthe GISStemperatureecord.Figure24 presentshe key

results from an analysisof trendsin the prevalenceof annual precipitation extremes.This

analysisexaminesthe estimatedreturn periodsof total annualprecipitationfor each 0.5 x 0.5

degreeland surfacegrid cell basedon a climatology constructedfrom observedannualtotal

precipitationfor 19502010 (Chenet al., 2002) and fitted usingthe generalizedextremevalue
distribution.
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Figure 24. Trends in the Prevalenceof Extreme Total Annual Precipitation.

(UL) Fractionof land areaexperiencingorecipitationextremeswith an estimatedeturnperiodof 10 yearsor greater(UR) Fraction
of land areaexperiencingorecipitationextremeswith an estimatedeturnperiodof 30 yearsor greater(LL) Fractionof population
(ca.2000)living in areaswith anestimatedeturnperiodof 30 yearsor greater(LR) Fractionof globalcerealproduction(ca.2000)
in areaswith anestimatedeturnperiodof 30 yearsor greater.

As with the temperature analysis abouee inverseof the return period is the probability of
observingan anomalyof a given magnitudeor worsein a given year. Figure 24 (UL and UR)
depicts the trend in the proportion of the land surface experiencing 10 and 30 year total annual
precipitation anomalies. The red bars depict the area experiencing below meufiaties (low
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annual precipitation), and the blue bars depict above median anomalies (high annual
precipitation). For reference, the gray area depicts the value one would expect with a stationary
and spatiotemporally random climate. As with the global anpuecipitation anomalies, no

strong trend emerges over the global land surface. However, 2004, 2010, and 2011 do show
increased prevalence of -3@ar high annual precipitation and in the 1990s an increased
prevalence of low annual precipitation. Theseultssmay be biased by the lack of weather
stations in the high latitudes. In order to address these potential biases we weighted the results
for 30-year anomalies by population circa 2000 (CIESIN, 2005) and by cereal production circa
2000 (Monfreda et al.2008) as shown in panels (LL and LR). While not as strong as for
temperature and too short a period to constitute a trend, these charts show that the prevalence of
high annual precipitation in the populated and agriculturally productive regions of tleeisvor
elevated in 1998, 2004, 20@D08, and 201:2011. This confirms that the recent period has had
more prevalent annual precipitation extremes relative to the historical record. It is not clear
whether this is due to natural variability or radiativeciiog.

Thelack of cleartrendsin the global prevalenceof extremeannualprecipitationin this analysis
is not surprising. However, one would expectto find regional trends, particularly in areas
dominatedby the South Asian monsoonwhich many expectto exhibit increasedorecipitation
intensity as the result of anthropogenicaclimate changedespiteweakeningof the circulation

(IPCC AR4, WG1, 811.4).Figure 25 showsthe resultsof an analysisof annualprecipitation
extremesrestrictedto the Indus, Ganges.and BrahmaputraRiver basins.Theseresultsclearly

showanincreasen the prevalenceof precipitationextremesverthe pastsix years(20052011).

The prevalenceof extremesduring this period is greaterthan an earlier period of prevalent
extremesin the 1950s. As with the analysisof temperatureextremesin Mexico and the

U.S./Mexico border region, this analysis cannot discern whether the recentincreasein the

prevalenceof annual precipitationis driven by natural variability, a generaltrend toward

increasegrecipitation,changesn aerosolspr interactionsof all threephenomena-dowever,the

results are consistentwith theory regarding anthropogenicinfluences on the South Asian

monsoorthatexpectiimonsoonactirculationsto resultin increasegrecipitationdueto enhanced
moisture convergence,despite a tendency toward weakening of the monsoonal flows

themselves (IPCC FAR WGL, pp. 849) and a flarge increaseof intenseprecipitationevents
during the Indian summermonsoonover [the] Arabian Sea,tropical Indian Ocean[and] Souh

Asiad (IPCCFAR WG1, pp. 863).
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Figure 25. Trends in the Prevalenceof Extreme Total Annual Precipitation in the
Indus, Ganges,and Brahmaputra River Basins.

(UL) Fractionof regionalland areaexperiencingprecipitationextremeswith an estimatedeturnperiodof 10 yearsor greater (UR)
Fraction of regionalland areaexperiencingprecipitationextremeswith an estimatedreturn period of 30 yearsor greater.(LL)
Fractionof regionalpopulation(ca. 2000)living in areaswith an estimatedreturn period of 30 yearsor greater.(LR) Fractionof
regionalcerealproduction(ca.2000)in areasvith anestimatedeturnperiodof 30 yearsor greater.

4.3 Floods and Droughts

Givengreatemprevalenceof temperatur@xtremesandgreaterproportionsof annualprecipitation
from heavyprecipitationevents onewould expectgreaterfrequencie®f droughtandflood. That
said,the IPCC SpecialReporton managinghe Risksof ExtremeEvents(IPCC SREX)wasonly

ableto concludethatfithereis mediumconfidencehatsincethe 1950ssameregionsof the world

have experiencedrends toward more intenseand longer droughts,in particularin southern
Europeand WestAfrica, but in someregionsdroughtshavebecomelessfrequent,lessintense,
or shorter,for example,centralNorth America and northwesterrAustraliad (pp. 174) and that
fithereis limited to mediumevidenceavailableto assesslimatedriven observedchangesn the

magnitudeandfrequencyof floods at a regionalscalebecauséhe availableinstrumentakecords
of floods at gaugestationsarelimited in spaceandtime, andbecausef confoundingeffectsof

changesn landuseandengineeringd

Figure 26 presentsthe key results from an analysisof trendsin the prevalenceof annual
composite freshwater surplugs and deficits conductedby the IC. This analysis uses the
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precipitationdatasetdescribedabove,togetherwith a compatiblegridded temperaturedataset
(Fan and van den Dool, 2008) to drive a reducedform land surfacemodel that operateswith

monthly time stepsand 0.5 degreeresolution.The compositedeficit index is computedas the
maximum of the return period for soil moisture deficits, total blue water (uninhibited flow

accumulated runoff) deficits, and evapotranspirationdeficits (potential minus actual
evapotranspiration) This index representsthe fiwors of three types of droughts
(meteorological,hydrological, and agricultural). Conversely,the compositesurplus index is

computedasthe maximumof the returnfrequenciedor runoff andtotal blue water (uninhibited
flow accumulatedunoff). Note that we have explicitly changedour languagefrom Adrought
andiifloodo to Adeficito andfisurplu® to avoid someof the definitionalissuesnotedin the IPCC
SREX.
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Figure 26. Trends in the Prevalence of Extremé&ompositeFreshwater Surplus and Deficit hdices.

(UL) Fractionof land areaexperiencingcompositereshwatersurplusanddeficit extremeswith anestimatedeturnfrequencyof 10
yearsor greater(UR) Fractionof land areaexperiencingreshwateisurplusanddeficit extremeswith anestimatedeturnfrequency
of 30 yearsor greater.(LL) Fractionof population(ca. 2000) living in areaswith an estimatedreturn frequencyof 30 yearsor
greater(LR) Fractionof globalcerealproduction(ca.2000)in areaswith anestimatedeturnfrequencyof 30 yearsor greater.

Figure 26 (UL and UR) depictthe trendin the proportionof the land surfaceexperiencingl0-
and30-yearcompositesurplusesanddeficits. Thered barsdepictthe area experiencingleficits,
andthe blue barsdepictsurplusesOn a global basisthe fraction of land areaexperiencingl0-
and30-yeardeficits steadilyincreasedeginningin 1980.Thetrendfor surplusess lessdistinct.
Thereis a steadyincreaserom 1990 presentput this follows a periodof declinefrom the mid-
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1970suntil 1990.The periodfrom 1990to presents, therefore characterizedy simultaneously
increasingtrendsin both surplusesand deficits. As with the temperatureand precipitation
analysesabove,theseresultsare likely biasedby the lack of weatherstationsat high latitudes.
Performanceof the reducedorm land surfacemodelis demonstrablyvorsein high latitudes.In
order to minimize the effects of these potential biaseswe weighted the resultsfor 30-year
anomaliesby population circa 2000 (CIESIN, 2005) and by cereal production circa 2000
(Monfredaet al., 2008) as shownin panels(LL and LR). Theseweightedresultsare similar to
the land arearesults. There is a trend toward increasedprevalenceof deficits weighted by
populationand cerealproductionstartingin 1980,anda rise in surplusfreshwatemweightedby
populationand cerealproductionfrom 1990to presentwith distinctly widespreadsurplusesn
2010 and 2011. As with land area, the recentrising trendsin surplusesfollow a declinein
surplusegrom the 1950sthrough1990.The resultsfor deficits areconsistentvith trendsfor soll
moisturedeficits from 19532000by Sheffieldand Wood (2008) who observethat idespitethe
overall [global] wetting trend, thereis a switchin later yearsto a drying trend, globally andin
many regions, which is concurrentwith increasingtemperaturesAlthough droughtis driven
primarily by variability in precipitation temperaturdnasan effectthatappeargo be exaggerated
in thelastdecadeor soespeciallyin high northernlatitudeso

Earlier efforts to characterizehe prevalenceof freshwatersurplusesand deficits made note of
strongregionaldifferencesin trends.Figure 27 showsthe resultsof an analysisof composite
surplusand deficit indices for the fiEasternMediterraneaa (Egypt, Israel, Gaza Strip, West
Bank, Lebanon,Jordan,Syria, Iraq, Kuwait, and Turkey). The resultsfor this regionare much
more dramatic. The fraction of land areaexperiencingl0- and 30-year deficits hasincreased
significantly beginnng in the late 1980s.This increaseoccurredin threeescalatingcycles,each
worsethanthe previous(19831990,19982004,and 2007#2010).In generalthe prevalenceof
10- and 30-year surpluseshas declinedfrom peaksobservedin the 1950sand 1960s. These
patternsare amplified when weightedby where peoplelive and grow food. The period from
20072010 that precedeghe onsetof the Arab Springis dominatedby extremelywidespread
freshwatedeficits.
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Figure 27. Trends in the Prevalenceof Extreme CompositeFreshwater Surplus and Deficit
Indicesfor the Eastern Mediterranean.

(UL) Fraction of regional land areaexperiencingcompositefreshwatersurplus and deficit extremeswith an estimatedreturn
frequencyof 10 yearsor greater(UR) Fractionof regionalland areaexperiencingreshwatersurplusand deficit extremeswith an
estimatedeturnfrequencyof 30 yearsor greater(LL) Fractionof regionalpopulation(ca. 2000)living in areaswith an estimated
return frequencyof 30 yearsor greater.(LR) Fractionof regionalcerealproduction(ca. 2000)in areaswith an estimatedreturn
frequencyof 30 yearsor greater.

4.4 Permafrost

The economicandstrategicimportanceof the Arctic is alreadyhigh andis increasingdueto the

abundanceof naturalresourcesand its strategiclocation in terms of possiblecommunication
routesbetweenthe other parts of the world (Romanovsky,2012). Military activity during the

Cold War and recenteconomicdevelopmenthave increasedconstructionactivity relatedto

infrastructure,oil and gas facilities, transportationnetworks, communicationlines, industrial
projects, and engineeringmaintenancesystems Climate changeis likely to have significant
impactson existingarctic infrastructureand will influencethe designof future developmenin

theregion

The impactof climate warming on permafrostand the potentialof climate feedbacksesulting
from permafrosthawinghavereceiveda greatdealof recentattention Groundtemperatureare
a primary indicator of permafroststability. The monitoring network of the Thermal State of
Permafros{TSP)programestablishediuring the FourthInternationalPolarYear hasmorethan
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600 sitesacrossthe Arctic (Figure 28). Most of the permafrostobservatoriesn the Northern

Hemisphereshow substantialvarming of permafrostsinceabout1983199Q The magnitudeof

warming has varied with location, but was typically from 0.5 to 2°C. Permafrostis already
thawingwithin the southernpart of the permafrostdomain However,very recentobservations
documentedpropagationof this processnorthward into the continuous permafrostzone,

especiallyin the RussianEuropeanNorth andin West Siberia TSP measurementg;ombined
with numerical modeling, now provide a relatively comprehensiveassessmentf panarctic
permafrostdynamicsduring the last ~100 years Projectionsof future changesin permafrost
suggst that by the end of the 21%' century, permafrostin the Northern Hemispheremay be

activelythawingoverawide area
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Variousphenomenaelatedto permafrostlegradatiorarealreadycommonlyobservedincluding
increasedratesof coastaland river bank erosion,increasedoccurrencef retrogressivehaw
slumps and active layer detachmentslides, and drying of tundra lakes Some northern
communitiesare experiencingfood insecuritiesdue to the thawing of undergroundce cellars
usedtraditionally for food storage. Othershaveseendiminishedquality andavailability of fresh
water,aslakesandstreamsisedaswatersourcesareaffectedby increasednput of sedimentand
nutrientsdue to thawing of permafrost The combinationof thawing permafrostand erosionis
alsodamagingcommunityinfrastructuresuchas buildings, roads,airports, pipelines,waterand

61



Climate Extremes: Recent Trends with Implications for National Security

sanitationfacilities, andcommunicatiorsystemsIn somesevereinstancespermafrosthawand
relatedcoastalerosionareforcing therelocationof entirecommunities

The possiblescaleof direct ecologicaland economicaldamagefrom degradingpermafrosthas
just startedto be recognized,as are indirect threats from newly mobilized environmental
contaminantsClimate feedbacksrom degradingpermafrostare expecteddueto the releaseof

organic carbonand transferof the key greenhousegasescarbondioxide and methaneto the

atmosphereDisturbance®f high latitude permafrostegions,suchaswildfires andthermokarst,
areassumedo be acceleratindothin frequencyandintensitywith adversebut poorly quantified
effects on permafrost Also of concernare the potential impactsfrom damagedoil and gas
pipelinesas a direct impact from the degradingand thawing permafrostin the Arctic regions

The rapid expansiornof pipeline constructionin Russianpermafrostareashascausedproblems
with above and below ground pipelinesdue to thawing of ice-rich soils and frost heave of

pipelinefoundations

To mitigate all possibleimpactsof permafrostdegradationan accurateand timely forecastof

changesn permafrostbasedon a reliable permafrostobservatiorsystemshouldbe established
Permafrost research is becoming increasingly interdisciplinary, involving geophysicists,
hydrologists terrestrialandaquaticecologistsgeochemistsgeologistsgngineersmodelersand

sociologists Despite our accumulatingknowledgeof changingpermafrost,future permafrost
dynamicsandits impactsremainpoorly quantifiedon the panarcticand especiallylocal scales

To make progress,disciplines must team togetherto understandand to predict the patterns,
processesandconsequencesf permafrosthawto the earthnaturalsystemsandto foreseetheir

societalimpacts

45 Arctic Sealce

Perovichet al. (2011) have noted that there are two monthsthat define the annualcycle for

Arctic seaice extent: Septemberwhen ice is at a minimum, and March, when it is at a

maximum.Figure 29 illustratesthe changein arctic seaice extentduring SeptembeandMarch

relative to the meansfor 1979to 2000 The minimum (Septemberkxtentfor eachof the past
five years(20072011)is lower thanfor any other yearin the period of recordand hasbeen
declining at an averagerate of 12% per decade Most of this retreathas occurredfiaroundthe

peripheryof the Arctic Basinandin the CanadianArchipelagod As a result,in Septembethe

southernroute of the NorthwestPassagehas beenopenin eachof the pastfive years,the

northernroute hasbeenopenfor threeof the pastfive years(2007,2010 and2011),andthe

SiberianCoastpassag®f the NorthernSeaRoutehasbeenopenfor all but 2007.Similarly, but

lessdramaticallythe maximumextenthasbeendecliningatanaverageateof -2.7%perdecade.
In addition,therehasbeena dramaticdeclineof multi-yearice in recentyears.Possiblecauses
for this more rapid declineinclude a warming ocean,fastermelting of thinnerice, and black

carbonontheice surface.
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Figure 29. Time Seriesof the PercentageDifferencein |ce Extent in
March (the month of ice extent maximum) and September(the month of ice extent minimum)
Relative to the M eanValuesfor the Period 19792000.

Basedon aleastsquaredinearregressiorfor the period19792011,therateof decreaséor the MarchandSeptembeice extentss -
2.7%and-12.0%perdecaderespectivelySourcePerovichetal., 2011)

4.6 Glaciers, Ice Caps,Ice Sheets, and Sealevel Rise

Melting of glaciers,ice caps and ice sheetsis contributing significantly to sealevel rise.
However,therearelarge uncertaintieon the preciseamounts dueto measuremenrdifficulties.
In this sectionwe parsethe phenomenomto threecomponent$ glaciersandmountainice caps,
Greenlandand Antarcticai andreview the literaturethat estimateghe contributionof eachto
seadlevelrise.

Glaciersandmountainice capshavethe potentialto contributea total of 0.7 metersto globalsea
level (Allison et al., 2009, the smallestcomponentof possiblesealevel rise. Until recently,
estimatesof massbalancehave been derived by extrapolatingsparsemeasurementsThese
estimateshave generallyshownan accelerationof massloss from glaciersand ice capsfrom
roughly 0.5+0.2mm sealevel equivalentper yearfrom 19502000to roughly 1.1+0.2mm sea
level equivalentperyearin the early 2000s.However,theseestimatesresubjectto samplebias.
The Gravity Recoveryand Climate Experiment(GRACE) providesthe opportunityto address
the samplebias. Very recentestimatedy Jacobet al. (2012) basedon GRACE suggesthatthe
averagecontribution from 20032010 is only 0.41+0.08 mm sealevel equivalentper year.
However theretrievalalgorithmsfrom GRACE arestill in developmenandarelikely to change
as researchergyain better understandingof limitations and biasesin retrieval algorithms
(Baur,2012).

The Greenlandce sheethasthe potentialto contribute6.6 metersto global sealevel (Allison et
al. 2009. As with glaciersandice caps,preciseestimationof trendsin masslossis difficult. As
an example recentestimatesndicatethatfinetice massossfrom Greenlanchasbeenincreasing
since at least the early 1990s, and that in the 21%' century the rate of loss has increased
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significantly. Multiple observationalconstraintsand the use of severaldifferent techniques
provide confidencethat the rate of massloss from the Greenlandice-sheethas accelerated.
Velicogna(2009) used GRACE satellite gravity datato showthat the rate of Greenlandmass
lossdoubledover the periodfrom April 2002to February2009 (Allison et al., 2009. Moon et

al. (2012)usea comprehensivaetof velocity mapsderivedfrom satelliteobservationgo show

that there are large regional variationsin flow ratesacrossthe ice sheetand concludethat

contributionsto sealevel rise arelikely to be substantiallylessthanpreviouslyestimatecbased
onfewermeasurens.

Zwally andGiovinetto(2011)reportthatestimateof masdossfrom the Antarcticice sheetalso
vary widely. (By comparison to glaciers, ice caps, and the Greenland ice bbeetyer,one
estimate suggests that unaenditionsof high warming of up to 8°C, the Antarctic ice sheet
could contribute20 m to sea level rige The IPPC AR4 and subsequenteportsof net mass
balancerangefrom +50 to -250 Gt/year for the period 19922009. Estimatesbasedon radar
altimetry indicatemore modestlosseg(+21 to -31 Gt/year)andestimateshasedon GRACE and
input/outputmethodssuggest losses thate significantly larger(-40 to -246 Gt/year).Zwally
andGiovinettooffer a preferredestimateof netmassbalanceof -47 Gt/yearfor the period1992
2001, but this estimateeffectively ignoresany acceleratiorin net massbalancesince2001i a
periodof significantatmospheri@andoceaniovarming.

Churchetal. (2011)reportthatobservedsealevel risefrom 19722008inferredfrom tide gauges
alone (1.8+0.2 mm/year) and from a combinationof tide gaugesand altimeter observations
(2.1+£0.2 mm/year) agreeswell with an estimatebasedon the sum of contributions(1.8+0.4
mm/year).While total changein sealevel is likely to be modestover the next decade(~16-
23mm),even a relatively minochangemay be expected @amplify the impact ofcoastalsurges
associateavith storms especiallywhen these surges coincide witigh tide.

4.7 Summary

In summarytheclimateof the pastdecadenasbeenunusual Globalaveragesurfacetemperature
in eachof the ten yearsfrom 2002 through2011 rankedamongthe top 13 yearsin a 132-year
instrumentalrecord; this decadehas also beenmarkedby a numberof high impact weather
related disastersthat include dramatic heat waves, fires, droughts,floods, and storms. These
phenomenare occurringat a time markedby increasingwarming from greenhouseasesas
evidencedby numerousscientific measurementsAt the same time, natural variability as
evidencedby active El Nifio-SouthernOscillations,the Atlantic Multidecadal Oscillation, and
otherregionaloscillationsis alsocleaty part of therecord.An abundancef evidencemakesit
clearthattheintensityof recentunusualkeventsexceed normalexpectationg@ndthattheir extent
is worldwide, affectingpeoplewheretheylive, wheretheydrawuponfreshwaterresourcesand
wheretheygrow food, impactingthusnationalsecurityat afundamentalevel.
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In the coming decade, one can expect to see patterns of extreme weather analogous to those of the
past and potentially gettingtronger, since these events are driven by a combination of internally gener
natural variability and secular increases in warming that will likely persist. This expectation is bas
statistical analysis of the observational record, physical undeditey, and the general guidance provided |
modeling. Local climate conditions will dictate what might be expected in specific regions of interest. Ct
in extremes include more record highs and fewer but stronger tropical cyclones, wider areas dftdanudg
increases in precipitation, increased variability, Arctic warming and attendant impacts, and continued se
rise as greenhouse warming continues and even accelerates from expected aerosol reductions. Contint
stronger extreme conditionsombined with rising societal vulnerability are of national security concern b
on a global and regional scale. Improvements in forecasts will require better observations combinet
improved and regionally focused forecast models.

5.1 Introduction

Sectimn 3 hassummarizedhe scienceunderlyingthe changingoehaviorof the climatesystem In
additionto its response tpatternsof naturalvariability on a range of differentime and space
scalesthe climate is warmingThe warming idrivenby a globalimbalancen energy resulting
from the ongoing increase in the concentrationgofenhousegases, offset partially by a
contribution to cooling byaerosad. As a consequence of its warming, it is also capable of
holding more water vapor. Section4 has shown that there has beenboth warming and an
increaseof extremeweatheraroundtheworld overthe pastdecadeelativeto the pastcentury

Our goal hereis to examineexpectationgegardingextremeeventsin the nearterm that can
provide useful guidancein policy making We recognizethat the observationalrecord has
uncertaintiesassociatedvith temporal and spatial coverage as welasuracyof measurements,
andthatpresennumericalmodelscanat bestprovideonly approximatesolutions.Thuswe focus
here on using insights gained from statistical analysis and physical understanding,past
experienceas well as modelinput, as a basisfor our conclusions.The conclusionsare based
bothon a review ofrecentliteratureon the subjectandon the comprehensiveurveypresentedn
the IPCC SpecialReporton fiManagingthe Risks of ExtremeEventsand Disastersgo Advance
ClimateChangeAdaptatiord (IPCC SREX,WMO/UNEP,2012).

The recentglobal increaseof extremeevents,as documentedn Section 4, leadsus to ask
whether this increasewill persist and what other changescan we likely expect with the
knowledgeof how weatherandclimatehavehistorically evolved,andwith the understandingve
haveof greenhousérivers.Without externallyproducedchangesn atmosphericomposition,it

is afair assumptiorio expectthatwe will seearangeof eventsn thefuturethat ardike whatwe
haveseenin the past.However,with increasedvarming,it is likely thatthe effectson extreme
weatheras observedin recentyearswill continueto intensify. More detail on what we can
reliably expect and what remains uncertain is provided below.
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To predictbeyondthe deterministicforecastingimit of about2 weekswe needinformation not

only onwhatkind of climatenormswe may expectin the nextdecadeput also orpatternsand
modesof naturalvariability. For some of these modes, suchEASNifio-SouthernOscillation
(ENSO) we have a good understanding of how teeglve and affect society.For otherssuch

as the North Atlantic Oscillation (NAO), our knowledge is more limi®de thread running
through the discussion here is the need for better understanding of the impact of ENSO, NAO,
and the many other modes dtural variability, and to what extentthesepatterns change as
greenhouse warming interacts witaturalvariability.

The overall circulation of the atmospherewith its various meridionalwinds, jets and vertical
circulationcellsis summarizedn thebox below. Thediscussioris orderedby spatialscale:

CHANGES IN THE LASGALE FEATURES GFAFMOSPHERE

Overall warming and increased moisturesultingfrom net positive addition of energy to the planetue toa
combination of increases in greenhouse gases and reductions in aerosols, will lead to more record high:
record lowsmore heat wavesand wildfires and a stronger hydrological cycle leading to more variability, m
water per storm, and more drought

Expansion of the Hadlelt circulation will widen areasof drought around the worldin the sub-tropics with
attendantincreases iprecipitationat higherlatitudes

Warming in the Arcticleading to reduced sea ice in summer could favor nsmeere winter outbreaks in the
U.S. and EuropeThe decrease in the overall gradient of temperature between mid aigh latitudes is
consistent with a decline in the strength of the polar. jet

CHANGES IN REGIONARACTS

El NifieSouthern Oscillation anather natural oscillations nearterm climate variability will be largely
dominated by ENSO These patternscould be intensified and either enhance or mask changesdue to
GHG/Aerosols

Impacts on monsoonal circulationncertainties are large heregnd increased numbers of extreme eveni
appears to decrease predictabilitylodels are unreliable, but eommon pattern is likely to be an increase
extreme precipitation

Arcticice coverexpectaccelerationof meltingand earliersummer openingto navigdion of the Arctic ocean
than models predict, possibly in less than two or three decades

Sea levelwill continueto rise, expected to acceleratémpacts will varyaroundthe world.
CHANGES IN SMARCALE FEATURES GFARMOSPHERE

Fewer but strongetropical cyclonesa more favorable heat and moisturenvironmentfor thunderstormsand
tornadoes but forecasts of numbers anidcations uncertain

Simultaneity of extreme eventslustering in time and space can produce disproportionate impadfish
warming, there will be more sequential heat eveni¥ith the expectation of more storms and droughts, it
likely, but not certain,that there will be more simultaneousuch eventsaround the world.Persistence and
blockingare key elements of regional fecasts, but uncertainties forecastingare high
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THE CIRCULATION GIEEATMOSPHERE

The circulation of the atmosphere is driven by the heat from the sun, constrained by the rotation
geography of the Earth, influenced by its chemical composiéiod water in many forms, and affected b
conditions on land and oceafon a global scale, it consists overall of steady horizontal trade winds and ve
Hadley convection cells in the tropics, unsteady westerlies in thelatitddes, a jet stream, angbolar

circulation. Variability in these largscale patterns is evident, having time scales of months to decades
even longer.On a regional and local scale, the circulation is dominated by weather patterns that

variability ranging from days to wke and longer(Figure30 below from Lutgens and Tarbuck, 2001)

Subpolar P_g[ar high

Hadley
cell

Figure 30. Atmospheric Circulation .

Today, with satellitesnonitoring the basic state of the atmosphere, a dense set of surface based

collection systems, and comprehensive numerical models, meteorologists are able to provide ac
forecasts of up to a few days, but still short of the deterministic limialodut two weeksBeyond that time
period, there is some skill and useful forecast ability based mainly on what is known about the in
variability of the atmosphere and how the atmosphere responds to slowly changing boundary condition:
as sea sdace temperature, soil moisture, vegetation, and sea Egternal effects such as changes in sa
radiation, changes in atmospheric composition from hunratuced greenhouse gases and aerosols, ¢
volcanoes also affect the atmosphersthough many ofliese longer term atmospheric changes have a qui
periodic behavior, seeming to oscillate from one state to another and then back again, there are also

changes from one regime to another that are hard to predict, but persist once they are in Plaeethe past
century, the atmosphere has exhibited many modes of variability superimposed on-telongvarming trend

(seeSection 5.2).
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5.2 Changeof the Large-scale Features of the Circulation

Overall Warming, Highs and Lows in Temperature, Heat Waves,and a
Sronger Hydrological Cycle

As discussedin Sectiors 3 and 4 the atmospheren the tropospherels warming and the
stratospherés cooling, consistentwith the predictionsof greenhous@asforcing. The warming
is greatesbver land and at mosthigh northernlatitudesand smallestover SouthernOceanand
parts of the North Atlantic Ocean, (IPCC 4" Assessment)The magnitudeof warming is
consistentwvith that expectedoy a combinationof greenhousegas/aerosadlorcing. However,in
termsof attribution, it should be noted that the past15 yearshave beena time of increased
ENSOactivity, andthusit is possiblethat at leastpart of the observedvarmingcould be dueto
this natural variability. But even if partially masked,increasedwarming is expected ashe
concentratiorof greenhousgasesncreasesndthe concentratiorof aerosolss decreased.

The warming has an immediateinfluence on temperaturehighs and lows - driving observed
weatherto have more extremeor record highs and fewer recordlows (Section 4) The higher
frequencyof higher nighttime temperatureslso follows this trend. This trend is expectedto
continueinto the future with an increasan the numberof hot days and nights and decreasem
the numberof cold days, particularly including frosts. The increasingtrend in heatwavesis
expectedo continue soall sectorf societysensitiveto heatwill befurtheraffected

From the increased temperature® @an also expectan increasein the incidenceof large
wildfires. Paleologicaktudiesbasedon charcoalandpollenrecordsindicatethat periodsof rapid
changes otlimatein North Americawere markedby increasesn fire activity (Marlon et al.,
2009).Analyses of fire recordsfrom the WesternUnited Statesdemonstrat@ distinctincreasen
largefire frequency,duration,and seasonsincethe mid-1980s mostly at locationswherethe
confoundingeffectsof land useand managementanbe ruled out. Theseincreasesre strongly
associatedwith increasedspring and summer temperaturesand earlier spring snowmelt
(Westerlinget al., 2006). This relationshipis further supportedby statisticalanalysesshowing
strongcorrelationsbetweermrmeasuresf temperatureandwaterdeficit with areaburned(Slocum
etal., 2010;Little etal., 2009).Persistent droughts in a given location, more likely in a warmed
climate, could leatb more wildfires(FauriaandJohnson2007).
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GLOBAL WARMING INHIEOMING DECADES

The average decadal change in temperature from1BB0s to the last decade is estimated to be 0.89 + 0.0
(Rohde et al., 2012). Our analysis has shown that small positive changes in the global mean annual tem,
are strongly correlated with increased prevalence of local annual mean temperatuesreedr These extreme:
occur worldwide, not just in sparsely populated high latitude regions where the absolute chang
temperature has been greatest, but in heavily populated and cultivated regions as well. The point i
changing climate globally carave major impacts in specific regions even though the global change me
modest. What can we expect in the next decade? The figure below shows the IPCC model based ass
published in AR4 in 2007, an assessment that is consistent with current fiwogdn the coming two decade:
we can expect modest warming, most likely on the order of 0.3°C independent of emissions pathway. Ttk
course, barring unexpected volcanic disruptions that could force cooling temporarily, a major swing tow
Nifio or other natural perturbation that may slow warming as appears to have occurred in the last deca
diminishing industrial aerosols which may accelerate the warming process. The increased temperatures
the likelihood of persistent and possibilyorsening of extreme weather in local regions over the com
decade.
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With increasedmoisturein the atmosphereand
constantrelative humidity, thereis expectedo be
anincreasdan frequencyof droughtsandof heavy
precipitation. Theseare expectedo affect natural
ecosystemsand crops as well as leading to
increasedvaterdemandThis warmerpatternwith
strongerdroughtsandprecipitation(seeFigure31)
is fully consistent with expected impacts of
greenhouse warming. Some aspects of the
extremeshave beenpredictedwith someskill as
the hydrologicalmodelsof NCEP improve Yuan
et al. (2011) show how seasonalhydrological
forecastshave improved. For example,the heat
wavein the U.S.in summer2011waspredicteda
few weeksin advance(Luo, 2012). Continued
progresswill dependon improved modelingand
morespatiallydetailedobservations.
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INCREASING NUMBERS O
RECORD HIGH TEMPBBRES

Meehl (2009) first documented the increasin
ratio of record high temps to record lows a
evidence for changing extremes in a warmil
climate. New evidence shows that for the firs
decade of thiscentury that ratio had risen to
about 2 to 1 for the & andin Australia (Trewin,
2012).Since 2010the ratio has been about 3 tc
1 for the US, and over the first six months o
2012 the ratio has been about 10 to 1 (Walto
2012). It@ unlikely that he ratio will stay that
high for the rest of 2012, but the rapid increas
does illustrate how unusual this year has be:
for the US
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Figure 31. IPCC (2007)Projected Temperature I ncreasedor the Years202G2029and 2090-2099.



Climate Extremes: Recent Trends with Implications for National Security

Effects of Aerosols

Aerosolsimpactglobal climateandareanimportantforcing agentfor regionalclimate.Section3
on the Basic Climate Systemhas outlined the latestunderstandingf the impact of removing
aerosolsboth globally and regionally. In summary thereare uncertaintiesn both the radiative
propertiesand the concentrationof aerosolsbut enoughis known to be able to say that the
reductionof reflective aerosolswill leadto warming The IPCC (4™ Assessmentjnodel study
(Figure 32) showedthatif all of the radiatively activeerosolswere removedat onetime, the
resultingwarming would beexpectedio exhibit geographicapatternsfocusedin the northern
hemisphereand over continents a patterndifferent from that inferred forthe greenhouseyas
warming scenariosOngoingwork is directed towards refininghe geographicprojections of
wherethe largestimpactsmay be experienced imid- to high-latitude regionssuchas Canada,
Alaska,northeastercurope RussiaandnorthernChina

An important difference betweenaerosolsand greenhousegasesis that there can be large

changesn aerosolsover relatively shortdistancesandtimes. For example,desertdustaerosols
over the North Atlantic arelikely to havechangedoy a factor of 2 to 4 betweenthe 1960sand

1980s(Prosperoand Lamb, 2003) This is likely to have contributedto the Saheldrought,to

changesn regionalsurfacetemperatureverthetropics,andto changesn the globally averaged
increasein temperaturgMahowaldet al., 2010). It also appeardikely that changesn North

Atlantic tropical cycloneactivity is stronglylinked to variability in dustin the SahararAir Layer

(Evanetal, 2011,etc.),buttheexactlinks arenot fully understood.
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Figure 32. Effect of Removingthe Entire Burden of Sulphate Aerosolsin the Year 2000.

(Top) Annualmeanclearsky TOA shortwaveradiation(W m'?) calculatedby Brasseurand Roeckner(2005)for the time period
2071to 2100and(Cente} on the annualmeansurfaceair temperaturg°C) calculatedfor the sametime period.(Bottom) Temporal
evolution of global and annualmeansurfaceair temperatureanomalies(°C) with respectto the mean1961to 1990 values.The
evolutionprior to the year2000is driven by observedatmosphericoncentration®f greenhousgasesandaerosolsasadoptedby
IPCC. After 2000,the concentratiorof greenhousgasegemainsconstantwhile the aerosolburdenis unchangedblueline) or set
to zero(redline). TheblackcurveshowsobservationgA. Jonesetal., 2001;Jonestal., 2006).
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