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Solar activity during Solar activity during holoceneholocene
[ref: [ref: SolankiSolanki et al.]et al.]

Present maximum is Present maximum is 
highest of past 9 highest of past 9 
millenniamillennia

(as far as plasma (as far as plasma 
ejection from sun ejection from sun 
is concerned; but is concerned; but 
note conflicting note conflicting 
evidence Antarctic evidence Antarctic 
vs.vs. Greenland ice Greenland ice 
cores)cores)

[[SolankiSolanki et al.; et al.; MuschelerMuscheler et al.]et al.]



Northern Hemisphere TemperaturesNorthern Hemisphere Temperatures
[source: Anders [source: Anders MobergMoberg et al., 2005]et al., 2005]

•• Medieval maximum (AD 1000 Medieval maximum (AD 1000 –– 1200)1200)
•• Broad minimum around 1600 (Little Ice Age)Broad minimum around 1600 (Little Ice Age)
•• Strong 20th century increaseStrong 20th century increase



Basic data for the period 1619 Basic data for the period 1619 –– 19641964
Smoothed Group Sunspot Number (Smoothed Group Sunspot Number (left; left; ref. Hoyt & ref. Hoyt & SchattenSchatten) and ) and 

smoothed Northern Hemisphere Temperature smoothed Northern Hemisphere Temperature [ref: [ref: MobergMoberg et al.]et al.]



Basic data for the period 1619 Basic data for the period 1619 -- 1964 1964 
Smoothed Group Sunspot number (Smoothed Group Sunspot number (leftleft) and Source function (= ejected ) and Source function (= ejected 
plasma ~ open solar flux) plasma ~ open solar flux) [refs: Hoyt & [refs: Hoyt & SchattenSchatten for GSN; for GSN; UsoskinUsoskin & & SolankiSolanki
for Sfor S--function]function]



Outline of talkOutline of talk

•• Two main aspects of solar variability:Two main aspects of solar variability:
-- Active regions around sunspots  Active regions around sunspots  
-- Coronal plasma ejections of various kinds Coronal plasma ejections of various kinds 

•• Do these influence tropospheric temperatures Do these influence tropospheric temperatures 
and what is the main driver of sunand what is the main driver of sun--induced induced 
climate change?climate change?

•• The solar dynamoThe solar dynamo
•• Forecasting solar activityForecasting solar activity



BASIC SOLAR DATABASIC SOLAR DATA

Activity Centers and Ejection of Activity Centers and Ejection of 
solar plasmasolar plasma



Sunspots and active regions     Sunspots and active regions     
A sunspot group A sunspot group [DOT observations][DOT observations]



Surrounding facular fieldsSurrounding facular fields
higher temperatures are located on top of higher temperatures are located on top of 
photosphere; emit variable (UV) radiation fluxphotosphere; emit variable (UV) radiation flux



Coronal mass EjectionsCoronal mass Ejections
((LascoLasco on SOHO spacecraft)on SOHO spacecraft)



The center of The center of activityactivity

•• Sunspots and the surrounding active Sunspots and the surrounding active 
regionsregions

•• Facular fieldsFacular fields
•• Solar flares and their effectsSolar flares and their effects
•• Coronal Mass EjectionsCoronal Mass Ejections
•• Prominences of various kinds (will not Prominences of various kinds (will not 

been discussed here)been discussed here)



Sunspot numbersSunspot numbers

•• RRZZ = = ZürichZürich sunspot number sunspot number 
(dashed)(dashed)

•• RRGG = group sunspot number = group sunspot number 
(solid; (solid; ref. Hoyt & ref. Hoyt & SchattenSchatten) ) 

•• Use of RUse of RGG advisableadvisable
•• Maunder minimum from Maunder minimum from 

1652 1652 –– 17041704
•• During MM few spots but During MM few spots but 

normal activity in plasma normal activity in plasma 
ejectionejection



Time delays of various kinds:Time delays of various kinds:

•• High latitude activity follows or precedes (?) High latitude activity follows or precedes (?) 
sunspot activity by half a Schwabe cyclesunspot activity by half a Schwabe cycle

•• GnevyshevGnevyshev Gap: spot activity maxima in the two Gap: spot activity maxima in the two 
hemispheres are not simultaneous; delays hemispheres are not simultaneous; delays 
average a yearaverage a year

•• Energetic Emissions Delay: energetic Energetic Emissions Delay: energetic emisissionemisission
follow spot maximum by roughly  1 follow spot maximum by roughly  1 –– 2 yr2 yr



The The energeticenergetic emissionsemissions delaydelay

•• EnergeticEnergetic emissionsemissions suchsuch as X as X oror γγ--rayray flaresflares
(black) (black) delayeddelayed byby aboutabout oneone yearyear withwith respect respect 
toto spot spot numbersnumbers ((lighterlighter shadedshaded; ; refref. J. Allen. J. Allen))



EquatorEquator--ward and poleward and pole--ward driftward drift
sunspot area and high latitude magnetic fields sunspot area and high latitude magnetic fields 

[ref: Hathaway)[ref: Hathaway)



VariationVariation intensityintensity Green Green CoronalCoronal lineline
[Green [Green lineline: 530.3 : 530.3 nmnm; ; FeXIVFeXIV; ; refref. . MakarovMakarov et al.]et al.]



Plasma Plasma ejectionejection

LowLow-- and and highhigh--latitudelatitude ejectionsejections



LatitudesLatitudes of of ActiveActive RegionsRegions comparedcompared withwith
thosethose of plasma of plasma ejectionejection [[refref: : HundhausenHundhausen]]



Two sources for plasma ejection. Two sources for plasma ejection. 
Three questionsThree questions
•• From Centers of Activity; chiefly Coronal Mass Ejections From Centers of Activity; chiefly Coronal Mass Ejections 

(latitude below 40 (latitude below 40 ̊̊ ))
•• At higher latitudes: from coronal holes, polar faculae, At higher latitudes: from coronal holes, polar faculae, 

ephemeral active regions.ephemeral active regions.
•• The totality of all these ejections define the Source The totality of all these ejections define the Source 

Function S (Function S (SolankiSolanki; ; UsoskinUsoskin et al.et al.))

•• Q1: How is S known?Q1: How is S known?
•• Q2:Relation S Q2:Relation S –– cosmogenic radionuclides deposit ratecosmogenic radionuclides deposit rate
•• Q3: Relative contribution of lowQ3: Relative contribution of low-- and highand high--latitude latitude 

sources to S functionsources to S function



Answers to three questions:Answers to three questions:

•• 1. Source function describes strength of 1. Source function describes strength of 
open solar flux in Earth environment open solar flux in Earth environment →→
modulation of cosmic ray flux modulation of cosmic ray flux →→ change in change in 
deposit of cosmogenic radionuclides (deposit of cosmogenic radionuclides (1414C, C, 
1010Be Be ……) ) [refs: [refs: SolankiSolanki, , UsoskinUsoskin et al.; Beer et al.; et al.; Beer et al.; MuschelerMuscheler et al.] et al.] 

•• Hence, source function is derived (via Hence, source function is derived (via 
physical theory) from the rate of deposit physical theory) from the rate of deposit 
of cosmogenic radionuclides of cosmogenic radionuclides 



2. Relation S2. Relation S--function function –– 1010Be deposit rateBe deposit rate
[[RefRef. De Jager and . De Jager and UsoskinUsoskin, , submittedsubmitted]]



3. 3. StronglyStrongly variablevariable plasma plasma ejectionejection
fromfrom lowlow-- resp. resp. highhigh--latitudelatitude areasareas

•• Open Open solarsolar flux flux duringduring MAX     MAX     oror MINMIN
((notenote: : arbitraryarbitrary units)units)

•• LowLow latitudeslatitudes:            2.75            0.55:            2.75            0.55
•• High High latitudeslatitudes:           0.48            2.38  :           0.48            2.38  



3. High3. High-- and lowand low--latitude plasma latitude plasma 
fluxesfluxes

•• Average ratio between SAverage ratio between S--fluxes from low fluxes from low 
latitudes and high latitudes = 1.2 latitudes and high latitudes = 1.2 (= average over (= average over 
3 cycles; 1967.5 3 cycles; 1967.5 –– 1998.5; refs. Wang, Kane, 1998.5; refs. Wang, Kane, re.re. Wang & Wang & SheeleySheeley, 2002;  , 2002;  
Cf.Cf. also  also  ShrivastavaShrivastava, 2003: ~ 1.0), 2003: ~ 1.0)

•• Note: low latitude ejections (CMENote: low latitude ejections (CME’’s) are s) are 
from Activity Centers and hence correlate from Activity Centers and hence correlate 
strongly with Sunspot numbers. High strongly with Sunspot numbers. High 
latitude ejections are not.latitude ejections are not.



HOW DOES THE SUN HOW DOES THE SUN 
INFLUENCE CLIMATEINFLUENCE CLIMATE

Irradiance variations Irradiance variations oror cosmic ray cosmic ray 
modulation by plasma clouds?modulation by plasma clouds?



1. Solar irradiance variations1. Solar irradiance variations
•• Less than 0.1% Less than 0.1% 

variation during cycle variation during cycle 
(upper frame) (upper frame) 

•• Correlated with Correlated with 
average magnetic field average magnetic field 
(middle)(middle)

•• and sunspot numbers and sunspot numbers 
(lower frame)(lower frame)

•• Sunspot number Sunspot number RR is is 
proxy for irradiance proxy for irradiance 
variation variation 

•• GnevyshevGnevyshev Gap (two Gap (two 
maxima)maxima)



Origin of irradiance variationsOrigin of irradiance variations

•• Variations largest in Variations largest in 
ultraviolet spectrum, less ultraviolet spectrum, less 
in infrared; little or none in infrared; little or none 
in visible in visible [ref Lean, 2000][ref Lean, 2000]

•• Photospheric emissions Photospheric emissions 
(emitted in visual part of (emitted in visual part of 
spectrum) do not varyspectrum) do not vary

•• Origin of variations: lowOrigin of variations: low--
chromospheric levels of chromospheric levels of 
Active RegionsActive Regions

•• Sources: scattered Sources: scattered 
magnetic fields ( ~ 50 magnetic fields ( ~ 50 ––
200 Gauss) in Active 200 Gauss) in Active 
Region areaRegion area



Solar UV emissions are absorbed in Solar UV emissions are absorbed in 
terrestrial stratosphereterrestrial stratosphere

•• Do not reach troposphereDo not reach troposphere
•• Hence, in order to affect tropospheric Hence, in order to affect tropospheric 

physics some kind of stratosphere physics some kind of stratosphere ––
troposphere coupling is neededtroposphere coupling is needed



2. The other aspect of solar variability; 2. The other aspect of solar variability; 
a. lowa. low--latitude ejectionslatitude ejections

•• From Active Regions: coronal mass ejectionsFrom Active Regions: coronal mass ejections
•• CMECME--mass is 10mass is 101212 to 10to 101313 kgkg
•• Speed at Earth distance 200 to  2500 km/sec Speed at Earth distance 200 to  2500 km/sec 
•• Magnetic fields from CME’s carried along into Magnetic fields from CME’s carried along into 

heliosphere contribute for ~ 54% to ‘Open solar heliosphere contribute for ~ 54% to ‘Open solar 
flux’ (interplanetary magnetic field at Earth flux’ (interplanetary magnetic field at Earth 
distance)distance)



b. b. High High latitudelatitude componentcomponent (~ 46%)(~ 46%)

•• Solar wind, mainly high latitude coronal holes; varies Solar wind, mainly high latitude coronal holes; varies 
during cycle; prominent during minimumduring cycle; prominent during minimum

•• Other ejection: from high latitude (ephemeral) active Other ejection: from high latitude (ephemeral) active 
regions, polar faculae, structures associated with polar regions, polar faculae, structures associated with polar 
prominence zoneprominence zone

•• All abrupt ejections (lowAll abrupt ejections (low-- and highand high--latitude) cause: latitude) cause: 
•• CoCo--rotating Interaction Regions = interplanetary shocks rotating Interaction Regions = interplanetary shocks 

at collision of solar plasma ejections with earlier emitted at collision of solar plasma ejections with earlier emitted 
slower windslower wind



Open solar flux ( ~ SOpen solar flux ( ~ S--function)function)
Left:Left: annual data; annual data; Right:Right: smoothedsmoothed
[ Refs: Lockwood et al.; [ Refs: Lockwood et al.; SolankiSolanki et al.]et al.]



Open solar flux again.Open solar flux again. [Smoothed data from [Smoothed data from 
SolankiSolanki, , UsoskinUsoskin et al.]et al.]



ModulationModulation of of cosmiccosmic rayray flux flux byby
magneticmagnetic shieldingshielding in heliospherein heliosphere



CloudCloud coveragecoverage variationvariation
parallel parallel toto cosmiccosmic rayray fluxflux [[refref SvesnsmarkSvesnsmark&&FriisFriis--ChristensenChristensen]]



Cosmic ray Cosmic ray –– clouds scenarioclouds scenario

Increased solar activity yields:Increased solar activity yields:
•• Stronger open solar flux; hence Stronger open solar flux; hence 
•• Larger cosmic ray deflection; causingLarger cosmic ray deflection; causing
•• decrease of cosmic ray flux; causingdecrease of cosmic ray flux; causing
•• Reduced cloud formation; henceReduced cloud formation; hence
•• Increased solar irradiance on Earth and Increased solar irradiance on Earth and 
•• Temperature increaseTemperature increase



Proxies for cosmic ray activityProxies for cosmic ray activity
•• Cosmogenic radionuclides such as Cosmogenic radionuclides such as 1010Be, Be, 1414C, C, 

etc. are proxies for the cosmic ray fluxetc. are proxies for the cosmic ray flux
•• Since observed cosmic ray flux depends on Since observed cosmic ray flux depends on 

flux of solar ejected  magnetized plasma, flux of solar ejected  magnetized plasma, 
cosmogenic radionuclides inform us on past cosmogenic radionuclides inform us on past 
solar plasma ejection activitysolar plasma ejection activity

•• Ice cores and sediments offer way to study Ice cores and sediments offer way to study 
past history of solar Source Functionpast history of solar Source Function



Hence: two possible mechanisms Hence: two possible mechanisms 
for sun for sun –– climate interactionclimate interaction

•• Variation of UV radiance, during the solar Variation of UV radiance, during the solar 
cycle as well as secular changescycle as well as secular changes

•• Variation of cosmic ray flux, due to Variation of cosmic ray flux, due to 
variable source function ( plasma ejection)variable source function ( plasma ejection)

•• Which of these, or both??Which of these, or both??



CorrelationCorrelation analysisanalysis shows shows reasonablereasonable
dependencedependence NH NH temperaturestemperatures onon GroupGroup
SunspotSunspot NumberNumber ((GSNGSN))



But weaker dependence of NH temperatures But weaker dependence of NH temperatures 
on Source Functionon Source Function



Full and partial correlation coefficients for Full and partial correlation coefficients for 
RR-- and Sand S--dependence for various dependence for various 
temperature sets temperature sets [de Jager & [de Jager & UsoskinUsoskin, submitted], submitted]

[[•• OverpeckOverpeck & & HughenHughen (1997) C(1997) CTRTR = .60    C= .60    CTSTS = .35     P= .35     PT(R)ST(R)S = .01= .01
•• Jones et al. (1998)                      .55             .47    Jones et al. (1998)                      .55             .47    .15.15
•• Mann et al. (1999)                       .52            .50     Mann et al. (1999)                       .52            .50     .20.20
•• BriffaBriffa et al. (2000)                       .76             .48        et al. (2000)                       .76             .48        .06.06
•• Crowley & Lowery 2000)              .77             .43         Crowley & Lowery 2000)              .77             .43         --.01.01
•• Mann & Jones (2003)                  .72             .54        Mann & Jones (2003)                  .72             .54        .15.15
•• MobergMoberg et al. (2005)                   .77             .43            et al. (2005)                   .77             .43            .07 .07 

•• Average:Average: .67        .45         .09.67        .45         .09

•• Conclusions: stronger correlation of T with R; partial correlatiConclusions: stronger correlation of T with R; partial correlation Ton T--S S 
(=keeping R(=keeping R--correlation fixed) small. Tcorrelation fixed) small. T--S correlation is not zero S correlation is not zero 
because of the significant Sbecause of the significant S--R correlation (due to CME’s from Active R correlation (due to CME’s from Active 
Regions).Regions).



HenceHence::

••SunSun--related NH temperature related NH temperature 
variations are coupled to variations are coupled to 
variations in Active Region variations in Active Region 
(UV) radiance rather than to (UV) radiance rather than to 
those in open solar fluxthose in open solar flux



THE SOLAR DYNAMOTHE SOLAR DYNAMO

The engine of solar activity The engine of solar activity 



The sun’s internal rotationThe sun’s internal rotation
•• varies with depth and latitudevaries with depth and latitude
•• tachoclinetachocline at r/Rat r/R○○ = 0.69; strong shearing = 0.69; strong shearing 

motions in overshoot layer of convection zonemotions in overshoot layer of convection zone



Tachocline: seat of dynamo; Tachocline: seat of dynamo; ΩΩ effecteffect

•• Shearing motions in existing magnetic fields Shearing motions in existing magnetic fields 
generate poloidal magnetic fields generate poloidal magnetic fields 

•• Differential rotation cause toroidal components Differential rotation cause toroidal components 
by stretching and amplifying fieldsby stretching and amplifying fields

•• Equipartition field strength 10Equipartition field strength 1044 GaussGauss
•• Further amplification till 10Further amplification till 1055 Gauss cause kink Gauss cause kink 

instability of the fluxes, leading to flux tube instability of the fluxes, leading to flux tube 
detachment and buoyancydetachment and buoyancy

•• Rise time is few months; sunspots at surface  Rise time is few months; sunspots at surface  



Oscillating magnetic field in tachoclineOscillating magnetic field in tachocline

Magnetic field oscillates with period Magnetic field oscillates with period 
P = P = ηη/( /( ππ HH22),),

where H = storage thickness of field.where H = storage thickness of field.
With  η (turbulent magnetic diffusivity) = With  η (turbulent magnetic diffusivity) = 

10101111 cmcm22 ss--11 and H (thickness tachocline) and H (thickness tachocline) 
= .04R= .04Roo we find P ~ 4 yrwe find P ~ 4 yr



Active longitudesActive longitudes

•• Two active longitudes, 180Two active longitudes, 180 ̊  apart ̊  apart [[NeugebauerNeugebauer
et al., 2000; et al., 2000; RuzmaikinRuzmaikin et al. et al. UsoskinUsoskin et al., de et al., de TomaToma et et al.,Caligarial.,Caligari et al. et al. 
AkasofuAkasofu et al.]et al.]

•• NonNon--axis symmetric modes in field, to be axis symmetric modes in field, to be 
represented by two dipolesrepresented by two dipoles

•• Simple representation: wavelength of Simple representation: wavelength of 
periodic oscillation of tachocline is half of periodic oscillation of tachocline is half of 
solar circumferencesolar circumference



EquatorEquator--ward and poleward and pole--ward driftward drift
demanddemand meridional meridional circulationcirculation (~1 m/sec)(~1 m/sec)
[[HathawayHathaway et al; et al; DikpatiDikpati et al., and et al., and othersothers]]



Flux Flux amplificationamplification and and emergenceemergence

•• Toroidal Toroidal stretchingstretching amplifiesamplifies fieldfield
•• AmplificatioAmplificatio byby factor ~100 in ~ factor ~100 in ~ oneone yearyear [[LilloLillo et al. et al. 

2005] 2005] 



A sunspot cycle hypothesisA sunspot cycle hypothesis

•• Production of flux tubes: Production of flux tubes: ongoing processongoing process
•• Assume: basic oscillation of tachocline and superimposed Assume: basic oscillation of tachocline and superimposed 

randomly appearing unstable loops randomly appearing unstable loops [[RuzmaikinRuzmaikin; ; UsoskinUsoskin et al.]et al.]



Chaotic dynamo appears in smoothed dataChaotic dynamo appears in smoothed data
by plotting by plotting SSpoloidalpoloidal against R (toroidal field) against R (toroidal field) [[deJagerdeJager & & DuhauDuhau]]



Main conclusionMain conclusion

•• At time scales of Schwabe cycle or above: At time scales of Schwabe cycle or above: 
highhigh--latitude field is not correlated with latitude field is not correlated with 
toroidal (lowtoroidal (low--latitude) fieldlatitude) field

•• Best example: Maunder MinimumBest example: Maunder Minimum
•• This conclusion has inferences for the This conclusion has inferences for the 

origin of highorigin of high--latitude phenomena latitude phenomena 
•• Note also the quasiNote also the quasi--chaotic jumps (chaotic jumps (e.g.e.g.

1704, 1922)1704, 1922)



The alpha effectThe alpha effect

•• Weaker fields are lifted but do not reach surfaceWeaker fields are lifted but do not reach surface
•• ‘Explode’ in convection zone; are deformed by ‘Explode’ in convection zone; are deformed by 

cyclonic convection, with simultaneous cyclonic convection, with simultaneous 
expansion and rotation  → the α effectexpansion and rotation  → the α effect

•• When arriving at the surface these fields are When arriving at the surface these fields are 
chiefly poloidal chiefly poloidal 

•• They ascend primarily parallel to solar axis They ascend primarily parallel to solar axis 
•• Hence appear in higher latitudesHence appear in higher latitudes



Hysteresis and Hysteresis and phasephase catastrophecatastrophe

•• A plot of A plot of RR--maxmax (toroidal field)(toroidal field)againstagainst aaaa--minmin (poloidal) (poloidal) 
shows hysteresis. shows hysteresis. AnotherAnother feature: feature: phasephase catastrophycatastrophy
(1921(1921--’23). ’23). [[DuhauDuhau; ; DuhauDuhau & & ChenChen]]



Forecasting solar activityForecasting solar activity

Is it possible to forecast the Is it possible to forecast the 
behavior of this chaotic system?behavior of this chaotic system?



QuasiQuasi--periodicitiesperiodicities

•• Five significant (quasiFive significant (quasi--)periods in solar )periods in solar 
activity: 11 yrs (Schwabe); 22 yrs (Hale); activity: 11 yrs (Schwabe); 22 yrs (Hale); 
11--2 yrs (quasi2 yrs (quasi--biennial, biennial, BasilevskayaBasilevskaya); 88 ); 88 
yrs (yrs (GleissbergGleissberg); 205 yrs (De ); 205 yrs (De VriesVries or or 
SuessSuess); 2300 yrs (); 2300 yrs (HallstattHallstatt). ). 

•• All quasiAll quasi--periods are variable and none of periods are variable and none of 
them is constant in time. them is constant in time. GleissbergGleissberg period period 
has even two maxima, interchanging in has even two maxima, interchanging in 
importance during past centuriesimportance during past centuries

•• Phase catastrophes have occurred at least Phase catastrophes have occurred at least 
twice: ~ 1788 and ~ 1922twice: ~ 1788 and ~ 1922



Is forecasting possible?Is forecasting possible?

•• Ratio between strengths of poloidal and Ratio between strengths of poloidal and 
toroidal fields appear to vary with time; toroidal fields appear to vary with time; 
not correlated in intervals not correlated in intervals ≥ ≥ Schwabe Schwabe 
cycle. Best example: Maunder Minimum.cycle. Best example: Maunder Minimum.

•• Solar dynamo: nonSolar dynamo: non--linear system, a quasi linear system, a quasi 
periodic engine with the properties of periodic engine with the properties of 
deterministic chaos. deterministic chaos. 

•• Its future is unpredictableIts future is unpredictable



SUMMARY OF TALKSUMMARY OF TALK

•• Two aspects of variability: plasma ejection and UV Two aspects of variability: plasma ejection and UV 
radianceradiance

•• NH temperature correlated with variation in UV radianceNH temperature correlated with variation in UV radiance
•• Plasma ejection from lowPlasma ejection from low-- and highand high--latitude areas latitude areas 
•• Dynamo: seated in tachocline. Main aspect: the toroidal Dynamo: seated in tachocline. Main aspect: the toroidal 

fields. Byproduct: poloidal magnetic fields.fields. Byproduct: poloidal magnetic fields.
•• Toroidal fields generate activity centers; poloidal fields in Toroidal fields generate activity centers; poloidal fields in 

high latitude magnetic areashigh latitude magnetic areas

•• Dynamo is chaotic and unpredictable systemDynamo is chaotic and unpredictable system


