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$%675%&7

Dynamo models relying on the Babcock-Leighton mechanism are successful in reproducing most of the
VRODU PDJQHWLF (HOG G\QDPLFDO FKDUDFWHULVWLFV +RZHYHU
D ORZHU PDJQHWLF ¢HOG WKUHVKROG WKH\ GR QRW SURYLGH DQ
FKDUDFWHUL]LQJ D VHOI VXVWDLQDEOH G\QDPR ,Q WlkifactZRUN ZH
WR WKH %DEFRFN /HLJKWRQ VFHQDULR LQ D PHDQ ¢HOG D[LV\PPHW
¢HOG UHIJHQHUDWLRQ PHFKDQLVPYVY DUH WUHDWHG ZLWK WZR GLII
solar antisymmetric parity behavior, the main solar features are reproduced: cyclic polarity reversals, mid-
ODWLWXGLQDO HTXDWRUZDUG PLJUDWLRQ RI VWURQJ WRURLGDO ¢
DQG WKH TXDGUDWXUH SKDVH VKLIW EHWZHHQ ERWK /RQJ WHUP Y|
RI PLQLPXP DFWLYLW\ IROORZHG E\ SRVWHULRU UHFRYHU\ DNLQ V
WKH DQDO\WVLV RI WKH UHVLGXDO DFWLYLW\ GXULQJ SHULRGV RI PL
a predominance ofthe . HITHFW RYHU WKH %DEFRFN /HLIJKWRQ PHFKDQLVP L

.H\ ZRUGV VRODU G\QDPR VRODU F\FOH VXQVSRWV PDJQHWRK\G!

,1752'8&7,21

7KH 6XQ LV D PDJQHWLF DFWLYH VWDU ZKLFK XQGHUJRHV SHUL
HDFK \HDUV ,WV G\QDPLFDO EHKDYLRU LPSRVHY LPSRUWDQW
RQO\ SURGXFLQJ PDIJQHWLF VWRUPV ZKLFK DIITHFW VDWHOOLW
LPSRUWDQW UROH LQ (DUWKfV FOLPDWH ORQJ WHUP YDULDELO

%\ PDJQHWLF DFWLYLW\ ZH XQGHUVWDQG WKH DSSHDUDQFH RI
LQ FRPSDULVRQ ZLWK WKH RYHUDOO SKRWRVSKHUH DQG LQWE
DSSHDU LQ SDLUV RI RSSRVLWH SRODULWLHYV URXJKO\ DOLJQHG
FRQFHQWUDWHG D]JLPXWKDO PDJQHWLF ¢HOGV WRURLGDO AX[ V
PDIJQHWLF EXR\DQF\ 3DUNHU W LV LPSRUWDQW WR PHQWL
is not perfect: sunspot pairs often display a systematic tilt, the leading spot being nearer the equator tha
WKH IROORZLQJ RQH A -R\fV ODZ 6XQVSRWV JHQHUDOO\ DSSHEL

Correspondence to: Sabrina Sanchez
( PDLO VDEULQD#RQ EU
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12 SABRINA SANCHEZ et al.

HTXDWRU GLVSOD\LQJ RSSRVLWH SRODULW\ FRQ¢JXUDWLRQ LQ HDFI
F\FOH LV LQLWLDWHG VXQVSRW DSSHDUDQFH PLJUDWHY WRZDUGV WK
F\FOH WKH\ EHJLQ DJDLQ WR DSSHDU DW DSSUR[LPDWHO\ f ODWLWX
7KLV PHDQV WKH IXO0 PDJQHWLF VXQVSRW F\FOH ODVWYV IRU WZLFH
DSSHDUDQFH LV GLUHFWO\ OLQNHG ZLWK WKH YDULDELOLW\ RI WKH ¢
PD[LPXP DFWLYLW\ WKH SRODU PDIJQHWLF ¢HOG XQGHUJRHY SRODULW
$00 VXFK RXWVWDQGLQJO\ ZHOO RUJDQL]JHG IHDWXUHV RI WKH G
D QDWXUDO G\QDPR SURFHVY 7KH PDJQHWLF (¢HOG LV UHJHQHUDWH
LQGXFWLRQ FRQYHFWLYH PRWLRQV FRPSULVLQJ ODUJH VFDOH OC
HOHFWULF FXUUHQWYV ZKLFK JHQHUDWH LQ WXUQ VHFRQGDU\ PDJ
2VVHQGULMYHU IRUD UHYLHZ RQ WKH VXEMHFW 7KHVH IHDW X!
cHOG FDQ EH GHFRPSRVHG LQWR WZR PDLQ HYROYLQJ FRPSRQHQV
DILPXWKDO PDJQHWLF (HOG DVVRFLDWHG ZLWK VXQVSRWV DQG
WKH SRODU ¢ HOG 'HVSLWH WKH UHJXODU FKDUDFWHU HYLGHQFHG E
IUHTXHQF\ AXFWXDWLRQV +DWKDZD\ 7KH PRVW VWULNLQJ H[D
RI PLQLPXP DFWLYLW\ VXFK DV WKH ODXQGHU OLQLPXP 'XULQJ WKL
$' WR $' VXQVSRWV ZHUH UDUHO\ VHHQ +RZHYHU LQGLUHFW
ZHDN RI WKH VRODU F\FOH %HHU HW DO OXFK GLVFXVVLRQ HJII
DQG KRZ WKH DQVZHUV FRXOG KHOS DFFHVV XQFRQVWUDLQHG SURS
Modeling of the solar dynamo has shed light into some of the main processes responsible for the solar
F\FOH &KDUERQQHDX 7KH WKUHH SURFHVVHV . HIIHFW HITHF
GLVFXVVHG LQ WKH IROORZLQJ DUH LOOXVWUDWHG LQ )LIJXUH

JLIXUH Representative scheme of the main processes thought to occur during the solar cycle, departing from (a), an initial
SRORLGDB® an O UHSUHVHQW WKH JHQHUDWLRQ RI WKH WRURL Gde) MORBZE\ GLIIHL
WKH HIIHFW RI F\FORQLF WXUEXOHQFH RQ IRUPHU WRURLGDO ¢(¢HOGNIIHBWDWLQJ VF
$YHUDJHG WKH\ UHVXOW LQ D QHW HOHFWURPRWLYYH FRRVH QH QHUHD YMILWDW B DPHZSOD
PDJQHWLF F\FOH ZLWK D QH.ZV & RROFELRVLAV B HSORGD D K Lréfresanks En® b&gikrtihgloQthe/Baldod@kR Q H
/HLJKWRQ PHFKDQLVP WRURLGDO AX[ WXEHV EXR\DQWO\ ULVH WR WKH YNODFH IR
IURP WKH ELSRODU UHJLRQV GLIIXVH DQG UHFRQQHFW ZLWK HDFK RWKHU DQG ZLWK
meridional circulation to the poldg JHQHUDWLQJ WKH ¢QDO OBUJH VFDOH SRORLGDO (¢HOG LQ
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A SOLAR DYNAMO MODEL WITH LONG-TERM VARIABILITY 13

7KH HIIHFW V\PEROL]J]HV WKH VKHDULQJ DFWLRQ RI WKH GLIF
¢HOG JLYLQJ ULVH WR D WRURLGDO ¢(¢HOG 7KURXJK WKH DGYH
PDSSHG LQ GHWDLO 6FKRX HW DO 7KH UHJLRQ RI VWURQJl
VLWH IRU WKH HIIHFW ZDV IRXQG WR EH DW WKH EDVH RI WKH
7TXUEXOHQW PRWLRQV DVVRFLDWHG ZLWK WKH &RULROLV IRUF
FRPSRQHQW RI WKH SRORLGDO (HOG DQG WKXV PDLQWDLQLQJ
NQRZQ DV WKH PHBRW; HBD@G X QOLNH WKH HIITHFW LV IDU IURP
WKH SUHIHUUHG SODFH IRU LWV DFWLRQ ,W LV DOVR NQRZQ W
¢HOG LQKLELWY WXUEXOHRHHFWRZWXBG-FRRWHQMWRLEB QDROJUHDW |
WKH SRORLGDO ¢HOG LQ D G\QDPR ZLWKLQ D VWURQJ PDJQHWL
PHFKDQLVPVY OLNH LQWHUIDFH G\QDPRV .ZBX®EH/YWHIURREPG R
WKH VWDEO\ VWUDWL¢{(HG OD\HU FRPSULVLQJ WKH WDFKRFOLQH

$OWHUQDWLYHO\ WKH %DEFRFN /HLIKWRQ PHFKDQLVP PD\ K
UHJHQHUDWLRQ 'LIIH Uéffegtyihe BabtoBkH eilyhitoH miedthdnidm relies on the diffusion
RI WKH VXQVSRWYV PDJQHWLF ¢HOG RSHUDWLQJ DW WKH VRODU
PHFKDQLVP EHKLQG VXQVSRW IRUPDWLRQ UHPDLQV HOXVLYH H
WR VSHFLI\ WKH H[DFW QDWXUH RI WKH %DEFRFN /HLIJIKWRQ SU|
WKH EDVH RI WKH FRQYHFWLRQ JRQH SURYLGHV DQ LQWHUHVWL
*XHUUHUR DQG *RXYHLD 'DO 3LQR

$[LV\PPHWULF QXPHULFDO PRGHOV RI WKH VRODU G\QDPR DUH
RI WKH PDLQ HIIHFWV VXSSRVHG WR JRYHUQ WKH VRODU F\FOH
ZHOO UHSURGXFHG E\ QXPHULFDO PRGHOV EXW QR DJUHHPHQW
YDULDELOLW\ RI WKH VRODU F\FOH IRU H[DPSOH LV JHQHUDOO\ |
&KDUERQQHDX DQG 'LNSDWL RU E\ G\QDPLFDO QRQOLQHDUL\
of time-delays arising from the spatial decoupling of théd Q G RSHUDWLRQ SODFHV LQ
JRQH OLNH LQ WKH %DEFRFN /HLIJKWRQ FDVH DUH NQRZQ WR D(
:LOPRW 6PLWK HW DO -RXYH HW DO HYHQ UHDFKLQJ D
,Q WKLV SDSHU ZH XVH D ' NLQHPDWLF VRODU G\QDPR PRGHO PF
%DEFRFN /HLJKWRQ PHFKDQLVP DFFRXQWLQJ IRU GLIIHUHQW PD
WR DFKLHYH VRODU OLNH ORQJ WHUP YDULDELOLW\

02'(/ )2508/$7,21

7R DFFHVV WKH YDULDELOLW\ RI WKH PDJQHWLF ¢HOG LQ WKH
ARZ ¢HOG LV VWHDG\ DQG SUHVFULEHG WKH SUREOHP UHGXF}
PDJQHWLF ¢HOG %

%A):ri 8x% Ari v x%
ZKH8HV WKH ARZm MWHOGPDQAQQHWLF GLIITXVLYLWN 7R D ¢UVW DSSU
DQG ARZ ¢HOGV FDQ EH UHSUHVHQWHG DV FRQWULEXWLRQV R
parts,% =%+E'and 88+X' UHVSHFWLYHO\ 8SRQ VXEVWLWXWLRQ RI W
SURSHU DYHUDJLQJ ZH JHW WKH PHDQ ¢HOG LQGXFWLRQ HTXD

An Acad Bras Cienc (2014) 86 (1)



14 SABRINA SANCHEZ et al.

0,
%’zr? 8x % 1 X'xE Anrgx %,
The term Xx E' corresponds to a mean electromotive force E arising from the interactions of
WXUEXOHQW PRWLRQV ZLWK WKH VPDOO VFDOH PDJQHWLF ¢HOG ,W

RI WKH WXUEXOHQW HIIHFWV R®.W Kk P4 D QX E N WQLRWKMFL B DOLG DVKH P |
LOQGXFWLRQ HTXDWLRQ JLYHV

%/Oer 8x % ri .% A rx rx %,

LQ ZKLFK WKH DYHUDJLQJ EUDFNHWYV KDYH EHH @rRrRbé¢etsl G DQG ZI
the turbulent magnetic helicity, due to cyclonic motions oriented by the Coriolis force angk =LV QR Z
the effective magnetic diffusivity, covering both magnetic diffusion at the microscopic level and turbulent
GLIIXVLRQ UHVSHFWLYHO\

$Q DGGLWLRQDO LPSRUWDQW LVVXH DULVHV IURP ZRUNLQJ ZLWKL
ZLWK WKH IHHGEDFN RI WKH PDJQHWLF (HOG RQ AXLG PRWLRQV W
HTXDWLRQ LV QRW VROYHG WKLV HIITHFW RXJKW WR EH SDUDPHWHUL
D ZzD\ ZKLFK HQIRUFHV WKH VDWXUDWLRQ RI WKH PDJQHWLF ¢HOG E
VPDOO VFDOH PDIJQHWLF DQG WXUEXOHQW NLQHWLF FRPSRQHQWV *
TXHQFKLQJ RI WKH PDIJQHWLF ¢HOG LV KHXULVWLFDOO\ IRUPXODWHC

. B —2—

1*(5)
Beg EHLQJ WKH HTXLSDUW LMaltyRiQal Raluéd QhdraciefiziggHie G BIQIBFW 6WXGLHV
magnetoconvection on the solar interiorgi\égBl(f‘* )DQ DQG OHDG WR FRQMHFWXUH

HIITHFW ZRXOG QRW UHSUHVHQW DQ HIIHFWLYH G\QDPR PHFKDQLVP
$OWHUQDWLYHO\ WR HWIKIHFW R @ DEGWERQDO DQG /HLJKWRQ
WKH GLIIXVLRQ RI WKH PDJQHWLF ¢HOG RI VXQVSRW SDLUV SOD\HG
UHJHQHUDWLRQ 7KH ELSRODU VXQVSRW UHJLRQV DUH WLOWHG LQ D
WKH HTXDWRU GLIIXVHV DQG UHFRQQHFWV ZLWK WKH ¢HOG RI WKH
QHDUO\ DOZD\V DQ RSSRVLWH SRODULW\ $W WKH VDPH WLPH WKH
GHFD\ DQG FRQQHFW ZLWK WKH SRODU PDJQHWLF (HOG ZKLFK KDV
SRLQW DQQLKLODWH WKH AX[ LQ WKH SRODU UHJLRQ FDXVLQJ D SR
DQG WRURLGDO ¢HOGV UHJHQHUDWLRQ SURFHVVHV DUH VSDWLDOO\
WUDQVSRUWDWLRQ RI WKH QHZ SRODU VXUIDFH PDJQHWLF AX[ JHQH!
ERWWRP RI WKH FRQYHFWLRQ JRQH LV QHFHVVDU\ )DFLQJ WKLV UHT
ZDV DVVXPHG LQ %DEFRFN /HLJKWRQ G\QDPR PRGHOLQJ $V D PDWW

LQGHHG REVHUYHG DW WKH VRODU VXUIDFH 'XYDOO -U 1XPHULF
LQJUHGLHQW DUH WHUPHG AX[ WUDQVSRUW G\QDPRV DQG WKH\ DUH 3
WHQGHQF\ Rl WKH WRURLGDO ¢HOG . NHU HW DO ,Q VXPPDU\ V

WR WUDQVSRUW WKH SRODU VXUIDFH PDIQHWLF ¢HOG GRZQ WR WKH
LOWR D WRURLGDO ¢HOG EXW LW GUDJV WKH WRURLGDO ¢HOG WRZL
RI WKH PDJQHWLF ¢HOG +RZHYHU WKH PHULGLRQDO ARZ SUR¢OH
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A SOLAR DYNAMO MODEL WITH LONG-TERM VARIABILITY 15

XVXDOO\ FRQVLVWY RI D VLQJOH PHULGLRQDO FHOO SHU KHPL
FRQYHFWLRQ JRQH )URP IXOO 0+' VLPXODWLRQV WKH UHVXOW
EH IDU PRUH FRPSOH[ EHLQJ GLYLGHG LQWR VPDOOHU FHOOV L

6LPXODWLRQV Rl WKH ULVLQJ Rl WKLQ PDJQHWLF WRURLGDO A
WKDW IRU PDWFKLQJ WKH REVHUYHG WLOWV WKH AX[ WXEHV JHC
¢HOG VWUHQJIJWK UDQJLQIoNCRP ®VBBRIHPDWIRORLGDO AX[ WXEH)
VXUIDFH ZLWK DOPRVW QR WLOW ZKLOH ZHDNHU AX[ WXEHV DUL
KHQFH LQ FRQWUDGLFWLRQ ZLWK -R\fV ODZ 7KH %DEFRFN /HLJK
LQLWLDO LQWHQVLW\ RI WKH WRURLGDO AX[ WXEH DW WKH EDVH

'"HVSLWH WKH REVHUYDWLRQV VXSSRUWLQJ WKH %DEFRFN /I
ZKHWKHU LW LV WKH XQLTXH UHVSRQVLEOH IRU WKH SRORLGDO
Rl WKLV SDUW RI WKH F\FOH RU \HW D PLQRU FRQWULEXWRU W
a dynamo based only on the Babcock-Leighton mechanism is not self-sustainable - it needs the formatior
RI VXQVSRWY DQG WKHUHIRUH RSHUDWHYV RQO\ DERYH FULWLF
scenario is that an additional . HITHFW RSHUDWHY LQ WKH FRQYHFWLRQ JRQ!
FRPELQHG SURGXFW RI ERWK SRORLGDO ¢HOG UHJHQHUDWLRQ

Numerical simulations based on the Babcock-Leighton mechanism have the tendency to produce
HTXDWRULDOO\ VIPPHWULF VROXWLRQV LQ RSSRVLWLRQ WR ZKD
UHVXOWYV KDY H WKIRZQ VORDA\D VWDK)G ZLWKLQ D WKLQ OD\HU MXVW D
\LHOGLQJ HTXDWRULDOO\ DQWLV\PPHWULF VROXWLRQV %RQDQQ
ZH IRFXV RQ WKLYV VFHQDULRIITREWN DO WRRBEW. R/ RHWRBWLRQV I
.IS\Ool HW DO BHVLGXDO WXUEXOHQW PRWLRQV DFWLQJ R
before these reach a critical strength and become buoyant, support such a disposition dflthd FEW 7KL
FRQFHSW LV DSSOLHG LQ WKH SUHVHQW PRGHO LQ DGGLWLRQ W

0$7+(0%$7,&%/ '(6&5,37,21

8QGHU WKH DVVXPSWLRQ RI D[LV\PPHWU\ WKH PDJQHWLF DQG
DQG WRURLGDO FRPSRQHQWY LDVSKHULFDO FRRUGLQDWHV r, |

%r, ,t ref,[At éd+Ber, |t &
8r, pl, X rsinr, &

LQ Z Kki&tke poloidal potentialand:B, ,té: LV WKH WRURLGDO ¢ HO&is gikitbyMiw HD G\
meridional circulationy DQG WKH GLIIHUHQWLDO URWDWLRQ 7KH SRORLGDO
HQDEOHYV D VHSDUDWLRQ RI WKH PHDQ ¢HOG LQGXFWLRQamBXDWLR!

@E Rm
@ U vLd YVLR $ prtin VLQ

+ C.r, BB+ CsSr, BBg

%E+Rm u VLE}—>§~7U B\/ELQz T Ay 1LQ’B
1@, @Be

+C U VLQOxA r
r@ @ Q EeE
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16 SABRINA SANCHEZ et al.

The appearance of the three numbers quantifying the strength of the processes discussed in the
introduction, namely

C e s
C. = R/
CS = SR/ )

and of the magnetic Reynolds number,
Rm = yR/

results from the nondimensionalization of the equations using the solar radius R as the characteristic length

scale and the effective magnetic diffusion tine RDV WKH FKDUDFW BUis thavtarida LPH VFDO
¢HOG MXVW DERYd WX ahdw Bré & rotatiQrirate at the equator, the typical magnitudes

RI WKH SRORLGDO VRXUFH WHUPV DQG WKH SHDNaviHa@BHme W\ RI WKFE
QRUPDOL]JHG HIIHFWLYH PDJQHWLF GLIIXVLYLWLHV IRU WKH SRORLC
WKDW WKWHHURWKXDW ZRXOG DULVH LQ HTXDWLRQ KDV EHHQ QHJC
DSSUR[LPDWLRQCWRG(X$SRVN—RZ\/MBWF§LQQDWI.D:1.Q—NWKH VDPH DV WKH R
WKH UHIHUHQFH ZRUN RI 'LNSDWL DQG &KDUERQQHDX DQG DUH
SDSHU WKH WDFKRFOLQH ZLOO FRPSULVH WKH Ul @pldd R WKH WHF
UHJLRQ ZLWK WKH ODUJHVW UDGLD®RDQJXODU YHORFLW\ JUDGLHQW

Differential rotation Meridional circulation Poloidal sources

a BL

0.5

07 08 09 1

rik Diffusivity

4 i .
0 0.4 08 1 07 08 09 1
/R /R

JLIXUH 6SHFL,;FDWLRQV RI WKH PREIMMCHGHR @ DIV R RRQWRIXADWORJW rRI WKH GLITHUH
KHOLRVHLVPRORJ\ GDWD &HQWHU PHULGLRQDO FLUFXODWLRQ VWUHDPOLQHV 1XC
Righttop: . DQG %DEFRFN /HLIJIKWRQ SRORLGDO VRXUFH UDGLDO SUR¢{OHV 5LJKW ERWW
WRURLGDO GDVKHG OLQH GLIIXVLYLW\ UDGLDO SUR¢{OHV
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A SOLAR DYNAMO MODEL WITH LONG-TERM VARIABILITY 17

W LV ZRUWK Q B Wrini-le@eseWinghing BAbkddk-Leighton poloidal regeneration process
DW WKH VXUIDFH KDV EHHQ DGGHG LQ DQ D-errARIs feDiQe@ Hiu WR
GHSHQGY RQ WKH WRURLGDO ¢HOG DW WKH WDFKRFOLQH 7KLV
UDWKHU GHSHQGHQW RQ WKH LQLWLDO PDIJQHWLF ¢HOG VWUH
'f6LOYD DQG &KRXGKXUL

The . HIITHFW LQ HTXDWLRQ PXVW EH VXSSUHVVHG IRU PDJC
DVVRFLDWHG ZLWK HQHUJ\ HTXLSDUWLWLRQ 7KHUHIRUH WKH

e B ;f. r,

Beg 2

1H(&)
ZKHlequE)anndfr, LV D IXQFWLRQ RI VSDWLDO FRRUGLQDWHYV JL
1 rAr r Aa .
—_— + —_—
for, 4[1 erf( gl A t—HﬂaL—)] cos sin
Z K HrY H R, = 0:725R andgd=d, = 0:01R 7KLV IXQFW LR Q-efeRtQo/ANhNDaked V W k
DW WKH EDVH RI WKH FRQYHFWLRQ JRQH MXVW DERYH WKH WD

RWKHU RSWLRQV DUH SRVVLEOH EXW WKH GHWDLOHG H[SORUL
,Q SDVVLQ) ZH WULHG WKH HQG PHPEHU FDVH RI D TXDVL KRP

solar-like dynamo, but over a limited range of C< C < 6LPLODU FRQMHFWXUHYV DS
LeightonS VRXUFH WHUP LQ HTXDWLRQ ZLWK WKH GLIIHUHQFH W
values,

Sr B 7> HW BE, @> ABUWES @f

+HU%,B 10°G, B&,.= 10° G and the radial and latitudinal distributignf, LV JLYHQ E\

1 rAr rAg .
fs r, Z[l + erf( rm) A (Hﬂa!;_)] cos sin

ZKHUH Ry Rand ¢ d, R, restricting the Babcock-Leighton mechanism to the near-
VXUIDFH OD\HUV 7KH Ud@Gs R GRIRG DA W RX WFKIHWHUPYV DUH VKR
JLIXUH

7KH HITHFWLYH GLIIXVLYLW\ IROORZV WKH FRQFHSW RI &KDWW
of turbulent diffusion by separating the diffusivity into a poloidal compongand a toroidal component

3 1 rAg
p= rt 52[1+erf( ds )]
1 rAr 1 rAx

Tt applrert Tyt st rert Ty

LQ ZKLFK R, Ry Randd d =dy R 6XFK VHSDUDWLRQ FRP|
WKDW WKH WRURLGDO ¢HOG DW OHDVW LQ WKH GHHSHU OD\HU"
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18 SABRINA SANCHEZ et al.

WKHUHIRUH PRUH HIIHFWLYH LQ V%8 diffusivity @ear WeXadBiw©20@W GLIIXV
e WKH GLIIXVLYLW\ LQ WKH WXUEXOHQW FRQYHFWLRQ JRQH DVVR
WKH GLIIXVLYLW\ LQ WKH UDGLDO VXUIDFH OD\HUV DQG IRU WKH z
. =5x 10 cnf/s, = 1x10%cn?/s and P 2em V.. 7KH FRUUHVSRQGLQJ UDGLDO SU
LQ WKH ERWWRP ULJKW SDQHO RI )LIJXUH

180(5,&%/ 6,08/%$7,21

*LYHQ WKH SK\VLFDO LQJUHGLHQWY GHVFULEHG LQ WKH SUHYLRXYV VI
over a regular grid in an annular meridional plane coveriag0, ] anda > @ WKDW LV IURP VC
EHORZ WKH WDFKRFOLQH XS WR WKH VRODU VXUIDFH 7KH ERXQGDU\
ERXQGDU\ FRQGLWLRQ LV VHW DV WR UHSUHVHQW WKH UDGLDWLYH ]

condition gives that at r Ag=Bg &EKDWWHUMHH HW DO 7KH RXWHU ERXQ
YDFXXP UHJLRQ UHTXHVWLQJ WKH PDJQHWLF (HOG WR FRQQHFW ZL\
DOG &KDUERQQHDX $V IRU WKH LQLWLDO FRQGLWLRQ ZH XVH

HQYHORSH ,Q=WirK AfoFFDVH+*A R DQG JHUR HOVHZK MY H UZKKHIWHID V B
7KH VROXWLRQ SURFHGXUH ZDV SHUIRUPHG E\ DQ DGDSWDWLRQ |
DO $XEHUW HW DO EDVHG RQ D SVHXGR VSHFWUDO PHWKR
RI WKH DQJXODU GHSHQGHQFH Rl WKH SRORLGDO DQG WRURLGDO V¥
ORUH GHWDLOV RQ WKH FRGH LQFOXGLQJ EHQFKPDUNV ZLWK SXEOL)
SUHVHQWHG LQ WKH $SSHQGL[ 7KH UHVXOWV SUHVHQWHG LQ WKH |
Limax QXPEHU RI MDGLIDSRL GWYVWDQW QRQ GLPHQVLRQDO WLPH

5(68/76

2Q WKH EDVLV RI KHOLREVHLVPLE+GDOEE ¢[ T LQ ZKLFK FDVH YDULDV
of the free parametes, CsandRm DOORZ IRU D EURDG UDQJH RI VROXWLRQV OHU
DW WKH VRODU VXUIDFH DW PLG ODWLWXGHYV GRmW\&a@img\afoih@® DYHUDJF
WKLY YDOXH IURP WR WKH PLQLPXP FRQ¢JXUDODNAZ2RW IRU D SUR
Cs= ,Q RUGHU WR DFFHVV WKH VRODU UHSUHVHQWDWLYHQHVYV RI
PDWFKHG &KDUERQQHDX

&\FOLF SRODULW\ UHYHUVDOV ZLWK DSSUR[LPDWHO\ \HDUV SHUL
6WURQJ GHHS WRURL&DDW, BOGVOBWLWXGLQDO EHOW PLJUDWLQJ |
3ROHZDUG PLJUDWLRQ RI WKH SRODU UDGLDO ¢HOG a A *
3KDVH ODJ RI' €€ EHWZHHQ WKH GHHS PLG ODWLWXGLQDO WRURLC
$QWLV\PPHWULF FRXSOLQJ RI WKH PDIJQHWLF ¢HOGYV EHWZHHQ WK
/IRQJ WHUP YDULDELOLW\ RI WKH VRODU F\FOH

$ XVHIXO zZzD\ WR DQDO\]H WKH VRODU VHPEODQFH RI WKH VLPXOL
LQ D WLPH ODWLWXGH PDS DQG FRPSDUH LW ZLWK SURSHU V\QRSWL
+DWKDZD\ $ UHIHUHQFH VROXWLRQ RI WKH PRGHO LV GLVSOD\
VXUIDFH SRODU ¢HOG FRQWRXUV DUH VXSHULPSRVHG ZLWK WKH JU|
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WDFKREOLQR r7KLV FDVH ZDV FKRVHQ EHFDXVH LW PHHWYV PRV
DERYH &ULWHULRQ |IRU H[DPSOH WKH SHULRGLFLW\ DVVRFLLE
GHSHQGHQFH RI WKH SHULRGLFLW\ UHVLGHY RQ WKH VWUHQJW|
RI AX[ WUDQVSRUW G\QDPRV 'LNSDWL DQG &KDUERQQHDX
&KDUERQQHDX HW DO REVHUYHG WKH SHUVLVWHQW NH\ S
WKH F\FOH SHULRGLFLW\

7KH PDJQHWLF ¢HOG PRUSKRORJ\ SUHVHQWHG LQ FULWHULD
VWUHQJWK RI PRVW RI WKH VROXWLRQV SHDNLQJ DW * R
PDJQLWXGH KLJKHU WKDQ WKH REVHUYHBEG FEQM Z$H B RDS/RIOBD G IRA
¢HOGV FLWHG LQ FULWHULRQ LV DOVR D JHQHUDO SURSHUW\ F
&KDUERQQHDX

Latitude

900 950 1000 1050 1100 1150 1200 1250

time (years)

J)LIXUH %XWWHUA\ GLDJUDP RI WKH GdQDP®R VROXMIGRQ FRAKHHYSBRQGEROH
UHSUHVHQWY WKH WRURLGDO ¢HOG DW WKH WDFKRFOLQH ZKHUHDV KLJK OD
VXUIDFH ZLWK D PD[LPXP YDOXH RI *

2Q WKH RWKHU KDQG WKH SDULW\ UHTXLUHPHQW LV VWLO
WKLQ OD\HU DERYH WKH WDFKRFOLQH ZDV WKRXJKW WR KHOS \
%RQDQQR HW DO WKH SDULW\ FRXSOLQJ LV QRW VWU
QRW VHHP WR H[LVW D FOHDU SUHIHUUHG PRGH IRU WKH VROX
VIPPHWULF DQG RXW Rl SKDVH PRGHV ,Q WKH UHIHUHQFH FDVH
HDFK KHPLVSKHUH LV VOLJKWO\ RXW RI SKDVH 7KLV SUREDEO\
For higher GandC WKHUH LV D WHQGHQF\ IRU WKH PDJQHWLF ¢HOG W
ZLWK QR VWDEOH SKDVH ODJ
&KDUERQQHDX HW DO DQDO\]HG WKH JHQHUDO FKDRW
DQG DVFULEHG LWV FDXVH WR WLPH GHOD\V FRQQHFWHG ZLWK
(iHOG UHJHQHUDWLRQ SURFHVVHV /RQJ WHUP YDULDELOLW\ U
EHKDYLRU )LJXUH GLVSOD\V WKH HYROXWLRQ RI WKH WRURLG
PDJQHWLF ¢HOG HQHUJ\ LV JHQHUDOO\ XVHG DV D SUR[\ IRU DFWLY!|
RI PLQLPXP DFWLYLW\ ZLWK D GXUDWLRQ RI DSSUR[LPDWHO\ VROL
ORUHRYHU WKH PRGHO DOVR UHYHDOV SHULRGV RI H{WHQGHG PLQ
LQ ZKLFK WKH F\FOH LV DSSDUHQWO\ QRW IXOO\ GHYHORSHG E
DSSUR[LPDWHO\ \HDUYV
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)LIXUKkh) 7LPH VHULHV RI WKH WRURLGDO PDJQHWLF HQHUJ\ DW WKH WDFKRFOLQH D
WKH FOHDU PRGXODWLRQ RI WKH VRODU F\FOH QRWH WEH8UHVWIQFH WRKIBD QY R(VMRHQ C
PDIJQHWLF ¢HOG JUD\ VFDOH PDS DQG SRORLGDO SRWHQWLDO FRQWRXUV RQ D F
DQG D TXLHVFHQW SKDVH UHVSHFWLYHO\

7KH UHVLGXDO DFWLYLW\ HSLVRGH LQ )LJXUH D VXJJHVWV WKDW
VFDOH PDJQHWLF ¢HOG EHKDYLRU ,Q WKH VDPH ¢(JXUH ZH VKRZ WHK
SRORLGDO DQG WRURLGDO PDIQHWLF ¢HOGYVY LQ WKH PHULGLRQDO S
J)LIXUH E DQG DQRWKHU GXULQJ WKH HSLVRGH RI VRODU TXLHVFI
SHULRG WKH PDJQHWLF ¢(¢HOG LV PDLQO\ ODUJH VFDOH $W WKH WD
VKHDULQJ HIITHFW RI GLITHUHQWLDO URWDWLRQ IURP WKLV WRURLGI
E\ PHDQV RI WKH %DEFRFN /HLIJIKWRQ PHFKDQLVP 7KH UROH RI WKH
RI WKH VRODU F\FOH LV FOHDU WKH ARZ WUDQVSRUWY WKH WRURLCGC
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WKH HTXDWRU ZKLFK JHQHUDWHV WKH VRODU OLNH RULHQWD\
RWKHU KDQG GXULQJ WKH TXLHVFHQW SHULRG UHFDOO )LJXU
F\FOH LV FRQ;QHG WR WKH ERWWRP RI WKH FRQYHFWLRQ JRQH
XQGHUO\LQJ G\QDPR PHFKDQLVP 7R LQYHVWLJDW HefidcKdnd tHex U W K
%DEFRFN /HLIJKWRQ PHFKDQLVP LQ WZR GLVWLQFW G\QDPR PRG
JLIJXUH VKRZV WKH WRURLGDO PDJQHWLF HQHUJ\ WLPH VHUL
¢HOGV GXULQJ KDOI D VRODU F\FOH DUH DOVR VKRZQ LQ WKH
JLJXUH D WKH VRODU F\FOH HYROXWLRQ LV VPRRWK DQG Wt
EXQGOLQJ FRQ¢JXUDWLRQ WKHUHIRUH ZLWK WZLFH WKH F\FOH
SDWWHUQ NQRZQ DV WKH *QHY\VKHY 2KO UXOH LV DOVR D FRQ\
/IHLJIKWRQ PHFKDQLVP &KDUERQQHDX HW DO 7KH PHULGL!
VKRZ WKDW % LV ODUJH VFDOH ZKLFK PDWFKHV WKH RYHUDO
UHIHUHQFH PRGHO GHSLFWHG LQ )LIJXUH E ,Q WKH FDVH RI D
VKRZVY D PRGHUDWH OHYHO RI DQWLV\PPHWU\ DERXW WKH HTXD
The situation is different in the pure HITHFW FDVH VKRZQ LQ )LIJXUHV F DQG
DQ\JLYHQ F\FOH LV PXFK ORZHU WKDQ LQ WKH SXUH %DEFRFN /H
ORQJ DQG WKHUH DUH DGGLWLRQDO KLJK IUHTXHQF\ RVFLOODW
WKDW LQ FRQWUDVW ZLWK WKH VLWXDWLRQ RI D %DEFRFN /HLJK\
ZLWK WKH DSSHDUDQFH RI KHUKRW IRRHANKE QVLLMHY VIQUWKWY VHH WK
$ZDUH Rl WKH GLIIHUHQW EHKDYLRUV FRQFHUQLQJ WKH GLII
possible that the period of minimum activity involves the preponderance of the tacheeliaet over the
%DEFRFN /HLJKWRQ PHFKDQLVP ,Q VXFK D FDVH ORZHU LQLWL
RI WRURLGDO ¢HOG EHORZ WKH EXR\DQF\ LQVWDELOLW\ OLPLW
VRODU F\FOH YDULDELOLW\ ZRXOG WKH@HHEHFRD LIHQ HAWLW IH@®RJI E
¢HOGYV GXULQJ SHULRGV RI PLQXPXP DFWLYLW\ EXW EHLQJ DE
ZKHQ WKH XSSHU WKUHVKROG RI WRURLGDO ¢(¢HOG VWUHQJWK |
PLQLPXP DFWLYLW\ SHULRGVY VXFK DV WKH ODXQGHU OLQLPXP
VLWXDWLRQ LV UDWKHU UDUH LQ RXU PRGHO RQO\ WZLFH GLG
\HDUV LQ RXU \HDU ORQJ LQWHJUDWLRQ VKRUW OLYHG T»>
LV DOVR ZRUWK PHQWLRQLQJ WKDW EHFDXVH RI WKH GHFRXSO
PLQLPXP DFWLYLW\ HSLVRGH RI )LJXUH D QHLWKHU VWDUWYV QF
,Q WKLV FDVH WKH VRXWKHUQ KHPLVSKHUH HQWHUV WKH PLQL
QRUWKHUQ KHPLVSKHUH
ORVW RI WKH PHDQ ¢HOG NLQHPDWLF VRODU G\QDPR VLPXOL
SHULRGY UHO\ HLWKHU RQ WKH LQWURGXFWLRQ RI VWRFKDVW
DUELWUDU\ PDQLSXODWLRQ RI WKH PHULGLRQDO ARZ DQG RU
+HUH RQ WKH DFFRXQW RI WKH UHYV XO WfecZlbcagt at thd Q W H
WDFKRFOLQH HIIHFWLYHO\ UHSODFHVY WKH VWRFKDVWLF IRUFLQ

&21&/86,216

,Q YLHZ RI WKH QRW VHOI VXVWDLQDEOH FKDUDFWHU RI D VR
PHFKDQLVP IRU SRORLGDO ¢(HOG UHJHQHU D-¥ffecRdperafing ik & thiH F R C
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J)LIXUH &KDUDFWHULVWLF Ed RIYA\RWOREFRKEN G RIAPRBOL WK ORVL @/IKG! VWX XUEFHH M Q G
. HITHFW C DW WKH WRWMrKRFOV®QRZILRU WKH WRURLGDO PDJQHWLF HQHUJ\ DW WKH
SRZHU VSHFWUDO 6LPIEO&d OG DWKRQ@ WKKUDJIQHWLF ¢HOG DW D PHULGLRQDO SODQ

OD\HU DERYH WKH WDFKRFOLQH RULJLQDWLQJ IURP WKH WXUEXOHQ
EXR\DQF\ OHYHO $FFRXQWLQJ IRU GLIIHUHQW OLPLWLQJ UDQJHV RI
FRQFHUQLQJ WKHLU GLIITHUHQW QDWXUHV ZH KDYH REWDLQHG D G\Q

An Acad Bras Cienc (2014) 86 (1)



A SOLAR DYNAMO MODEL WITH LONG-TERM VARIABILITY 23

¢HOG G\QDPLF IHDWXUHV QDPHO\ F\FOLF UHYHUVDOV ZLWK D
DFWLYLW\ EHOW SROHZDUG PLJUDWLRQ RI WKH SRODU UDGLD¢
YDULDELOLW\ UHVHPEOLQJ WKH VRODU RQH

$SSURSULDWH DQWLV\PPHWULF PDJQHWLF FRXSOLQJ EHWZHt¢
location ofthe . HITHFW DW WKH WDFKRFOLQH KDG EHHQ VXJJHVWHG
WKH KHPLVSKHUHY DSSHDU WR EHKDYH LQ D UDWKHU GLVVRFLI
7KH GHFRXSOLQJ PD\ RULJLQDWH IURP WKH FKDRWLF QDWXUH F
LOQGHSHQGHQWO\ LQ HDFK KHPLVSKHUH )XUWKHU LQYHVWLJDW
upon the joint spherical harmonic analysis of the modelled B and that of the B observed at the surface of the
6XQ VHH HJ 6WHQAR DQG 9RJHO DQG 'HURVD HW DO

2XU VWXG\ VSRQWDQHRXVO\ SUHVHQWY D ODXQGHU OLNH
other studies based on similar mean-field kinematic dynamo models, does not require the addition
RI VWRFKDVWLF IRUFLQJ WR WKH ULJKW KDQG VLGH RI WKH
JUDQG PLQLPD SHULRGY FRXOG EH FDXVHG E\ DQ LQWHUPLW
VROH GHHS. BOQIGIZWDOLNY UHVSRQVLEOH IRU WKH UHJHQHUDWLR
from a Backbock-Leighton dominated regime to agffect dominated regime occurs remains a matter
RI LQYHVWLJDWLRQ

$&.12:/('*0(176

6DEULQD 6DQFKH] ZRXOG OLNH WR H[SUHVV KHU JUDWLWXGH
DQG IUXLWIXO GLVFXVVLRQV ‘H WKDQN $ 6 %UXQ IRU GLVFXV
PDQXVFULSW 7KLV ZRUN LV D UHVXOW RI D 0 6F SURMHFW LQ
,QVWLWXW GH 3K\WVLTXH GX *OREH GH 3DULV ,3*3 :H WKDQN ER
%UD]LOLDQ DIJHQF\ &RRUGHQDomR GH $SHUIHLoRDPHQWR GH 3H
UHVHDUFK 7KH FRQWULEXWLRQ RI $) DQG -$ LV ,3*3 FRQWULEX\

5(6802

ORGHORV GR GtQDPR VRODU EDVHDGRYVY QR PHFDQLVPR GH %DEFRFN /
GDV SULQFLSDLY FDUDFWHUtVWLFDV GD GLQKPLFD GR FDPSR PDJQpW
RSHUD VRPHQWH D SDUWLU GH XP OLPLWH PtQLPR GR FDPSR PDJQpWL!
UHJHQHUDOmMR GR FDPSR TXH FDUDFWHUL]H XP GtQDPR DXWRVVXVWH(
HIHLWR FRQFRPLWDQWH FRP R FHQIULR GLVSRVWR SHOR PRGHOR GH
GH FDPSR PpGLR '"LIHUHQWHYV IDWRUHV GH OLPLWDoOomR GD LQWHQVI
GH UHJHQHUDomR GR FDPSR SRORLGDO ([FHWXDQGR VH R FULWQPpPULF
FDUDFWHUtVWLFDV GR FDPSR PDJQpWLFR VRODU IRUDP UHSURGX]LGL
FDPSRV WRURLGDLVY HP PpGLDV ODWLWXGHY GHVORFDPHQWR DRV Sy
GH DQWL IDVH HQWUH HVWHYVY $ YDULDELOLGDGH GH ORQJR SHUtRGR
PtQLPR GH DWLYLGDGH PDIJQpWLFD H SRVWHULRU UHFXSHUDomR FRPR
GH XPD DWLYLGDGH UHVLGXDO GXUDQWH RV SHUtRGRV GH PtQLPD DWL
SUHGRPLQKkQFLDRERHIRHIPMRDQLVPR GH %DEFRFN /HLIJIKWRQ QD UHJHQF

3bODYUDV FKDYH GtQDPR VRODU FLFOR VRODU PDQFKDV VRODUHV
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7$%/( ,
&RPSDULVRQ RI WKH FULWIt DQ & \IQ B F R HIQFR ERHIUWZH. MV K IR@ DMK F \ F O H
EHQFKPDUN FDVHV $ % DQG & IURP -RXYH HW DO 7KH VSDWLDO DQG \
JLYHQ LQ WHUPV RI UDGLDO SRLQWYV D®IG, K DQFBRYLP He M WHEH WL K QtFDW LR Q
Results Reference
Case Resolution at co, co,
$ 71x 71 5x 101 " .
B 71x71 5 x 10° ‘ «
C 120 x 120 1x 1OA “ “
JLIXUH %XWWHUA\ GLDJUDP VXPPDUL]LQJ WKH %HQFKPDUN FDVH
FRPSDUHG ZLWK -RXYH HW DO JLIXUHV DQG UHVSHFWLYHO\
UHIHU WR WKH UDGLDO (HOG DW WKH VXUIDFH DQG WKH JUD\ VFDOH
¢HOG DW WKH WD FK R F3 Q@ R8ISERFU FOVGHEY .
IRZHU SDQHO %DEFRFN /HLJKWRQ G\QDPR IURP FDVH 6&
5(0)(5(1&(6
$UBERTJ, $URNOUJ $1' : ,&+3 7KH PDIJQHWLF VWUXFWXUH RI FRQYHFWLRQ GULYHQ QXPHULFDC
Bsw&2&+ 7KH WRSRORJ\ RI WKH 6XQfV PDJQHWLF ¢HOG DQG WKH \HDU F\FOH $V
Bs.(5D 2000 (IITHFWV Rl WKH 6XQ RQ WKH (DUWKYV HQYLURQPHQW - $WPRV 6RO 7HUU 3
BEERJ T2%,$$$1" : EISSN $Q DFWLYH 6XQ WKURXJKRXW WKH ODXQGHU PLQLPXP 6RO 3K\

B21$112% ELSTNERD, RUDIGERG $1'B(/9('(5( G 2002 3 DULW\ SURSHUWLHY RI DQ DGYHFWLRQ GRPLQD
$VWURSK\V
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BRUN $6M,(6&MS $1' TOOMREJ 2004 *OREDO VFDOH WXUEXOHQW FRQYHFWLRQ DQG PDJQ}
$VWURSK\V -

Bg6+ %R =RQDO ARZV DQG JUDQG PLQLPD LQ D VRODU G\QDPR PRGHO ORQ 1
C3$77%$1(F 1 +8*+(6": Nonlinear saturation of the turbulent . HITHFW 3 K\V 5HY ( 5 5
C+3$5%211($B2005 $ ODXQGHU PLQLPXP VFHQDULR EDVHG RQ FURVV KHPLVSKHULF FRX
C+$5%211($®2010 '"\QDPR PRGHOV RI WKH VRODU F\FOH /LYLQJ 5HY 6RO 3K\V

C+$5%211($RB($8%,(G $1'ST-J($1C 2007 )OXFWXDWLRQV LQ %DEFRFN /HLIJKWRQ G\QDPR
2KO UXOH $VWURSK\VLFDO -

C+$5%211($B$1'D,.3$7M 2000 6WRFKDVWLF AXFWXDWLRQV LQ D %DEFRFN /HLIJKWRQ PRG

C+$5%211(9BST-J($1C$1'Z$&+$5,92005 YOXFWXDWLRQV LQ %DEFRFN /HLIKWRQ G\QDPRYV
WR FKDRV $VWURSK\V -

C+$77(5-(RN$1'<D $1'C+28'+85,$2004 )XOO VSKHUH VLPXODWLRQV RI D FLUFXODWLRQ
WKH SDULW\ LVVXH $VWURQ $VWURSK\V

C+28'+85,$1992 6WRFKDVWLF AXFWXDWLRQV RI WKH VRODU G\QDPR $VWURQ $VW
C+s5,67(160 (7$/2001 $ QXPHULFDO G\QDPR EHQFKPDUN 3K\V (DUWK 30DQHW ,Q

DER26$M,BRUN $$1' +2(.6(0$J2012 6RODU PDIJQHWLF ¢HOG UHYHUVDOV DQG WKH UROH
D, 337M $1'C+$5%211(sB1999 $ % DEFRFN /HLIJKWRQ AX[ WUDQVSRUW G\QDPR ZLWK VR

D,.337M $1'G,/0$1P 2001 )O X[ WUD QV SR U Weffect arRghal mktabikty of tachocline differential rotation: a
VROXWLRQ IRU PDIJQHWLF SDULW\ VHOHFWLRQ LQ WKH VXQ $VWURSK\V -
D250<E 1997 ORGpOLVDWLRQ QXPpULTXH GH OD G\QDPR WHUUHVWUH 3K ' WKHVL

D250<E Cs$5',1P$1'J$8/7D 0+ ARZ LQ D VOLJKWO\ GLIIHUHQWLDOO\ URWDWLQJ VS
LQ D GLSRODU PDJQHWLF (HOG (DUWK 30DQHW 6F /HWW
D'S,/93 S$1'C+28'+85,$ $ WKHRUHWLFDO PRGHO IRU WLOWV RI ELSRODU PDJQHWI

Ds89s$//JRTL 1979 /DUJH VFDOH VRODU YHORFLW\ (HOGV 6RO 3K\V
F$1<2009 ODJQHWLF ¢HOGYV LQ WKH VRODU FRQYHFWLRQ JRQH /LYLQJ 5HY 6RO

GUERREROG $1' G289 (,D$/PNOE 7XUEXOHQW PDJQHWLF SXPSLQJ LQ D %DEFRFN /HL
$VWURSK\V

GUERREROG $1' . b3</tP 2011 '\QDPR DFWLRQ DQG PDJQHWLF EXR\DQF\ LQ FRQYHFWLRC
$VWURSK\V

+$,%+J 7KH HITHFWV Rl VRODU YDULDELOLW\ RQ WKH (DUWKY{YV FOLPDWH 3KL

+$7+$:3< '+ 2010 7KH VRODU F\FOH /LYLQJ 5HY 6RO 3K\V

+2:( R C+5,67(16(@%/6*$3$5'J HLL F, .OoMM R, L$56(1R, S&+28J, T+20362M $1' TOOMRE J 2000 Dynamic
YDULDWLRQV DW WKH EDVH RI WKH VRODU FRQYHFWLRQ ]RQH 6FLHQFH

J2so(L (78/ $ VRODU PHDQ ¢HOG G\QDPR EHQFKPDUN $VWURQ $VWURSK\V

J289 (L, PROCTORMR $1'LESURG 2010 % XR\DQF\ LQGXFHG WLPH GHOD\V LQ %DEFRFN /HLJK
$VWURQ DQG $VWURSK\V

.b3</bP, .ORPIM $1'B5%$1'(1%85* 2009 $OSKD HIIHFW DQG WXUEXOHQW GLIIXVLRQ IURP

.$5$.B 2010 ,PSRUWDQFH Rl PHULGLRQDO FLUFXODWLRQ LQ AX[ WUDQVSRUW G\Q
$VWURSK\VO -

. h.(5M,RUDIGERG $1'S&+8/7M 2001 &LUFXODWLRQ GRPLQDWHG VRODU VKHOO G\QDPR P
$VWURSK\V

L(,*+72R $ PDJQHWR NLQHPDWLF PRGHO RI WKH VRODU F\FOH $VWURSK\V -

M$.$5299 T/$7298C$//(%$8D, O%5,'.29¢$1" S+(/7,1*B 2001 /DUJH VFDOH PDJQHWLF ¢HOG DQC
3K\V

M2))$77+ JLHOG *HQHUDWLRQ LQ (OHFWULFDOO\ &RQGXFWLQJ )OXLGV &DPE
<RUN OHOERXUQH
O66(1'5,-9(M 7KH VRODU G\QDPR $VWURQ $VWURSK\V 5HY

P$5.(5E 1955 +\GURPDJQHWLF G\QDPR PRGHOV $VWURQ $VWURSK\V 5HY

Ps$5.(5E 1979 6 XQVSRWYV DQG WKH SK\VLFV RI PDJQHWLF AX[ WXEHV , 7KH JHQHUD
$VWURSK\V 5HY

P$5.(5E $ VRODU G\QDPR VXUIDFH ZDYH DW WKH LOQWHUIDFH EHWZHHQ FRQY'
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Sa+28) (7$/ +HOLRVHLVPLF VWXGLHV RI GLIIHUHQWLDO URWDWLRQ LQ WKH VRODU H
WKH OLFKHOVRQ 'RSSOHU LPDJHU $VWURQ $VWURSK\V 5HY
S2/$1.,6. 6XQVSRWYV DQ RYHUYLHZ $VWURQ $VWURSK\V 5HY
STENFLOJ $1' 90GELM *OREDO UHVRQDQFHV LQ WKH HYROXWLRQ RI VRODU PDJQHWLF ¢|
: ILMOT-S0,7+$ N$1'<D, +ORNIGG $1' M $57 (16 $ WLPH GHOD\ PRGHO IRU VRODU DQG VWHOOD
$33(1',;
3$52'< &2'( 0($1 ),(/' %(1&+0%$5.,1*

7KH 3DURG\ FRGH XVHG LQ WKLV ZRUN ZDV RULJLQDOO\ SURSRVHG I
FRGH EHQFKPDUNHG LQ &KULVWHQVHQ HW DO VHH 'RUP\ HW
PDIQHWLF ¢HOG LV GHFRPSRVHG DFFRUGLQJ WR

%=rxr i BU rx B
DQG WKH VFDODU SRWHQWLDOV IXUWKHU H[SDQGHG RQ D VSKHULFD!

LmaxM max

Bpi= M0t ¥, E
‘=1 m=1

7KH UDGLDO GHSHQGHQFH LV WUHDWHG E\ D VHFRQG RUGHU ¢£QLW
&UDQN 1LFKROVRQ VFKHPH IRU GLIIXVLRQ WHUPV DQG DQ $GDPV %D
WHUPV 7KH DFWXDO HTXDWLRQV WR EH VROYHG DUH WKH UDGLDO F

YXUWKHU DGDSWDWLRQ WR MHIHQDJ HO\® "HFW QDR LR LQFOXGHG D FK
ERXQGDU\ FRQGLWRQ DW WKH LQQHU ERXQGDU\ WKH VSHFL¢{FDWLRC
DQG D PHULGLRQDO FLUFXODWLRQ WKH FRQVWUXFWLR.Q@n&I1 WKH SUR
S VRXUFH WHUPV WR WKH ULJKW KDQG VLGH RI WKH LQGXFWLRQ HT;
condition implies setting B= 0 and @B @ DW WKH LQQHU ERXQGDU\

7KH FRGH ZzDV WHVWHG E\ FRPSDULQJ LWV SUHGLFWLRQV ZLWK WK
PHDQ ¢HOG EHQFKPDUN -RXYH HW DO 7KH JRDO KHUH LV WEF
cycle frequencies for different dynamo models, involving eitheran . VFHQDULR FDVHV $ DQG ¢
RQO\ LQ WKH SUHVFULEHG GLIIXVLYLW\ RU D %YDEFRFN /HLJKWRQ V
REWDLQHG ZLWK RXU FRGH DJDLQVW WKH UHIHUHQFH RQHV 7KH EXW
6& ZKLFK LQFRUSRUDWH DQ . TXHQFKLQJ DUH GLVSOD\HG LQ )LJXU}

An Acad Bras Cienc (2014) 86 (1)



