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Abstract. A correlationbetweenaglobalaverageof low cloudcoverandtheflux of cosmicraysin-
cidentin theatmospherehasbeenobservedduringthelastsolarcycle.Theionisingpotentialof Earth
boundcosmicraysaremodulatedby thestateof theheliosphere,while cloudsplayanimportantrole
in the Earth’s radiationbudgetthroughtrappingoutgoing-and reflectingincoming radiation.If a
physicallink betweenthesetwo featurescanbeestablished,it would provide a mechanismlinking
solaractivity andEarth’s climate.Recentsatelliteobservationshave further revealeda correlation
betweencosmicray flux and low cloud top temperature.The temperatureof a cloud dependson
theradiationpropertiesdeterminedby its’ dropletdistribution.Low cloudsarewarm(

�
273K) and

thereforeconsistof liquid waterdroplets.At typical atmosphericsupersaturations( � 1%) a liquid
clouddropwill only form in thepresenceof anaerosol,whichactsasacondensationsite.Thedroplet
distribution of a cloudwill thendependon thenumberof aerosolsactivatedascloudcondensation
nuclei (CCN) andthe level of supersaturation.Basedon observationalevidenceit is arguedthata
mechanismto explain the cosmicray - cloud link might be found throughthe role of atmospheric
ionisationin aerosolproductionand/orgrowth. Observationsof local aerosolincreasesin low cloud
dueto shipexhaustindicatethatasmallperturbationin atmosphericaerosolcanhaveamajorimpact
on low cloud radiative properties.Thus,a moderateinfluenceon atmosphericaerosoldistributions
from cosmicray ionisationwould have a stronginfluenceon theEarth’s radiationbudget.Historical
evidenceover the past1000yearsindicatesthat changesin climatehave occurredin accordwith
variability in cosmicray intensities.Suchchangesarein agreementwith thesignof cloudradiative
forcingassociatedwith cosmicrayvariability asestimatedfrom satelliteobservations.

1. Intr oduction

Thesunis avariablestar, whichemitsbothelectromagneticradiationandenergetic
particlesknown asthesolarwind - thesearereleasedasa plasmacarryinga fin-
gerprintof thesolarmagneticfield throughoutinter-planetaryspace.Effectsfrom
the solarwind arefelt at distanceswell beyond Neptune,possiblyup to 200 AU
from the sun,in a region of spaceknown asthe Heliosphere(figure 1). The flux
of the inter-planetarymagneticfield (IMF) at 1AU is � 5nT. Variability in solar
activity affects both the radiative output of the sunand the strengthof the IMF
carriedby the solarwind. The IMF shieldsthe heliospherefrom galacticcosmic
radiationwhich,consistsof energeticparticles,mainlyprotonsthatareaccelerated
throughstellarprocessesin our galaxy. Thus,solarvariability modulatesboth the
flux of incominggalacticcosmicradiation(GCR)andtheamountof solarradiation
receivedby theplanets.
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2 MARSH AND SVENSMARK

Figure 1. Schematicof Heliosphere

Satellitemeasurementsof total solarradiationover the past20 yearshave re-
vealedthat the total radiative output of the sun variesby � 0.1 % (1.4 Wm��� )
over a solarcycle (approx.11 years).Currentlythis is believed to betoo small to
significantly influenceobserved surfacetemperaturesdirectly, althoughthis may
have beenlarger backin time (Leanet al, 1995).However, theUV region of the
solar radiationspectrumis observed to vary by up to 10 %. UV is absorbedby
ozoneandcanleadto variationsin Stratosphericheating.It hasbeensuggestedthat
variability in this heatingdueto changesin solaractivity canhave aninfluenceon
thedynamicalpropertiesof thetropospherebelow (GellerandAlpert,1980;Haigh,
1996;Shindellet al, 1999).It remainsto beseenhow this affectssurfaceclimate
oncetakinginto accountthemany feedbackmechanismsinvolved.

GCRsinteractwith theEarth’satmospherethroughnuclearcollisionsproducing
secondaryparticles(protons,neutronsandmuons)whichcanpenetratedeeperinto
theatmosphere;theseundergo furthercollisions,which leadsto acascadeof parti-
cles.Thecascadeof particlesreachesamaximumatabout16km.This is wherethe
nucleonicpartof thesecondaryparticles,i.e., neutronsandprotons,have reached
energies that are too low to undergo further collisions as a result of increasing
atmosphericdensitywith depth.Below 16km, the charge particleintensitydrops
off andit is mainly the muonsandelectrons,productsof very high-energy GCR
collisions,whichcontributeto thechargedparticleintensitiesat theselow altitudes
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Figure 2. Temporalvariability of GCR measuredat the Earth surface togetherwith the sunspot
number(adaptedfrom Svensmark1998).This revealsa clearsolarcycle modulationof theCosmic
Rayflux. Thetop curve is monthlyaveragesof GCRasmeasuredby theCLIMAX neutronmonitor
(cut-off rigidity � 3 GeV),Colorado(1953- 1996),valueshave beennormalisedto May 1965.The
middle curve is the annualmeanvariation in GCR capturedby ionisationchambers(1934-1994),
valuesare normalisedto 1965 (adaptedfrom Ahluwalia 1997).The bottom curve is the relative
sunspotnumber.

(Lal andPeters,1967;HermanandGoldberg, 1978).Observationsof bothmuons
andneutronsmadeattheEarth’ssurfacecontaininformationrelatedtoatmospheric
ionisationatdifferentaltitudesandcanrevealvariability betweendifferentenergies
of theGCRspectrum(figure2).

Cosmicraysareresponsiblefor the ionisationin the lower atmospherebelow
35km. Figure3 revealsatmosphericprofilesof ion pair productiontaken during
solarmaximumandsolarminimum.Thedifferencebetweenmaxandmin peaksat
around13kmandcontinuesdown to thesurface.

EdwardP. Ney (1959)observed thatatmosphericionisationwas’themeteoro-
logical variablesubjectto the largestsolarcycle modulationin denserlayersof
theatmosphere’.How thismight influenceclimateis opento speculation,but Ney
suggestedapossiblelink mightbethroughaninfluenceon ’storminess’.It wasnot
until 1997thatSvensmarkandFriis-Christensen(1997)showedfrom observations
thationisationmight beinfluencingglobalcloudcover.
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Figure3.Variabilityoverasolarcyclein theverticalprofilesof Ion pairproductionoverThule,which
is situatedatahighmagneticlatitude(adaptedfrom Neher1971).Dueto geomagneticshielding,the
levels of ionisationarereducedat lower latitudes,but essentialfeaturesin the vertical profile are
similar.

2. Cloudsand CosmicRays

Figure4 is a compositeof Satelliteobservationsof Earth’s total cloudcover from
Svensmark(1998).The cloud datacomprisethe NIMBUS-7 CMATRIX project
(Stowe et al, 1988)(triangles),andthe InternationalSatelliteCloud Climatology
Project(ISCCP)(Rossow andSchiffer, 1991)(Squares).Finally datafrom theDe-
fenceSatelliteMeteorologicalProgram(DMSP)SpecialSensorMicrowave/Imager
(SSM/I) (Diamonds)(WengandGrody, 1994).For detailsseeSvensmark(1998).
In thefigure the cloud datais comparedwith variationin GCR flux andthe 10.7
cm radio flux from the Sun. This radio flux follows closely variationsin total
solar irradiance,soft X–rays,and in ultraviolet radiationover this period.There
are clearly differencesbetweenthe variation of GCR and the radio flux with a
lag of almosttwo yearsbefore1987.Crucially, Earth’s cloudcover follows more
closelytheGCRflux asaproxy for atmosphericionisationratherthanthe10.7cm
flux. This observation suggeststhat a mechanismlinking cloud cover with solar
activity will involve changesin ionisationpropertiesof theatmosphereratherthan
incomingsolarradiation.

Cloudsinfluencevertically integratedradiative propertiesof theatmosphereby
cooling throughreflectionof incomingshortwave radiation,andheatingthrough
trappingof outgoinglongwave radiation.The net radiative impactof a particular
cloud is mainly dependentuponits heightabove thesurfaceandits optical thick-
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Figure 4. Compositefigureshowing changesin Earth’s total cloudcover for four clouddatasetsob-
tainedfrom satelliteobservations.Also plottedarethecosmicraysfluxesfrom Climax (solid curve,
normalisedto May 1965),and10.7 cm Solar flux (broken curve, in units of 10-22Wm	 
 Hz	�� ).
TrianglesaretheNimbus-7data,squaresarethe ISCCP-C2andISCCP-D2data,anddiamondsare
the DMSP data.All the displayeddatahave beensmoothedusinga 12-monthrunningmean.The
Nimbus-7andtheDMSPdatais total cloudcover for theSouthernHemisphereover oceans,andthe
ISCCPdatahave beenderivedfrom geostationarysatellitesover oceanswith thetropicsexcluded.

TABLE I

Radiative forcing from ERBEexperiment(adaptedfrom Hartmann,1993).

High Clouds Middle Clouds Low Total�� � ���� � � ���� � ���� � � �
Clouds

GlobalCloudFraction% 10.1 8.6 10.7 7.3 26.6 63.3

NetCRFWm 	 
 2.4 � 7.0 1.1 � 7.5 � 16.7 � 27.7

nessascanbeseenfrom TableI. High optically thin cloudstendto heatwhile low
clouds,which aregenerallythick, tendto cool (Hartmann,1993).With a current
climatic estimatefor the net forcing of the global cloud cover as a 27.7 Wm���
cooling in the atmosphere,cloudsclearly play an important role in the Earth’s
radiationbudget (Hartmann,1993; Ohring and Clapp,1980; Ramanathanet al,
1989;Ardanuyetal, 1991).A significantsolarinfluenceonglobalcloudproperties
is potentiallyimportantfor theEarth’sradiationbudget,but thesignandmagnitude
will bedeterminedby thecloudtypesaffected.
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Figure 5. Monthly meanvaluesfor global anomaliesof; a) high ( � 440hPa), b) middle (440 -
680hPa), andc) low ( � 680hPa) cloudcover (blue).Galacticcosmicray fluxes(GCR)from Climax
(red,normalisedto May 1965)areusedasa proxy for solarvariability. The global averageof the
temporalmeanover this periodfor high,middleandlow IR detectedcloudsis 13.5%, 19.9%, and
28.0% respectively.

Recentlyit hasbeenpossibleto observe cloud propertiesat differentaltitudes
from a global datasetInternationalSatelliteCloud Climate Project(ISCCP-D2)
(Schiffer and Rossow, 1983; Schiffer and Rossow, 1985; Rossow and Schiffer,
1991; Rossow et al, 1996).Theseare derived from Top Of Atmosphere(TOA)
radiancesfor the periodJuly 1983 to September1994.Monthly averagesof in-
frared(IR) measurementsarepreferreddueto their superiorspatialandtemporal
homogeneityover visual observationsthat canonly be detectedduring daylight.
Cloudcover is obtainedfrom analgorithmusingtheTOA IR statisticsto identify
the cloudinesson an equalareagrid (280kmx 280km).Cloud top temperatures
(CT) and pressures(CP) are obtainedfrom an ISCCPIR model constrainedby
watervapourandverticaltemperatureprofilesretrievedfrom theTIROSObserved
VerticalSounder(TOVS) (Rossow etal, 1996).CT andCParefoundby assuming
an opaquecloud, i.e. emissivity ����� , and adjustingthe cloudspressurelevel
(effectively cloud height) in the model until the reconstructedoutgoingIR flux
at TOA matchesthat observed. Basedon retrieved CP, cloudsare divided into
Low  680hPa ( ! 3.2km),Middle " 680-440hPa (3.2-6.5km),andHigh ! 440hPa
(  6.5km),Figure5.
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Figure 6. Global correlationmapof GCRwith anomaliesof Low cloud top temperature(CT). The
fractionof Earthpossessinga correlationcoefficient # 0.6 is 29.6% which is significantat # 99.9
%.

Clearly, GCRflux over this periodis correlatedwith a $ 2 % absolutechange
( $ 7 % relative change)in low cloud cover, while there is no correlationwith
middle andhigh clouds.Sincelow cloudstendto be optically thick they areef-
ficient reflectorsof sunlightandhave a negative impacton the Earth’s radiation
budget(TableI). Basedon observationsmadeunderthe EarthRadiationBudget
Experiment(ERBE) theaveragelow cloudradiative forcing contributesa cooling
of % 16.7 W/m2. Thusa $ 2 % absolutechangein low cloud cover over a solar
cycle,wouldgivea changein netlow cloudforcingof $ 1.2W/m2.

In additionto cloudcover, theIR modelalsogeneratesanadditionalcloudpa-
rameter, cloudtop temperature(CT), at Low, Mid, andHigh altitudes.Thespatial
correlationmap in Figure6 shows how low cloud top temperaturescovary with
GCR flux, particularlyover oceansin regionswherestratocumulusandmarines-
tratuscloudsaredominant(for detailssee(MarshandSvensmark,2000).Thelack
of correlationat high latitudesis currentlynot understood,but may be relatedto
differencesin processesof cloudformation.

However, theopaquecloudassumptionexcludesmicrophysicalpropertiesand
soconstrainscloudvariability to appearonly in cloud ’model height’, thusintro-
ducinganelementof artificial variability into CT. Observedpropertiesof low level
maritimecloudssuggeststhat they arenot opaque(Heymsfield,1993).Relaxing
theopaqueassumptionallows cloudvariability to manifestitself throughchanges
in cloudopticaldepth,i.e., &('*) .
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3. Cloudsand Aerosols

Cloudopticaldepthdependsonprocessesaffectingtheclouddropsizedistribution,
andcloud thicknesswhich is influencedby atmosphericvertical temperaturepro-
files.Sincelow cloudsarewarm( + 273K) they consistof liquid waterdropswhich
form on cloud condensationnuclei (CCN), andso the drop sizedistribution de-
pendson thedensityof atmosphericaerosolsactivatedasCCN.Theabundanceof
CCNis determinedby boththelevel of supersaturationandthenumberof aerosols
presentin the atmosphereable to grow into CCN. Increasesin supersaturation,
typically between0.1% andafew percent,activatesincreasinglysmalleraerosols.
A solarsignalcould enterlow cloud propertiesthroughinfluencingatmospheric
verticaltemperatureprofiles,watervapour, or aerosolto CCNactivationprocesses.

TOVS observations of the vertical profiles of water vapourand temperature
demonstratelittle correlationwith GCR(figure7). Thissuggeststhatsolarinduced
variability of local thermodynamicpropertiesin theatmospherecannotbeentirely
responsiblefor the observed changesin low cloud properties.Sincethe vertical
atmosphericstructuredependson radiatively driven large-scalecirculation, this
mightnotbesurprisinggiventhatvariability in solarirradianceagreespoorlywith
cloudproperties(figure4).

4. Aerosolsand CosmicRays

Assumingtypicalatmosphericwatervapoursaturationsof up to a few percent,the
abundanceof CCNis determinedthroughpropertiesof thebackgroundaerosolsize
distribution ( , 0.1-1.0mm). Productionof aerosolcanbe dueto many processes
involving: gas-particleconversion,droplet-particleconversion,i.e.,evaporationof
water dropletscontainingdissolved matter, and bulk particlesfrom the surface,
e.g.,smoke, dust,or pollen(PruppacherandKlett, 1997).Observationsof spectra
in regionsof low cloudformationindicatethataerosolsareproducedlocally. In the
troposphereit is believed that ionisationcontributesto thegas-particleformation
of ultrafine( - 20nm)aerosol,andthesubsequentgrowth into thematuredaerosol
distributions which act as CCN (Turco et al, 1998; Hõrrak et al, 1998; Yu and
Turco,2000).Figure8 shows theionisationdensityprofile of theatmosphereand
themajor ion speciesproduced.Thecomplexity of ionsincreaseswith decreasing
altitude.It is theions,producedwithin thetroposphereby cosmicrays,which are
potentiallyimportantfor aerosolproduction.

Currentlyit is uncertainwhethervariability in atmosphericionisationdueto the
GCR flux could have a significanteffect on eitheraerosolproductionor droplet
growth. However, modelshave revealedthatnucleationthroughion-ion recombi-
nation(Turcoetal, 1998)is capableof maintainingabackgroundaerosoldistribu-
tion with realisticconcentrationsin thetroposphere,TableII.
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Figure 7. Global correlation maps of GCR with anomaliesof a) atmosphericwater vapour
(1000-680hPa), and b) atmospherictemperatureat 740 hPa. The water vapour and temperature
aregiven by TOVS observationscovering theperiodJuly 1983- September1994(Rossow, 1996).
Anomaliesandcorrelationcoefficientsarecalculatedasin figure5 and6 (seebothfigurecaptions).
Theshadingcorrespondsto filled contours,wherecorrelationcoefficient r . 0.8 - black,r . 0.6 -
grey, andr / -0.6 - hatched,thereareno regionswith r / -0.8. The fractionof Earthpossessinga
correlationcoefficient . 0.6 is a) 11.7% andb) 3.4% which is not significant.

TABLE II

Concentration- cm0 1
CCNin a maritimeair massat 1 % supersaturation 2 100

over thePacific. (PruppacherandKlett, 1997)

Backgroundaerosolin a maritimeair over the 2 200

Pacific. (PruppacherandKlett, 1997)

Backgroundaerosoldistributionmaintainedby 2 200-500

ion-ion recombination.(Turcoet al, 1998)
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Figure 8. VerticalProfileof ionisationdensityin theatmosphere.Includedarethemajorion species
atvariousaltitudes(adaptedfrom ViggianoandArnold, 1995).

This is justonepossiblemechanism,but it emphasisesthepotentialimportance
of ionisationfor troposphereaerosolproduction.It is not unrealisticto imagine
thatasystematicchangein cosmicray ionisationcouldleadto achangein aerosol
populationsactingasCCN andthusinfluencecloudproperties.

Note that the processof aerosolsacting as a sourceof CCN for low clouds
is quite differentto thesourceof nuclei for higheraltitudeice clouds.Therefore,
theinfluenceof ionisationon aerosolprocessesaffectinglow cloudCCN neednot
be importantfor high clouds.A detaileddiscussionof ice nuclei canbe found in
PruppacherandKlett 1997.

5. Influenceof the AerosolDistribution on Cloud Radiative Properties

The effect of increasedaerosolon cloud radiative propertiescanbe observed di-
rectly from ship tracks.Ship exhaustemits aerosolinto low cloud layers thus
increasingthelocal backgroundaerosol.Consequently, theclouddropletdistribu-
tion is modifiedwhichinfluencestheradiativepropertiesof thecloud.Two satellite
imagesat differentwavelengthscanbe seenin figure 9, wherea numberof ship
tracksareobservable. In the visible (left-handimage),theseshow up as regular
bright white lines indicatinganincreasein cloudalbedo.Theright-handimageis
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Figure 9. Imagesof Ship CondensationTrails Off the California Coasttaken on 15 July 1998by
GOES-9.Left imageis in theVisible (0.7 3 m)andright imageis theIR Fog Product(10.7 3 m - 3.9
3 m).

Figure10.Visible0.7 3 m (left) andNearIR 2.2 3 m (right) aircraftobservationsof shiptracksin low
cloud(adaptedfrom King etal, 1993).

thedifferencebetweenNIR andIR wherethesametracksshow upasdarkregions.
TheNIR (3.2 4 m) is dominatedby absorptionpropertiesof thecloudwhile theIR
(10.7 4 m) is theresultof thecloudemissivity. SubtractingtheNIR imagefrom the
IR enhancesregionsof increasedabsorptionandemissionsuchasthedark tracks
dueto shipexhaust.

In-situ aircraftmeasurementsmadethroughshiptrackcontaminatedcloudgive
detailto theradiativechanges(King etal,1993).Figure10showsradiationintensi-
tiesfrom anaircraftpaththroughthemiddleof suchcloudlookingbothin thenadir
(down) andzenith(up). In the visible, the greatestinfluenceis from backscatter
below the aircraft,while the NIR revealsstrongabsorptionboth from above and
below. In fact, theabsorptionis muchstrongerfrom above indicatingthecloud is
absorbinga greaterflux of incomingradiation.This suggeststhat an increasein
aerosolgivesa decreasein dropletsizeandanincreasein cloudliquid water, thus
enhancingabsorptionof incomingradiationfrom above thecloud.Consequently,
the cloud will heat in theseregions, which explains the darkenedtracks in the
right-handsatelliteimageof figure9.
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Figure 11. Reconstructedlow cloudcover (solid) from galacticcosmicray fluxesmeasuredwith a
neutroncounterat Huancayo(cut-off rigidity 12.91GeV). Also shown is the 12 monthsmoothed
global low cloudcover (dashed)from figure5c. Theright axis is anestimatedof changesin Cloud
Radiative Forcing(CRF)basedon theERBEresultsdisplayedin Table1. SeeTable3 for estimates
of long termtrendsin CRFfrom this reconstruction.

From the ship tracks,it is apparentthat increasesin aerosolleadsto both an
increasein albedoandan increasein absorptionandthereforecloud temperature.
If an increasein GCR can lead to a similar increasein aerosol,then this would
explain the positive correlation’s betweenGCR and low cloud top temperatures
(figure7) over a largefractionof theglobe.

6. Estimatesof PastCloud Radiative Forcing

Theradiative impactfrom cosmicray influenceon cloudscanbeextendedbackin
timefrom areconstructionassumingalinearresponsefunction(Svensmark,1998).
It wasarguedabove, thatcosmicray ionisationin thelower troposphereaffecting
aerosoldistributionscouldexplainthesolarvariability observedin low clouds.The
high-energy secondaryparticlespenetratethe atmosphereto depthsof low cloud
formation,thustheHuancayoneutroncounterwith cut-off rigidity at12.91GeVis
usedin thereconstruction.Fromthefollowing relationship:

576 8 9 :<; = > ?@8 = 6 ACB 9 DE8 B 9 ?@AF8 9 G�6 >IHFJLKNMPO75RQLS
(1)

a historyof low cloudcover is found,where
J

and
S

areobtainedfrom a least
squaresfit over theperiodof availableISCCPlow clouddata(1983- 1994).The
reconstructedlow cloudcover is shown in figure11.

Levels of cosmicraysreceived at Earthare influencedby the strengthof the
solarmagneticfield. Thus,relative changesin thesolarmagneticfield canbeused
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TABLE III

Estimatesof radiative heatingfrom thereconstructionof low cloudsshown in figure11.

Estimated SolarMax-Min 30yeartrend Centurytrend

Relative Change(%) in: 1983-1987 1964-1995 1901-1995

CosmicRay( T 12.91GeV) 3.5 U 3.5 U 11.2

SolarSourceMagneticFlux 41 131

GlobalLow CloudFraction(ISCCP) 6.1 U 3.5 U 8.6

NetChange(WmV W ) in

ERBELow CRF( U 16.7Wm V W ) U 1.0 0.5 1.4

to estimaterelative changesin cloud forcing. Lockwoodet al (1999)have recon-
structeda historyof solarsourcemagneticflux for thepastcenturywhich agrees
well with theavailablesatelliteobservationsfor theperiod1964- 1995.Thisallows
anestimatefor cloudradiative forcing to bemadefor theperiodbeforecosmicray
observationswereavailable.Thesolarmagneticfield is observedto havemorethan
doubledover thepastcenturywhile at thesametimecosmicradiationmeasuredat
Huancayohasdecreasedby 3.5%(TableIII). Usingthereconstructionof low cloud
cover in figure11andtheERBEestimatesfor cloudradiative forcing(TableI) one
caninfera X 1.4WmY@Z warmingattributedto low cloudcoverchangesoverthepast
century(1901-1995).This is potentiallyimportantwhenconsideringthatover the
sameperiodthe estimatedheatingfrom increasedCOZ emissionsis X 1.5WmY@Z
andchangesin solar irradiancereceived at Earthare0.4 WmY�Z (Lockwood and
Stamper, 1999).

A comparisonbetweencosmicrays and climate can be extendedyet further
backin time,asa historyof Solaractivity is well known for thepast10000years.
This is from observingchangesin the productionof radioisotopesin the atmo-
sphereby galacticcosmicrays.Variationsin [ \ Cproductionfor thelastmillennium
togetherwith majorclimateepochscanbeseenin figure12.

Although we do not have a goodestimateof the absoluteglobal temperature
recordcovering this period,someof themajorchangesin [ \ C appearto coincide
with significantclimate shifts. Solar activity was particularly high from 1000 -
1300AD, known asthemedieval warmperiod,whenwine wasmadefrom grapes
grown in England,and the Vikings colonisedGreenland.This was followed by
a cold periodknown as the Little Ice Age, which lasteduntil the middle of the
19thcentury. During thisperiod,theVikings left GreenlandandtheRiverThames
regularly frozein London.TheMaunderMinimum (1645-1715)wasaparticularly
coldspellwhentherewasacompleteabsenceof sunspotsindicatingvery low solar
activity. Thisevidencesuggeststhatin thepastpeopleexperiencedclimatechanges
thathave occurredin concurrencewith extremesin solarvariability.
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14 MARSH AND SVENSMARK

Figure 12.Changesin ] ^ C levelsover thepast1000yearsrelative to 1950. ] ^ C is producedthrough
nuclearinteractionsof cosmicray particlesin the atmosphere.Cosmicraysaremodulatedby the
solarwind; thus,variability in ] ^ C productionis mainly a resultof changesin solaractivity. High
solaractivity leadsto strongershieldingfrom thesolarwind andthusa reductionin theproduction
rate.Notetheinvertedaxis for ] ^ C anomalies.Thesharpdeviation of ] ^ C duringthelastcenturyis
dueto theburningof ] ^ C depletedfossil fuels(theSuesseffect).

7. Conclusions

Basedon the ISCCP-D2IR cloud datathereis a clearcorrelationbetweensolar
activity andpropertiesof low cloudsin contrastto middle andhigh clouds.The
correlationis seenin two independentparameters;a)Low cloudcover, andb) Low
cloudtoptemperature.Observationsof atmosphericparametersfrom TOVS donot
supporta solar-cloud link throughtroposphericdynamicsinfluencedby UV ab-
sorptionin thestratosphere.However, sincelow cloudsarewarmandcompriseof
waterdropletsnucleatedby aerosol,a link maybefoundthroughaGCRinfluence
ontheatmosphericaerosoldistribution.Shiptrackssuggestthatlow cloudradiative
propertiesaresensitive to the backgroundaerosoldistribution suchthat radiative
forcing dueto increasedaerosolleadsto a warmingof thecloud.If anincreasein
GCRcanleadto similar increasesin aerosol,thenthis would explain thepositive
correlationbetweenGCR and low cloud top temperaturesover a large fraction
of theglobe.Historical recordssuggestthatsystematicchangesin globalclimate
follow observedchangesin GCR.This is consistentwith low GCRcorresponding
to fewer low cloudsandthereforea warmerclimate.Crudeestimatesof changes
in cloudradiative forcingover thepastcentury, whenthesolarmagneticflux more
thandoubled,indicatesthataGCR-cloudmechanismcouldhavecontributed _ 1.4
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Wm̀�a to the observed global warming.Theseobservationsprovide compelling
evidenceto warrantfurtherstudyof theeffect of GCRonclouds.
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