Earth@ Energy Out of Balance: The Smoking Gun for Globd Warming
April, 2005

Scientists at Columbia University, NASA, and the Depatment of Energy have foundthat
the Earth is out of energy bdance: the Earth is absorbing more energy from sunlightthan it is
emitting back to space in theform of heat radiation. Thisimbaance provides confirmation of
globd warming theory and ameasure of the net forcing that humen@ are applying to the Earth
by adding greenhou gases and other pollutants to the Earth@ atmophere.

The Earth@ energy imbdance was predicted by the authorsCclimate modd as a
consquence of growing amount of greenhou® gases in theatmophere, especialy carbon
dioxide, methane, and ozone and black carbon (soot) particles. They report in an article to be
published Thursday April 28 in Science Magazinetha theimbaance has been confirmed by
precise measurements of temperature within the ocean, which is theprindpa reservoir
accumulating the excess hest.

Orhis energy imbdance is the @moking gurQtha we have been looking forOaccording to
Jm Hansen, a climatologist who directs the NASA Goddad Ingitute for Space Studies at the
Columbia University Earth Inditute and thelead author onthe study. Orhemagnitudeof the
imbaance agrees with what we calculated usng known climate forcing agents, which are
domnaed by increasing human-made greenhou® gases. There can nolonge be subdantial
doubttha human-made gases are the cause of mog observed warming.O

Theenergy imbaance occurs because of the ocean® thermal inertia Bthe ocean is slow
to respondto climate forcings Ocean water® inertiais obviousto beachgoes who find that the
summer sun warms the waters much more slowly than it warms the sandy beach. Theimbaance
will continueto exist until the Earth has warmed enoughtha itsinfrared (hegt) radiation to space
increases to match the absorbed solar radiation.

One consequence of the ocean@ inertia and the resulting planetary energy imbdanceis
tha there is about 1 degree Fahrenhet more globd warming @n-the-pipdinedPwarming that
will occur this century withoutany further increases of greenhou® gases. The Earth has already
warmed, on average, aboutonedegree Fahrenhdt over the past century.

The magnitudeof the Earth® energy imbdance and thelongclimate response time are of
importance to policy-makers who may wish to limit the effects of undesirable human-made
climate change Theauthors nate tha thedday of the climate respons (orovides an oppatunity
to reduce the magnitude of anthropoganic climate changebeforeit isfully redized, if appropriate
actionistaken. On theother hand, if we wait for more overwhdming empirical evidence of
climate changebefore acting, theinertiaimplies that still greater climate changewill bein store,
which may bedifficult or impossible to avoid.O

Theauthors evaluated the energy imbdance ugng precise measurements of ocean
temperature obtained by ocean floats tha regularly lower an ingrument packageinto the ocean
to adepth of abouthdf amile. Theselocal measurements were complemented by satellite
measurements of the height of the ocean surface to centimeter scale accuracy. The ocean height
reveals subsurface ocean thermal anomalies that cause the ocean water to expand or contract.

Theauthors find a plangary energy imbadance that averages amog 1 Watt per squae
meter, more precisely 0.85 plusor minus0.15 watts per square meter. The authors note that it
would be necessary to reduae greenhouse gas forcing by tha amountif it were desired to
stabilize climate at today® globd temperature. On prindple we could do thatQ says Hangen,
oy hdting all anthropogenic methane emissionsor by somehow removing haf of the human-



made carbondioxide nowin theatmosphere, butthat is not practicable in theforeseeable future,
so theworld is going to become warmer.O

Orhefundanental questionis: how much more globa warming can we afford before we
reach thelevel of @angaousanthropogenic interferenceQwith climate, which all counties
agreed to avoid in the United NationsFramework Convention on Climate ChangeOsays Hansen.
(Based on the history of the Earth, which reveals large sea level increases when globd mean
temperature was more than 1 degree Celsius (1.8 degree Fahrenhat) greater than today, | argue
tha we can allow at mos onedegree Celsius of additiond globad mean warming.O

Ot is possible to limit additiond globd warming to less than onedegree Celsius, butit
would require slowing the growth rate of carbondioxide (CO,) emissionsand hdting the growth
of nonCO; emissions These areal posible, butonly with concerted efforts. The mos
effective actionstha we could take now are strongefforts to improve energy efficiency, employ
renewable energies, and reduce air pollutants, especially fugitive methane, other ozone
precursors, and black carbon(soof). On thelongrunwe will need either carbon-free power
sources or we will need to capture and sequester CO,.0

Theauthors note tha sealevel rose 3.1 cm in the past decade, twice therate of sealevel
rise during the preceding century. They calculate tha hdf of the 3.1 cm increase was fromthe
heat entering the ocean, which caused thewater to expand. Theremainde of thesealevel riseis
assumed to beduemainly to world-wide melting of mountin glaciers and possibly fringes of the
largeice sheets covering Greenland and Antarctica

Q. argesealevel changeis apotentiadl OmpactOof climate changethat could be especialy
destrudtive, so it@ important to monitor the Greenland and Antarctic ice sheets precisely,O
according to Hansen. 8o far changes of theice sheets are small, butat some point postive
feedbacks could lead to a situaionin which ice sheet disintegration beginsto run out of our
control.O Theauthars of thereport condudetha the NASA IceSat mission, presently monitoring
theice sheets to centimeter-scale accuracy, and therelated GRACE missionfor precise regiond
gravity measurements, warrant follow-on missions

Below are answersto typical questionsaboutthis research topic and itsimplications

Responses to questions about OEarth@ Ener gy |mbalanceO provided by Jim Hansen.

1. Direct significance of the ener gy imbalance found by the authorsin their study.

Orhisis the @moking gunQhat we have been looking for (with regard to identifying the
human role in causng globd warming).O

Orhere can no longe be genuinedoubttha human-made gases are the dominant cause of
observed warming. Theimbaance occurs at atime when naural forcings e.g., changes of solar
irradiance and volcanic aerools, are small and while human-made greenhou® gases increased at
arate congstent with theimbaance.O

Orhededuced planetary energy imbaance also hdpsusquantify additiond climate
changetha is coming down the pike.O

2. Principal implication of this study for the public.

Orhelarge energy imbaance that we have foundimplies tha the globd temperature
respondsslowly to forcing agents, with much of the respon lagging several decades behind
impostion of theforcing.O Orhis longrespons time is a problem for policy-makers, because it



meanstha we mug identify thelevel of globd warming that would conditute dangaous
anthropogenic interference well before that level is reached.O

Orhelarge energy imbaance makesiit clear tha we are desling with a (climate) system
with amulti-decadd |ag time and postive feedbacks. That is an unfortunae and chdlenging
combination for policy-makers who wish to stabilize climate.O

3. What aretheprimary factorsthat determine the energy imbalance?

Orheimbaance is afundion mainly of the magnitudeof climate forcing agents (imposed
changes of the planet@ energy budgd, e.g., achangeof the brightness of the sun, or addition of
human-made greenhou gases that trap hest radiation emitted by the Earth® surface) and
climate sengtivity to forcing agents. Therate of mixing between the ocean surface layer and the
deeper ocean influences the effective inertia of the ocean, and thusit is also a significant factor.O

QVe now know climate senstivity quite well, mainly fromlooking at the history of the
Earth, butaso from climate modds, i.e., numerica simulationsof climate onlarge scale
computers. We aso knowtherate of mixingin the ocean. Thusthe measured planetary energy
imbaance primarily tells usaboutthenet climate forcing acting onthe planet.O

4. What havewe learned about climate forcings from the energy imbalance.

Orhefact tha the observed and simulated rates of ocean heat storage are similar in
magnitudesuggests tha our estimated net climate forcing isreasonably accurate. The measured
energy imbaance confirms tha the aerosol (fineparticle) forcing is subdantial and opposte in
sign (cooling) to greenhou® gas forcing, butit is smaller than the postive (warming) greenhou®
gasforcing. Thene climate forcingnow clearly is postive and will lead to additiond
warming.O

Orhere are il subgantial uncertainties aboutthe values and trendsof several climate
forcings especially aerosol effects. Thegoodagreement that we find in simulated globd
temperature changemay be patly coinddental as errorsin some forcingscancel errors of the
opposte signin other forcingsO

Neverthdess, because aerosol amounts are unlikely to inarease in the future, and may
decrease as nationsattempt to reduce particulate pollution, we can predict with consderable
confidence tha the net climate forcing and global warming will continueto increase.O

5. How do you know that the increase of ocean heat content isnot just a natural dynamical
fluctuation in the ocean?

Qunforced fluctuationsof ocean heat content can occur, butgeneraly to increase the flux
of energy into the ocean surface requires a negdive (cool) ocean surface temperature anomaly.
The ob=rved period of increasing ocean heat content ingead has occurred while theocean
surface temperature has been rising. We infer that theincreasing heat content is aresult of
postive climate forcingsO

OAny doubtor suggestion tha the anomaly is an unforced fluctuation should be erased
over thenext several years as the postive imbaance continues.O

6. Do you expect the knowledge of this planetary energy imbalance to have an effect on the
policies of the United Statestoward CO, and other greenhouse gases?

My guessistha it will lead to such reconsderation and to increased efforts to deal with
globd warming, notthis week or next week, butin the near future, because this plangtary energy



imbaance is the smoking guntha we have been looking for. Part of thereluctance to do more to
address climate changehas been based on genuine skepticism tha we undestand the problem
well enoughto warrant greater action. The Science Advisor and othersin his office concerned
with climate are exceptiondly goodscientists and the significance of theplangary energy
imbaance will not escape their attention as thematter is chewed over and reconfirmed by
others.O

7. Isit practical to dow the growth of human-made climate forcing agents and eventually
stabilize atmogpheric compostion and climate?

O bdievethat it is posible and that the needed actionsmake sense for other reasons
Equd emphasisis needed on CO, and non-CO; forcings Uncaptured CO, emissonsmug be
stabilized and eventudly reduced, butthat is practicable and has andllary bendfits. Contrary to
frightening scenarioswith 3-4%/year growth of CO, emissions actud growth of fossil fud CO»
emissionsin the past few decades has been 1.4%/year, even with astrongU.S. econony and
rapidly growing economiesin Chinaand India. With a genuine emphasis on achieving highe
energy efficiendes, inareased use of renewable energies, and perhgps CO, sequestration and
next-generation nudear power, thegrowth of CO, emissionscan be sowed while achieving
many other bendfitsinduding reduced air pollution and greater energy independence.O

(Equdly important, we mug hat the growth of thenon-CO, forcings especially fugitive
methane, other ozoneprecursors, and black carbon(soot) aerosols. All of these are practicable
and make sense for multiple reasonsinduding improved public health, butthey will not happen
just because they make sense Dstrong leadership is required to achieve concerted actionsO

CFindly, concerning QracticalityQit should benoted that reduced air pollution and stable
climate are important to both the West and the East, so thereis oppotunity for mutudly
beneficial coopeation in achieving these objectives.O

8. How isthe Earth@® energy imbalance related to melting ice and sea level ?

O\ few percent of the excess in incoming energy has been going into world-wide melting
of ice. Asaresult, within afew decades Glacier Nationd Park will contain no glaciers and the
@Gnows of KilimanjaroJthe @ermanentdice cap on the mountin) will exist only in pictures and
booksO Q\Iso a small pat of the energy imbaance is beginning to soften and melt thefringes of
the Greenland and West Antarctic ice sheets. But, so far, mog of the excess energy has been
going into the ocean.O

(Both of these processes, melting ice (which mus eventualy end upin the ocean) and
warming sea water (which expandg cause sealevel torise. Thelargerecent energy imbaance
undoubkdly isresponsble for the3.1 cmrise of sealevel in the past decade, which istwice the
rate of sealevel risein the preceding century. Thisrate of sealevel rise cannotbeexplained as a
Matural Ocontinuation of the glacial-interglacial transtion, asit correspondsto arate of sealevel
rise of 3.1 metersin 1000years, which is much greater than long-term changes during the
interglacia period O

Orhegreatest dange of a postive planetary energy imbaance isits effects on thefringes
of Greenland and West Antarctica. Asthese areas are softened by melt-water and rainfall, they
begin to dischargeicebergsinto the ocean more rapidly. Aswarming continues theice sheet
areawith surface snow-melt increases and the melt season becomes longe, bringing postive
feedbacks into play, induding reduced ice sheet albedo (wet ice is darker, absorbing more
sunlight), warming coastal waters and rising sea level tha removegroundel coastal ice sheves



tha previoudy had impeded movement of glacial iceberg streams to the ocean, and sinking of
theice sheet that increases thetemperature at its surface.O

Orhepotential result, if this processis allowed to proceed beyondacritical point, is much
more rapid discharge of ice into theocean. If thisshould hgppen, theice sheet melting process
would be able to tap into the vast reservoir of ocean heet, leadingto greatly accelerated sea level
rise that would be measured in meters, rather than centimeters.O

See Reference 1 bdow for further discussion of this matter in lay terms.

9. Arethere sensible metricsthat the interested public could keep their eye on, so they
could judgefor themselvesthe cour se of and prospectsfor climate change, rather than
relying on the opposte talking heads that the media insists on presenting to the public?

Ores, butthey need to be made available in a convenient undestandable format. | have
discussed this concept previoudy (Reference 2 bdow). Several of themos fundanental
quantities, induding both causes and effects of climate change are beng measured with high
precision. | mention here afew important metrics (see also Reference 3).0

a. Fossil fud CO; emissions. Reasonably reliable estimates of CO, emissionsfrom
buming of fossil fuds are available annudly. This provides a better measure than atmopheic
CO; amountof progressin sowing the growth rate of CO, emissions because of thefluctuaions
of naural sources and sinksof CO, (in theocean, soils, and plants).

b. Greenhouse gasamounts. CO, and CH,4, themog important greenhou® gases, are
now monitored at enoughsites to estimate globd changeon an annud basis. Theannud
changes of thegas amounssin theair fluctuae because of interannud variationsof naural
sources and sinks  Theinterannud fluctuaionsas well as changes of theundelying trends
contain valuable clues tha can hdp usundestand the progects for future gas amount.

c. Aerosol amounts. Unfortunaely, thisimportant metric is not yet being measured to a
useful accuracy. There are avariety of aerool types tha have contrary effects on climate, so we
need globd aerosnl measurements with compostion specificity (Reference 4).

d. Annual change of global climate forcing dueto measured forcing agents. Mog of
the agents responsble for changing climate forcing, induding well-mixed (long-lived)
greenhou® gases and natural forcingssuch as volcanic aerosls and solar irradiance, are beng
measured. Theresulting annud increment to global climate forcing can be computed accurately.
Althoughaerosols cannotbeinduded in thecalculation, it is of interest that the growth rate of
the measured forcingspeaked about1980with the subsequent decline dueprimarily to
condraints on the produdion of chlorofluorocarbons[Reference 3].

e. Planetary energy imbalance. The planetary energy imbadance, which had been
predicted in earlier pgoers [Reference 5], can be measured accurately in theindirect fashion that
we employed for our present pgper [Reference 6], i.e., via measurements of interna ocean
temperature supplemented by precise satellite altimetry of the ocean surface. It isdesirable tha
theinternd ocean measurements be extended to greater depthsof theocean. It also will be
necessary to accountfor the heat used to melt ice, if ice sheet disintegration and sea level rise
accelerate, butthis term can be obtained accurately from the measurements described bdow
(itemsh andi). Plangary radiationimbdance can in prindple bemeasured by satellite, butin
practice the needed absnlute accuracy is notyet attainable. Thisis because the measurements
mug indudethe solar radiation reflected by the Earth in all directions as well as thethermal
radiation emitted in al directions the measurements mus be madeto an absolute accuracy of
~0.1 W/m?, and there mugt be no temporal gapsin the measurements. Ocean hest storageis an



ideal proxy measurement, because temperature can be measured accurately and the ocean
naurally integrates the energy imbadance over time. Althoughsatellite radiation budge
measurements do not meet the accuracy requirements, they are a valuable complement to the
ocean measurements. The satellite data can be calibrated agang the ocean daa, and the satellite
can then provide greater spatia and tempora information that is useful for many climate
andyses and other purposes.

f. Global mean temperature. Thisisamore meaningful metric than generally realized.
Globd temperature respondspropottiondly to thenet effective globd climate forcing
(Reference 7) and even some regiond climate characteristics (e.g., the strength of the
overturning Hadley circulation andits regiond effects) seem to respondto the effective forcing
(Reference 7). Globd averagetemperature is affected less by the year-to-year chaotic
(unforced) variationsof weather and climate than is regiond climate, but such chaotic MoiseG's
still subgantial even on globd and annud average Oneof the strongest El Ninosof the century
occurred in 1998 amog precisely coindding with the calenda year, thuscausng 1998to stand
outas far warmer (by about0.2{C, or two standad deviationg than any year in the period of
ingrumental temperature data. However, because of the present strong plangary energy
imbdance, the climate system is now being pushed so hard that | have suggested that we can say
with confidence tha 2005will have awarmth comparable to tha of 1998 and theremarkable
1998globd temperature record will soonbebroken, if notthis year than within the next several
years. [A largevolcanic eruption conceivably could dday therecord afew years and solar
irradiance isin thedeclining phase of its 11-year cycle, buttheamplitudeof this short-term solar
decrease isonly afew tenthsof 1 W/m?, so it cannotovercome the postive climate forcing
assodated with the present plangtary energy imbdance.

g. Regional climate. Globd warmingis smaller than local or regiond unforced (chaotic)
variability, even when temperature is averaged over a season or afull year. However, globd
warming is largeenoughthé it is beginning to affect the probability of a season being warmer
than nomal, as well asthetrend of local temperature over the past severa decades. When
seasond or annud local temperatures are reported it would be hdpful if agraph of this
temperature for the period of measurements were induded, so tha thelay person and scientist
could see both thelongterm trend and the year-to-year variability.

h. Ice sheet mass. Changes of theimportant Greenland and Antarctic ice sheets can be
monitored with great precision by the combinaion of lidar atimetry from satellites such as
|ceSat and gravity satellites such as GRACE.

i. Sealevel. Thecombination of satellite ingruments that measure sea level heghtwith
remarkable accuracy and time gaugestationscan yield useful annud monitoring of sealevel.
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