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Abstract. A correlationbetweera globalaverageof low cloud cover andtheflux of cosmicraysin-
cidentin theatmospherdasbeenobseredduringthelastsolarcycle. Theionisingpotentialof Earth
boundcosmicraysaremodulatedoy the stateof the heliospherewhile cloudsplay animportantrole
in the Earth’s radiationbudgetthroughtrappingoutgoing-and reflectingincoming radiation.If a
physicallink betweernthesetwo featurescanbe establishedit would provide a mechanisminking
solaractvity and Earth’s climate. Recentsatellite obserationshave further revealeda correlation
betweencosmicray flux andlow cloud top temperatureThe temperatureof a cloud dependson
the radiationpropertiesdeterminedoy its’ dropletdistribution. Low cloudsarewarm (>273K) and
thereforeconsistof liquid waterdroplets.At typical atmospherisupersaturationg~ 1%) a liquid
clouddropwill only formin thepresencef anaerosolwhichactsasacondensatiosite. Thedroplet
distribution of a cloud will thendependon the numberof aerosolsactivatedascloud condensation
nuclei (CCN) andthe level of supersaturationBasedon obsenrational evidenceit is arguedthata
mechanisnto explain the cosmicray - cloud link might be found throughthe role of atmospheric
ionisationin aerosolproductionand/orgronth. Obsenrationsof local aerosoincreasesn low cloud
dueto shipexhaustindicatethata smallperturbatiorin atmospheri@erosokanhave amajorimpact
on low cloud radiative properties Thus,a moderatenfluenceon atmospheri@aerosoldistributions
from cosmicray ionisationwould have a stronginfluenceon the Earth's radiationbudget.Historical
evidenceover the past1000yearsindicatesthat changesn climate have occurredin accordwith
variability in cosmicray intensities.Suchchangesrein agreementvith the sign of cloudradiatve
forcing associatedvith cosmicray variability asestimatedrom satelliteobsenrations.

1. Intr oduction

Thesunis avariablestar which emitsbothelectromagneticadiationandenegetic
particlesknown asthe solarwind - thesearereleasedasa plasmacarryinga fin-
gerprintof the solarmagneticfield throughoutinterplanetaryspace Effectsfrom
the solarwind arefelt at distanceswvell beyond Neptune possiblyup to 200 AU
from the sun,in aregion of spaceknown asthe Heliosphere(figure 1). The flux
of the inter-planetarymagneticfield (IMF) at 1AU is ~5nT. Variability in solar
actvity affects both the radiatve output of the sunandthe strengthof the IMF
carriedby the solarwind. The IMF shieldsthe heliospherdrom galacticcosmic
radiationwhich, consistf enegetic particles,mainly protonsthatareaccelerated
throughstellarprocesses our galaxy Thus,solarvariability modulatesboththe
flux of incominggalacticcosmicradiation(GCR)andtheamountof solarradiation
receved by theplanets.
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Figure 1. Schematiof Heliosphere

Satellitemeasurementsf total solarradiationover the past20 yearshave re-
vealedthat the total radiatie output of the sun variesby ~0.1 % (1.4 Wm~2)
over a solarcycle (approx.11 years).Currentlythis is believed to be too smallto
significantlyinfluenceobsered surfacetemperatureslirectly, althoughthis may
have beenlarger backin time (Leanet al, 1995).However, the UV region of the
solar radiationspectrumis obsered to vary by up to 10 %. UV is absorbedby
ozoneandcanleadto variationsin Stratospheritieating It hasbeensuggestethat
variability in this heatingdueto changesn solaractivity canhave aninfluenceon
thedynamicalpropertieof thetropospheréelon (GellerandAlpert, 1980;Haigh,
1996; Shindellet al, 1999).It remainsto be seenhow this affectssurfaceclimate
oncetakinginto accounthe mary feedbackmechanism#volved.

GCRsinteractwith theEarths atmospheréhroughnuclearcollisionsproducing
secondaryarticles(protons neutronsandmuons)which canpenetrateleepeinto
theatmospheretheseundego furthercollisions,whichleadsto a cascad®f parti-
cles.Thecascad®ef particlesreaches maximumataboutl6km.Thisis wherethe
nucleonicpartof the secondaryarticles,i.e., neutronsandprotons,have reached
enegies that are too low to undego further collisions as a result of increasing
atmospheriadensitywith depth.Below 16km, the chage particleintensity drops
off andit is mainly the muonsand electrons productsof very high-enegy GCR
collisions,which contrituteto thechagedparticleintensitiesat thesdow altitudes

SSR _Paper.tex; 24/05/2000; 14:49; p.2



COSMICRAYS,CLOUDS,AND CLIMATE. 3

A A A A _ED
- 1 3 S
[ ] —
=~ {600 Jd-10%
@ o 7 o
a 1 = E b
o 1 E 1 B
; | & ik
= 2 3 .
fu! 1400 £, ] g

9 | 5  J-130
| [+]
g | A E
3 | O &
s 2 37100
d 200 = E =
g 1@ 3 2
3 —_—50-;
= 1 3 [
J 3 =

—GhE e e e o N 0 —2—50

1940 1950 1960 1970 1980 1990
Year

Figure 2. Temporalvariability of GCR measuredat the Earth surface togetherwith the sunspot
number(adaptedrom Svensmark1998).This revealsa clearsolarcycle modulationof the Cosmic
Rayflux. Thetop curve is monthly averageof GCRasmeasuredy the CLIMAX neutronmonitor

(cut-off rigidity > 3 GeV), Colorado(1953- 1996),valueshave beennormalisedo May 1965.The

middle curwe is the annualmeanvariationin GCR capturedby ionisationchamberg1934-1994),
valuesare normalisedto 1965 (adaptedfrom Ahluwalia 1997). The bottom curwe is the relative

sunsponumber

(Lal andPeters1967;HermanandGoldbeg, 1978).0Obsenrationsof bothmuons
andneutronsnadeattheEarth’s surfacecontaininformationrelatedto atmospheric
ionisationatdifferentaltitudesandcanrevealvariability betweerdifferentenegies
of the GCR spectrum(figure 2).

Cosmicraysareresponsiblgor the ionisationin the lower atmospherdelov
35km. Figure 3 revealsatmospherigrofiles of ion pair productiontaken during
solarmaximumandsolarminimum. Thedifferencebetweermaxandmin peaksat
aroundl3kmandcontinuesdown to the surface.

Edward P. Ney (1959)obsenred thatatmospherigonisationwas’the meteoro-
logical variable subjectto the largestsolar cycle modulationin densedayersof
theatmosphere’How this mightinfluenceclimateis opento speculationbut Ney
suggestea possibldink might bethroughaninfluenceon ’storminess’lt wasnot
until 1997thatSvensmarlandFriis-Christensel(1997)shavedfrom obserations
thationisationmight beinfluencingglobalcloudcover.

SSR _Paper.tex; 24/05/2000; 14:49; p.3



4 MARSH AND SVENSMARK

30 —

25 f—

20

Altitude (km)
&

L o 1954 @
s adoe 1958 &

1964 O
1969 &

Figure 3. Variability overasolarcyclein theverticalprofilesof lon pairproductionover Thule,which
is situatedata high magnetidatitude(adaptedrom Neher1971).Dueto geomagnetishielding the
levels of ionisationare reducedat lower latitudes,but essentiafeaturesin the vertical profile are
similar.

2. Cloudsand CosmicRays

Figure4 is acompositeof Satelliteobserationsof Earth’s total cloud cover from
Swvensmark(1998). The cloud datacomprisethe NIMBUS-7 CMATRIX project
(Stowe et al, 1988) (triangles),andthe InternationalSatellite Cloud Climatology
Project(ISCCP)(Rossav andSchiffer, 1991)(Squares)Finally datafrom the De-
fenceSatelliteMeteorologicaProgram(DMSP) SpecialSensoMicrowave/Imager
(SSM/1) (Diamonds)(Wengand Grody, 1994).For detailsseeSvensmark(1998).
In the figure the cloud datais comparedwith variationin GCR flux andthe 10.7
cm radio flux from the Sun. This radio flux follows closely variationsin total
solarirradiance,soft X—rays,andin ultraviolet radiationover this period. There
are clearly differencesbetweenthe variation of GCR and the radio flux with a
lag of almosttwo yearsbefore1987.Crucially, Earth’s cloud cover follows more
closelythe GCRflux asa proxy for atmospherigonisationratherthanthe 10.7cm
flux. This obseration suggestshat a mechanisniinking cloud cover with solar
actvity will involve changesn ionisationpropertiesof theatmosphereatherthan
incomingsolarradiation.

Cloudsinfluencevertically integratedradiative propertiesof theatmospheréy
cooling throughreflectionof incoming shortwave radiation,and heatingthrough
trappingof outgoinglongwave radiation.The net radiative impactof a particular
cloudis mainly dependentiponits heightabove the surfaceandits optical thick-
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Figure 4. Compositdigure shaving changesn Earth’s total cloud cover for four cloud datasetsob-
tainedfrom satelliteobsenations.Also plottedarethe cosmicraysfluxesfrom Climax (solid curve,
normalisedto May 1965),and 10.7 cm Solar flux (broken curwve, in units of 10-22Wnt2Hz™1).
Trianglesarethe Nimbus-7 data,squaresrethe ISCCP-C2andISCCP-D2data,anddiamondsare
the DMSP data.All the displayeddatahave beensmoothedusinga 12-monthrunningmean.The
Nimbus-7andthe DMSP datais total cloud cover for the SoutherrHemispherever oceansandthe
ISCCPdatahave beenderived from geostationargatellitesover oceanswith thetropicsexcluded.

TABLE |
Radiatie forcing from ERBE experiment(adaptedrom Hartmann,1993).

High Clouds Middle Clouds Low Total
Thin Thick Thin Thick Clouds

GlobalCloudFraction% 10.1 8.6 10.7 7.3 26.6 63.3
Net CRFWm™2 2.4 -7.0 1.1 -75 -16.7 -=-27.7

nessascanbeseenfrom Tablel. High optically thin cloudstendto heatwhile low
clouds,which are generallythick, tendto cool (Hartmann,1993). With a current
climatic estimatefor the net forcing of the global cloud cover asa 27.7 Wm—2
cooling in the atmospheregloudsclearly play an importantrole in the Earths
radiationbudget (Hartmann,1993; Ohring and Clapp, 1980; Ramanatharet al,
1989;Ardanuyetal, 1991).A significantsolarinfluenceon globalcloudproperties
is potentiallyimportantfor theEarths radiationbudget,but thesignandmagnitude
will bedeterminedy the cloudtypesaffected.
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Figure 5. Monthly meanvaluesfor global anomaliesof; a) high (<440hR), b) middle (440 -
680hRy), andc) low (>680hR) cloud cover (blue). Galacticcosmicray fluxes(GCR) from Climax
(red, normalisedto May 1965) are usedasa proxy for solarvariability. The global averageof the
temporalmeanover this periodfor high, middleandlow IR detectectloudsis 13.5%, 19.9%, and
28.0% respectiely.

Recentlyit hasbeenpossibleto obsere cloud propertiesat differentaltitudes
from a global datasetinternationalSatellite Cloud Climate Project(ISCCP-D2)
(Schifer and Rossav, 1983; Schiffer and Rossav, 1985; Rossawv and Schiffer,
1991; Rosswv et al, 1996). Theseare derived from Top Of Atmosphere(TOA)
radiancedor the period July 1983to Septembed994. Monthly averagesof in-
frared (IR) measurementare preferreddueto their superiorspatialandtemporal
homogeneityover visual obserationsthat canonly be detectedduring daylight.
Cloud cover is obtainedfrom analgorithmusingthe TOA IR statisticsto identify
the cloudinesson an equalareagrid (280kmx 280km). Cloud top temperatures
(CT) and pressure4CP) are obtainedfrom an ISCCPIR model constrainedoy
watervapourandverticaltemperaturg@rofilesretrieved from the TIROS Obsenred
Vertical Sounde(TOVS) (Rosswv etal, 1996).CT andCParefoundby assuming
an opaquecloud, i.e. emissvity ¢ = 1, and adjustingthe clouds pressurdevel
(effectively cloud height) in the model until the reconstructedutgoingIR flux
at TOA matchesthat obsered. Basedon retrieved CP cloudsare divided into
Low > 680hR (<3.2km),Middle ~680-440hR (3.2-6.5km),andHigh <440hR
(>6.5km),Figureb.
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Figure 6. Global correlationmap of GCRwith anomaliesof Low cloudtop temperaturg¢CT). The
fraction of Earthpossessing correlationcoeficient > 0.6is 29.6 % which is significantat > 99.9
%.

Clearly GCRflux over this periodis correlatedwith a~ 2 % absolutechange
(~7 % relatve change)in low cloud cover, while thereis no correlationwith
middle and high clouds.Sincelow cloudstendto be optically thick they are ef-
ficient reflectorsof sunlightand have a negative impacton the Earth’s radiation
budget(Tablel). Basedon obserationsmadeunderthe Earth RadiationBudget
ExperimentERBE) the averagelow cloudradiative forcing contritutesa cooling
of —16.7W/m2. Thusa ~2 % absolutechangein low cloud cover over a solar
cycle,would give a changen netlow cloudforcing of ~1.2W/m2.

In additionto cloud cover, the IR modelalsogenerateanadditionalcloud pa-
rametey cloudtop temperaturéCT), at Low, Mid, andHigh altitudes.The spatial
correlationmapin Figure 6 shavs how low cloud top temperaturegovary with
GCR flux, particularlyover oceansn regionswherestratocumulusgnd marines-
tratuscloudsaredominant(for detailssee(MarshandSvensmark2000).Thelack
of correlationat high latitudesis currently not understoodput may be relatedto
differencesn processesf cloudformation.

However, the opaquecloud assumptiorexcludesmicrophysicalpropertiesand
so constraincloud variability to appearonly in cloud 'model height’, thusintro-
ducinganelemenfof artificial variability into CT. Obsered propertiesof low level
maritime cloudssuggestghat they are not opaque(Heymsfield, 1993). Relaxing
the opagueassumptiorallows cloud variability to manifestitself throughchanges
in cloudopticaldepth,i.e.,e < 1.
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3. Cloudsand Aerosols

Cloudopticaldepthdepend®n processeaffectingtheclouddropsizedistribution,
andcloud thicknesswhich is influencedby atmospheria/ertical temperaturgro-
files. Sincelow cloudsarewarm(>273K)they consistof liquid waterdropswhich
form on cloud condensatiomuclei (CCN), and so the drop size distribution de-
pendson thedensityof atmospheri@erosolsactvatedasCCN. The alundanceof
CCNis determinedy boththelevel of supersaturatioandthe numberof aerosols
presentin the atmospherable to grow into CCN. Increasesn supersaturation,
typically betweerD.1% andafew percentactivatesincreasinglysmalleraerosols.
A solarsignal could enterlow cloud propertiesthroughinfluencingatmospheric
verticaltemperaturg@rofiles,watervapour or aerosoto CCN activationprocesses.

TOVS obsenations of the vertical profiles of water vapourand temperature
demonstratéttle correlationwith GCR (figure 7). This suggestshatsolarinduced
variability of local thermodynamigropertiesn theatmosphereannotbe entirely
responsibldor the obsered changesn low cloud properties.Sincethe vertical
atmosphericstructuredependson radiatvely driven large-scalecirculation, this
might not be surprisinggiventhatvariability in solarirradianceagreespoorly with
cloudpropertieqfigure4).

4. Aerosolsand CosmicRays

Assumingtypical atmospheriavatervapoursaturation®f up to afew percentthe
alundanceof CCNis determinedhroughpropertiesof thebackgroundierosokize
distribution (~0.1-1.0mm). Productionof aerosolcanbe dueto mary processes
involving: gas-particlecorversion,droplet-particlecorversion,i.e., evaporationof
water dropletscontainingdissohed matter and bulk particlesfrom the surface,
e.g.,smole, dust,or pollen (PruppacheandKlett, 1997).0Obserationsof spectra
in regionsof low cloudformationindicatethataerosolsareproducedocally. In the
tropospherat is believed thationisationcontritutesto the gas-particlformation
of ultrafine(<20nm)aerosolandthe subsequengrowth into the maturedaerosol
distributions which act as CCN (Turco et al, 1998; Horrak et al, 1998; Yu and
Turco,2000).Figure 8 shavs the ionisationdensityprofile of the atmospherand
themajorion specieproducedThe compleity of ionsincreasesvith decreasing
altitude.It is theions, producedwithin thetropospherdoy cosmicrays,which are
potentiallyimportantfor aerosolproduction.

Currentlyit is uncertainvhethervariability in atmospherigonisationdueto the
GCR flux could have a significanteffect on eitheraerosolproductionor droplet
growth. However, modelshave revealedthat nucleationthroughion-ion recombi-
nation(Turcoetal, 1998)is capableof maintaininga backgrouncdherosoMdistribu-
tion with realisticconcentrationsn thetroposphereTablell.
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Figure 7. Global correlation maps of GCR with anomaliesof a) atmosphericwater vapour
(1000-680hB), and b) atmospheridemperatureat 740 hPa. The water vapour and temperature
aregiven by TOVS obsenrationscovering the period July 1983- Septembef994 (Rossav, 1996).
Anomaliesandcorrelationcoeficientsarecalculatedasin figure 5 and6 (seebothfigure captions).
The shadingcorrespondso filled contourswherecorrelationcoeficientr > 0.8 - black,r > 0.6 -
grey, andr < -0.6 - hatchedthereareno regionswith r < -0.8. The fraction of Earthpossessing
correlationcoeficient > 0.6is a) 11.7% andb) 3.4 % which s notsignificant.

TABLE Il

Concentration cm™3

CCNin amaritimeair massat 1 % supersaturation ~ 100
overthePacific. (PruppacheandKlett, 1997)

Backgroundaerosoln a maritimeair over the ~ 200
Pacific. (PruppacheandKlett, 1997)

BackgroundaerosoMistribution maintainedoy ~ 200-500
ion-ion recombination(Turcoetal, 1998)
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Figure 8. Vertical Profile of ionisationdensityin the atmosphereincludedarethe majorion species
atvariousaltitudes(adaptedrom ViggianoandArnold, 1995).

Thisis justonepossiblemechanismbut it emphasisethe potentialimportance
of ionisationfor troposphereaerosolproduction.lt is not unrealisticto imagine
thata systematichangdn cosmicray ionisationcouldleadto a changdn aerosol
populationsactingasCCN andthusinfluencecloud properties.

Note that the processof aerosolsacting as a sourceof CCN for low clouds
is quite differentto the sourceof nucleifor higheraltitudeice clouds.Therefore,
theinfluenceof ionisationon aerosobprocessesaffectinglow cloud CCN neednot
be importantfor high clouds.A detaileddiscussiorof ice nucleicanbe foundin
PruppacheandKlett 1997.

5. Influence of the Aerosol Distrib ution on Cloud Radiative Properties

The effect of increasedaerosolon cloud radiative propertiescan be obsered di-
rectly from ship tracks. Ship exhaustemits aerosolinto low cloud layers thus
increasinghelocal backgroundaerosol Consequentlythe cloud dropletdistribu-
tion is modifiedwhichinfluencegheradiative propertiesof thecloud. Two satellite
imagesat differentwavelengthscanbe seenin figure 9, wherea numberof ship
tracksare obsenable. In the visible (left-handimage),theseshav up asregular
bright white linesindicatinganincreasdn cloud albedo.Theright-handimageis
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Figure 9. Imagesof Ship Condensatiorrails Off the California Coasttaken on 15 July 1998 by
GOES-9 Left imageis in the Visible (0.7 gm)andright imageis the IR Fog Product(10.7 gm - 3.9
pm).
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Figure 10.Visible 0.7 um (left) andNearlIR 2.2 um (right) aircraftobsenationsof shiptracksin low
cloud (adaptedrom King etal, 1993).

thedifferencebetweerNIR andIR wherethesametracksshov up asdarkregions.
TheNIR (3.2 #m) is dominatedby absorptiorpropertiesof the cloudwhile the IR
(10.7u m) is theresultof thecloudemissvity. SubtractingheNIR imagefrom the
IR enhancesegionsof increasedabsorptionandemissionsuchasthe dark tracks
dueto shipexhaust.

In-situ aircraftmeasurementsiadethroughshiptrackcontaminatedloud give
detailto theradiative changegKing etal, 1993).Figure10shavs radiationintensi-
tiesfrom anaircraftpaththroughthemiddle of suchcloudlookingbothin thenadir
(down) and zenith (up). In the visible, the greatestinfluenceis from backscatter
below the aircraft, while the NIR revealsstrongabsorptionboth from above and
below. In fact, the absorptionis muchstrongerfrom above indicatingthe cloudis
absorbinga greaterflux of incomingradiation.This suggestghat anincreasen
aerosolgivesa decreasén dropletsizeandanincreasean cloudliquid water thus
enhancingabsorptionof incomingradiationfrom abaove the cloud. Consequently
the cloud will heatin theseregions, which explains the darkenedtracksin the
right-handsatelliteimageof figure 9.
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Figure 11. Reconstructedbw cloud cover (solid) from galacticcosmicray fluxesmeasuredvith a
neutroncounterat Huancayo(cut-off rigidity 12.91GeV). Also showvn is the 12 month smoothed
globallow cloud cover (dashedfrom figure 5c¢. Theright axisis an estimatedf changesn Cloud
Radiative Forcing (CRF) basedon the ERBE resultsdisplayedn Table 1. SeeTable3 for estimates
of longtermtrendsin CRFfrom this reconstruction.

From the ship tracks, it is apparenthatincreasesn aerosolleadsto both an
increasen albedoandanincreasean absorptiorandthereforecloud temperature.
If anincreasein GCR canleadto a similar increasein aerosolthenthis would
explain the positive correlations betweenGCR and low cloud top temperatures
(figure 7) over alargefractionof theglobe.

6. Estimatesof PastCloud Radiative Forcing

Theradiative impactfrom cosmicray influenceon cloudscanbe extendedbackin
timefrom areconstructiomssuminglinearresponséunction(Svensmark;1998).
It wasarguedabove, thatcosmicray ionisationin the lower tropospheraffecting
aerosodistributionscouldexplainthesolarvariability obseredin low clouds.The
high-enegy secondaryparticlespenetratehe atmospherao depthsof low cloud
formation,thusthe Huancaymeutroncounterwith cut-of rigidity at12.91GeVis
usedin thereconstructionFromthefollowing relationship:

Reconstructed low cloud cover =ax GCR+ (3 Q)

ahistory of low cloud cover is found,wherea and3 areobtainedfrom aleast
squaredit over the periodof availableISCCPlow cloud data(1983- 1994).The
reconstructedbw cloudcoveris shavnin figure 11.

Levels of cosmicraysreceved at Earth are influencedby the strengthof the
solarmagnetidield. Thus,relative changesn the solarmagnetidield canbe used
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TABLE Il
Estimatesf radiative heatingfrom thereconstructiorof low cloudsshavn in figure11.

Estimated SolarMax-Min  30yeartrend Centurytrend

Relative Changg%) in: 1983-1987 1964-1995 1901-1995
CosmicRay (> 12.91GeV) 3.5 -3.5 -11.2
SolarSourceMagneticFlux 41 131
GlobalLow CloudFraction(ISCCP) 6.1 -3.5 —8.6

NetChanggWm~2) in
ERBELow CRF(—16.7Wm~2) ~1.0 0.5 1.4

to estimaterelative changesn cloud forcing. Lockwood et al (1999) have recon-
structeda history of solarsourcemagneticflux for the pastcenturywhich agrees
well with theavailablesatelliteobserationsfor theperiod1964- 1995.Thisallows
anestimateor cloudradiative forcing to be madefor the periodbeforecosmicray
obserationswereavailable. Thesolarmagnetidield is obseredto have morethan
doubledoverthepastcenturywhile at the sametime cosmicradiationmeasurect
Huancaydasdecreasebly 3.5% (Tablelll). Usingthereconstructiomf low cloud
coverin figure1llandtheERBEestimatedor cloudradiatve forcing (Tablel) one
caninfer a~1.4Wn1 2 warmingattributedto low cloudcoverchangesverthepast
century(1901-1995) Thisis potentiallyimportantwhenconsideringhatover the
sameperiodthe estimatecheatingfrom increasedCO, emissionss ~1.5Wnt 2
andchangesn solarirradiancereceved at Earthare 0.4 Wm~2 (Lockwood and
Stamper1999).

A comparisonbetweencosmicrays and climate can be extendedyet further
backin time, asa history of Solaractuity is well known for the past10000years.
This is from observingchangesn the productionof radioisotopesn the atmo-
sphereby galacticcosmicrays.Variationsin *C productiorfor thelastmillennium
togethemwith majorclimateepochsanbeseenn figure 12.

Although we do not have a good estimateof the absoluteglobal temperature
recordcovering this period,someof the major changesn '*C appeatto coincide
with significantclimate shifts. Solar activity was particularly high from 1000 -
1300AD, known asthe medieral warmperiod,whenwine wasmadefrom grapes
grown in England,andthe Vikings colonisedGreenland.This was followed by
a cold period known asthe Little Ice Age, which lasteduntil the middle of the
19thcentury During this period,the Vikings left Greenlandandthe River Thames
regularly frozein London.TheMaundermMinimum (1645-1715wasaparticularly
cold spellwhentherewasacompleteabsencef sunspoténdicatingverylow solar
actvity. Thisevidencesuggestshatin thepastpeopleexperiencedtlimatechanges
thathave occurredin concurrencavith extremesn solarvariability.
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Figure 12. Changesn '*C levels over the past1000yearsrelative to 1950.4C is producedhrough
nuclearinteractionsof cosmicray particlesin the atmosphereCosmicrays are modulatedby the
solarwind; thus, variability in 14C productionis mainly a resultof changesn solaractiity. High
solaractivity leadsto strongershieldingfrom the solarwind andthusa reductionin the production
rate.Notetheinvertedaxisfor 14C anomaliesThe sharpdeviation of “C duringthe lastcenturyis
dueto theburningof }4C depletedossil fuels (the Sues®ffect).

7. Conclusions

Basedon the ISCCP-D2IR cloud datathereis a clear correlationbetweensolar
actwity andpropertiesof low cloudsin contrastto middle and high clouds.The
correlationis seenin two independenparametersa) Low cloudcover, andb) Low
cloudtop temperatureObserationsof atmospheriparameterfrom TOVS donot
supporta solarcloud link throughtroposphericdynamicsinfluencedby UV ab-
sorptionin the stratosphere-dowever, sincelow cloudsarewarmandcompriseof
waterdropletsnucleatedy aerosolalink maybefoundthrougha GCRinfluence
ontheatmospheri@erosotistribution. Shiptrackssuggesthatlow cloudradiatve
propertiesare sensitve to the backgroundaerosoldistribution suchthat radiatve
forcing dueto increasedherosoleadsto awarmingof the cloud.If anincreasen
GCR canleadto similar increasesn aerosol thenthis would explain the positve
correlationbetweenGCR and low cloud top temperature®ver a large fraction
of the globe.Historical recordssuggesthat systematiacchangesn global climate
follow obsened changesn GCR.This s consistentvith low GCR corresponding
to fewer low cloudsandthereforea warmerclimate. Crudeestimatef changes
in cloudradiatve forcing over the pastcentury whenthe solarmagnetidlux more
thandoubled ndicateghata GCR-cloudmechanisntouldhave contrituted~1.4
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Wm~2 to the obsered global warming. Theseobserations provide compelling
evidenceto warrantfurtherstudyof theeffect of GCRon clouds.
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