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A bstract
T he strong anticorrelation between solaractivity and cosm icray intensity in recent tim esof

an active Sun iswellknown. H owever, there isso farno direct evidence thatthisanticorrelation
existseven during the great m inim a ofsolaractivity. W e study solaractivity during the period
of M aunderm inim um (1645-1715) using the sunspot group numberseriespresented recently by
H oyt and Schatten (1998). W e ¯nd that the approxim ately 22-yearH ale cycle dom inated solar
activity during thisperiod.Earlier, the H alecycle hasbeen shown to existin cosm icray intensity
(reconstructed from cosm ogenic isotopes) during the M aunderm inim um . A ccordingly, the tim e
variation andthedom inantperiodicitieswereessentially thesam e in solaractivity andcosm icrays
during thism inim um .T hisalso im pliesthatthecosm icray intensity recordsin naturalarchivesare
goodproxiesforthelong-term behaviourofsolaractivity even during globalm inim a.

1 Introduction
W hen studying them odulation ofgalacticcosm icray (C R )intensity by solaractivity (SA ), three

epochscan bedistinguished.T he ¯rstone, since the m iddle ofthiscentury, isthe epoch ofdirect
observationsofcosm icraysby groundbasedneutron m onitorsandotherdevices.D uringthisepoch,
we can study the connection between the C R and SA in great detail, and it isknown that the
intensity aswellastheenergy spectrum ofgalacticcosm icraysarem odulatedby solaractivity, and
thatvariationsofthe C R °uxarewellanticorrelatedwith SA .
D uringthesecondepoch,sinceabouttheyear1700,directandfairlycontinuoussolarobservations

existandsunspotsarecom m only usedasan indexofoverallSA .H owever, nodirectC R observations
existandtheC R intensity isusuallyreconstructedbythem ethodofcosm ogenicisotopes(e.g.Stuiver
andQ uay, 1980;K ocharov etal., 1985;B eeretal., 1990).T hism ethodisbasedon theidea thatthe
production rate ofcosm ogenicisotopes(such as14C and10Be)isdeterm inedby C R °uxwhich, in
turn, ism odulatedby SA .Ithasalso been shown thattheso reconstructed C R intensity isindeed
in anticorrelation with SA during therecenttim esofan activeSun.
T hethirdepoch isthetim eofindirectly reconstructedm easuresofC R intensity withoutregular

solarobservations.Forthisepoch theonlywaytostudySA isbym eansofreconstructedC R intensity,
assum ingtheC R -SA anticorrelation.Earlierstudies(e.g.K ocharov etal., 1995;B eeretal., 1998)of
theM aunderm inim um usedthisapproach sincetherewerenoregularSA seriescoveringthatperiod.
T henew seriesofsunspotgroup(SG )numbersconstructedby H oytandSchatten (1998)covers

the periodofM aunderm inim um , m oving thatperiodfrom the thirdto the secondepoch.In this
paperwestudy theconnection between SA andC R during the M aunderm inim um .

2 SolarA ctivity during M aunderM inim um
Sincesunspotsappearedvery rarely during 1645-1700(see F ig.1a), classicaltim eseriesanalysis

m ethodsdo notwork forthisspecialperiod.(T herefore, e.g., theresultsofFrick etal., 1997, using
wavelet analysisofSG series, are not relevant forthe M aunderm inim um .) A fterthe year1700,
sunspotgroupsappearedm oreregularly, though ata very low level, displaying a clear, roughly 11-
yearcycle(1700-1712)with m axim um ataround1705.H owever, in thispaperweconcentraterather



to theperiodof1645-1700when thesunspotoccurrencewasvery weak andirregular, andwhen the
usualanalysism ethodsdo notwork.
T he exact numberofsunspot groupsobserved on a single day during the M aunderm inim um

isnotvery reliable since the numberofobservers(with im precise instrum entation)wassm alland
sunspotsappearedrarely. U nderthese conditions, the accuracy ofdeterm ining the exactsunspot
groupnumbersisreducedand, accordingly, thereportederrors(H oytandSchatten, 1998)arelarge
forthese early observations.In orderto reduce this\noise" wedealwith the numberofdayswith
observedsunspotgroupsratherthan with thesunspotgroupnumbersthem selves.W hen theexact
numberofsunspot groupsin som e tim e intervalisvery uncertain, it isofm ore fundam entaland
reliable inform ation to know ifa groupofsunspots(orseveral)indeedappearedduring thatinterval
ornot.A ccordingly, when analyzing SA during thespecialpartofM aunderm inim um (1645-1700),
weconstructedfrom thedaily SG seriesa new seriesofdaily valuesS(t), forwhich S(t)= 1ifthere
weresunspotsobservedon day t, andS(t)= 0otherwise.
In orderto study the occurrence ofsunspot groups, we m ade use ofa m odi¯ed \sliding m ean

frequency" technique(Efrem ova etal., 1997)which can brie°ybedescribedasfollows.Startingfrom
tim eto onecan countthenumberofdayswith sunspotsIo=

P
S(t)untilIo= I¤ attim et1, where

I¤ hasa ¯xed value.T hen one repeatsthe calculationsforthe next intervalstarting from t1 and
¯nding t2, so that I1 = I¤ etc.T hereby the period understudy isseparated into intervalswhich
contain an equalnumberofdayswith sunspotgroups.D ividing the numberI¤ by the duration of
thecorresponding tim e interval, oneobtainstheslidingm ean frequency ofsunspotgroupoccurrence
within the interval[ti;ti+1]:fi´ I¤=(ti+1¡ ti).Theerror(68% con¯dencelevel)in determ ining the
sliding m ean frequency is:¾f=f = (I¤¡ 1)¡1=2(Efrem ova etal., 1997).T hesliding m ean frequency
ofsunspotgroupoccurrenceisshown bysolidline in F ig.1a forto= 1645andI¤= 30(f=¾f ¼ 5:4),
togetherwith the m onthly sunspot group numbers. Thisfrequency givesthe probability to see
sunspotgroupsduring a random ly chosen day within the [ti;ti+1] interval.
Sunspotgroupsoccurredduring years1652-1662and1672-1690whileno sunspotswerereported

during years1662-1672and1690-1700(see F ig.1a).T hem ean frequency showstwo large increases
(1653-1661and1672-1689), depicting the dom inance ofa roughly 22-yearperiodicity.T he second
increaseseem stobedividedinto them ain (1676-1678)andsecondary (1684-1689)peaks, suggesting
fora possibleSchwabecycle.(T hisistrue also forthem onthly sunspotgroupnumbers.C uriuosly,
even the ¯rst large increase m ay have a sim ilartwo-peak structure).T he yearsofm axim a ofSG
data are sum m arised in Table 1.(T he question m ark in Table 1m eansthatthe m axim um isnot
signi¯cant).T hem ain m axim a arestable andtheirposition variesonly slightly with thestarttim e
to.Taking into accountthepreviousm axim um beforetheM aunderm inim um atabout1640andthe
nextm axim um at1705, weconcludethatthe approxim ate22-yearperiodicity existedin SA during
theM aunderm inim um , andthecyclelengths(between m axim a)were18§3, 20§4and27§3years.
A seem ingly random occurrence ofsunspotsduring thatperiodcan be explainedby the m odel

by R uzm aikin (1997).A ccording to thism odel, the total¯eld in the convection zone, B, consists
oftwo parts:the m ean m agnetic¯eld, Bo, generatedby the dynam o m echanism , and a random ly
°uctuating m agnetic¯eld,b.Ifthetotal¯eld,B= Bo+b, exceedssom ethreshold, a sunspotgroup
(orgroups)appears.Sincethe m ean ¯eld isknown to belowerthan thethreshold(see R uzm aikin,
1997 and referencestherein), both ofthe com ponentsare im portant forsunspot activity. Ifone
(m ostlikely, them ean ¯eldBo)orboth ofthecom ponentsarereducedduring a greatm inim um , the
occurrenceofsunspotswouldberareand\random ", although itwouldstillhavesom eperiodicity in
the occurrence probability.T hisisexactly thebehaviourofSA we see forthe M aunderm inim um .
A lthough the M aunderm inim um continued until1715, itseem sthat a slow recovery ofthe m ean
¯eldalready startedatabout1700(oreven earlier), leading to a regular11-yearcycle ofvery low
level(c.f.F ig.1by R uzm aikin, 1997).



Table1.YearsofSA m axim a andC R m inim a (from 14C )during M aunderm inim um .
Sunspotgroups 1640 ¼1654(?) 1658-1661 1677-1681 1685-1689(?) ¼1705
14C data ¼1641 ... ¼1662 ¼1680 1693(?) ¼1705

. .

3 C osm icR aysvs.SolarA ctivity
T he invertedsm oothed yearly ¢ 14C series(Stuiverand B raziunas, 1993)with the globaltrend

subtractedisshown in F ig.1bfortheM aunderm inim um , togetherwith thesliding m ean frequency
ofsunspotoccurrence(now with I¤= 50).A goodagreem entisevidentwhen a tim eshiftofa couple
ofyearsbetween the two seriesistaken into account(see also Table 1).(T he weak peak of¢ 14C
seriesin 1693 m ay correspond to the peak ofSA in 1685-1689;see Table 1). A notherset of14C
m easurem ents(K ocharov etal., 1985)isshown in F ig.1c, depicting the sam e periodicity pattern.
T hus, dom inantpatternsofC R andSA tim eevolutionsduringtheM aunderm inim um correspondto
each other.N otethatithasbeen reportedearlier(e.g.K ocharov etal., 1995;Peristykh andD am on,
1998)that14C data (andtherefore the C R intensity)dem onstratesthe H aleperiodicity during the
M aunderm inim um whilenoreliableevidenceforthepresenceofthe11-yearSchwabecyclewasfound
forthatperiod.



D ata on thecosm ogenic10Beisotopehasbeen usedforsim ilaranalyses.Them ostrecentanalysis
of10BeD ye¡3data (B eeretal., 1990)fortheM aunderm inim um showsthepresenceoftheSchwabe
cycle (B eeretal., 1998).B eeretal.(1998)band-pass¯lteredthedata, trying to depressthe H ale
cycle in thisway.H owever, an earlieranalysisbasedon the sam e data set(K ocharov etal., 1991)
claim edthe dom inance ofthe H ale cycle during the M aunderm inim um , with yearsofC R m inim a
closetothosein Table1.A ccordingly, itisnotyetclearwhich cyclicity(SchwabeorH ale)dom inated
the10Beseriesduring the M aunderm inim um .
C oncluding, we have shown that, although irregularandseem ingly random , the sunspotgroup

seriesintroducedbyH oytandSchatten (1998)dem onstratestheH aleperiodicityduringtheM aunder
m inim um .T hebehaviourofsunspotoccurrenceduring thisgreatm inim um isin agreem entwith the
m odelby R uzm aikin (1997).T heC R intensity reconstructedfrom cosm ogenicisotopes, in particular
from 14C , showsa sim ilarperiodicity forthe M aunderm inim um .T hiswould im ply thatthe drift-
dom inatedm odulationplaysthem ostim portantroleduringveryweaklevelsofSA .Forfuturestudies
ofthesolarm odulation ofcosm icraysin thepast, in particularduringthegreatm inim a, new records
ofcosm ogenicisotopesandotherC R reconstruction techniqueswouldbevery useful.
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