Solar Activity
and

E Ol)l IIISCI o i fi)




Contents

B O ie second edition . . . .. Bl e e e e s e e e e e Xi
DR ST e ION . . .. . .o v e o e e o PRROIR JOGRANE -, Xiii
Acknowledgements to the second edition. . . .. ................... XV
Acknowledgements to the first edition . . ... .................... Xvil
B R s« v o oyt et e o o, SLADOGT, GOUOOT JUORIRIA, | L.EH, | XiX
e R N AT LR LT T T TR Yt B, 7 01 XXV
D R e e - et e e s SEVERIE SORGVR VRO 1
EERNLlie philosophy: of:this book 14 PS8 90 BOANEGUEDS, | 208, .. 1
N M aout - -, . . . PN JINGLHT BT DG BOUOIE JONeRie | | 5
TR R e R 1 7
e gt e e R A R e R L B

BRI arnments forobsetving the, Sun . . . . . .00 v 'e e e oo 7
B0 i | Measuring the tofal solar irradiance . . ... . o« < vogepe o « 8

Y 'Thereiis,moresthan total irtadiance . . ... ¢ .o oo s me + 8

s ispectrography and polarisation . . . . v . . crers oo egepe oo 10

BRI ficthistory: of solar obsetvations: v, siwisl cmcbiniite afith wigeye o o 12
¥5|" Theimporntance of good observations . ... . w: ¢ yogeps s o 14

BRE i Crilteria) forlgoodiobservations), sai, salur. aulividi e = - 14
O i behrdbuofisolar ACtVITY. | v« ain i s sys ot e s Gk e {19
L L SR e s L YN Y e M SN SR R 17

24191 o Geomagnetic. field measurementsi . wolir aos hmiio 2l 24

S iace-borne solar .0bservations.. . ... v v v v oo o REBHORVE, | . 25




vi Contents

3  The physical propertiesof the Sun. . . . . ... ......., ...,
DRI ORI ORI L L et e e
S ihe SURIRRTA ST s e S D e R e

3.2.1 - - ‘Solarsigeand mass: i L s e SR G
322 - -The solar rotation. . ... i/ ok ot iiempii e
3.2.3 . The solar material. & ooni i st bl diemedl s 2
324 The Sun’s-core. .. & sy il SR e
3.2.5 - Aihephotosphiere. - leaasnensiesha iy o 0 s
3:2.6 The chromosplicte oo v bl b g bl dipse.
3.2.7 - The cotonai s fu it o SR lagiaaminn RA L 1) 200
328 The solapwind’, L5 o i e g L GRS
3.3 llie genstalisolarsia Rt eIl simm e f e ey, LG T
3.3.1 .« The idecayEofsinaanatichlieldss s @ .0l . . 0L L
3.32  The gcomagneticcbasedisalarmedel . . . .../, . .. .. ..

4% Solar achivity b 8o el S e . . . ...
4.1 ESpnapsis R SRR SO L L L L L,
A L i R T e N |
4.3 - “The peaumbra- 0o CREESERE S e O 0, L0,
4.4 Sunspot Sroups. . . qi.ios e et SRRt 100 02 0F

4.4.1  Sunspot brightness andSteMPEFABIIS . 4o 5 ase. 010 idsiiding
4.5 - Sunspot models,- . .- .- IEERRORNE. 0L (1) armaRioy
4.5.1 ' Dynamo action and@mgenetime. . . ... ... . . .. .. ., ..
4.5.2 Convective and hydrodynamical sunspot models . . . . . .
4.5.3  Mapnetic coOlNS MGHBIRERET . . . o e . BEERIL
4.6 Solar activity and prefetred timesealesiicl o0 o0 000 o o ol
4:6.1' - -Solar activity and" thessunspoteycle 1., ' 1 JEGNEE,
456:2 * Spectral ianalysisy WEEEREEEIROL e, 1 ey ol A d
4.6:3 - Wavelel analysisie i, W8 B P T G et
4.6.4 Comparison between preferred timescales. . . . .. ... ..
4,7 Sunspot groups andiheirGHaEnetcneld. . . . . .. sioval sl o
4.7.1 -Alternative'measutes'of solar activity . ... . .. ... ...

4.7.2  Observed east-west asymmetry in sunspot statistics . . . .

4.8 ' The sunspot cycle anaStotSadianee. . . .". . .. . ., . . s v oo
4.3.1 | Sunspots and'the solat wwradiation . . . ... ., o 0

4.8.2.: . SUNSPOI-ITTRAIRNESIIOUHEBIR. ™. . ... . L. . 5 cpopei s o5 sugs s s

4.8.3 " Prodiclian e iR L N . . e s wemen

4.9 Flares, prominences, faculae, and corpuscular clouds . ... .. ..
4:9:0: “Rlanes . Sk B IR e (1 5 0T S e

4:9.2" "ProfiineHeas e IETINE TaV) jtld TR IOnE SR TR

Lo e O e e S e e

4.9.4 N Or RSO L e e . he b s A iy i

4.9.5 Solar brightening, sunspots and faculae. . ..........

5. Earth’s.climate. .. .. ........ .. .2inomespegnam blan oishusaoged o S8E
5.1+ SYROPSIS  paiids, . o Lk e mmmisIsadn  1slozambd Sl

29
29
29
29
30
31
31
34
38
38
39
40
40
41

45
45
48
49
50
53
54
54
58
58
60
60
62
64
68
69
70
70
724
74
75
83
86
86
86
86
87
87

89
89




5.2

5.3

5.4

0.5

5.6

)

Solar
6.1
6.2
6.3

6.4

6.5

6.6

Contents vii

iBhe observationsof :Earth’s climatew od saiiouanof @ oo, . 91
9 1. . Instrumentaladatangy i srprlagenisiiz. aslae o e, | . 91
B2 Adpper.air.data... 4ok R G s A RN 99
5.2.3 Earth-observing satellites and space-borne UV

TNRASUIBINENLS : i . fichih . sidisinily pidie by ompitongss, 1l 99
5.2.4 Observation of planetary atmospheres. . .. ......... 106
8 25 Palaco 'data’= “proxyedatald:. = bos anlpd suadipdl | . 106
VNG Climate ‘observations. . .. ..o o o spaitoabotied. | 3800 O 109
i climate’ physics™, O 20850 Dty bt Sunusdr. w sl | 110
f | . Mass 'conservation.. . .5 amoiE SHlsiarmaslY AU 110
832 . Encrgy conservationue. Giskt silomanigoeg . wild, | SN o 111
83 3 Momentum:conservationitx tise dutangam auld. . L2500 114
S 4 . FEffects of 'Farth’s totationss sl 2 08y el . 8EN . FES
g . Charge ‘Conservation” . . ... .. . . smaigedosis gogasdl) | 116
s cneryy budeety LN L s ah cagmadtgnd. [ bR 117
5.4.1 Variations in solar output and terrestrial temperature. . . 117
Bl . Variation in insolation ;. .. i ;. . o 8GR SR RN L 119
84 3 . The natural;greenhouseieffestuiod Thiioamalpl, . FAAL (. 120
The basic components of Earth’s climate . . . ............. 122
65| anolihevatmosphereicait TERDEIG STH 10 siog. Iswnoderd £ | 4 122
. The'oceans. .. . Aoiineuond sideste vhad. o 308 130
B . Theweryospliere: Srimra . Dk growa s o S ¢ | s
8 daoi@he biosphtrer Hie Shie-gah 10 Yesvgoathadl | S0 1 139
E-edback ‘mechanismsioris oY, hrs 2ahireg beawdo.  doll 140
8.6 1 Stefan—Boltzmann feedbackidsi aaadion odi. | 20.5. 0. 141
Sl Water! vapoubifeedbaclgnas vistsnslgastaiadd. 900, © . 142
6.2 Ice- and snow=albedo feedbacks 1sloz bre swaus adll | ! 143
B —Cloud  feedbackscyans ohia-vel To: yinsly ol o L0 C 144
805 Biochemical feedbacksbiz-iagin o, vigedi ol o X5 Lo 145
illie other planetsiin ourfsolapisystem ois, croius Bl E50. | . 145
5.7.1 The signature of solar variability from other planets . .. 145
activity and the stratosphere. . . . ... ... ... . 00 00, 149
R bensis... . shivilon Sipana hassand, ool sl odl L AN 149
B Limadtivity and iU Viderhissienxs Hos shudigsay.afl, . L4845 . . 150
iEhcurole of stratospheticyozone . s i Jahoua s, adl, |, | 151
€1 Chemicalireaotionsia.bas.puay pifgeen pblafl stiuoasid, 0 151
e Sozone helellliogui stadulye bas venimeesnaids Jallds. . . 153
6.4.1 The theory of a link between solar activity and

stratosphelic ozohes #vs pineos ouasleg sdl. LALY, . . 133
The theory of a link between the QBO and solar activity . . . . . 157
G hislnlntrddudtionye. svsi sinwenao.caediond add a2ty . . 157
By Bunspaiz and the OBO ... ... ... .nefisumol. ., oo 157
The theory of a link between the AO and solar activity . . .. .. 159

B dntcoduction.. ... ... .. . oG ohoehd adl, L 159




viil

Contents

6.7
6.8

Solar
7
T2

7.3

7.4

i
7.6

7

7.8

.9
7.10

7.11

6.6.2 A connection between solar activity and the AO. . .. .. 159
Criticism of solar—stratosphere hypotheses . ... ........... 160
OIS R i i o BERES R TR X 161
magnetism and Earth’s climate . . . ... ................. 165
Synopsis. i s mmisnens. Ciigesly Je nodavisil, , AL . 165
Northern lightsvand: the solambyeleniq™. + siah GaBtEd, . LAG o 166
725 . Jnveoductoninrs oo anoiisvympde slsmit). ARG . 166
Earth’s thagnetic'and electric fields. .. .. .. zd2gi, W¥Sinot geatl | 166
731 . Geomaphetic storms: . .. . . SOURITRBGG BB, | LG 166
7.3.2 The geomagnetic field and solar wind . . . ... ....... 167
7.313:¢ 7 The. magneticifield: ofiiothersplanstsamimimraoit, . L5 . . 168
7.3.4 . The Van ‘Allenibeltsiaisstmnitimad n. aaniht, . 256 0 168
Gharging fephanisfistisg (EiEe SEnalBsenos SRty , . LG . 168
Tdeloo LIGHURING . oovoh oo b snice v n POBISIGE TR0, LIRS . 168
79+ Bhe atmospheribielettgoificldios ol sabinnsy ., . fH8L . . 168
F4.3  COSIMIC TAYS .o i v v ion s AOUBIOREE BL BIIBIIEY . . SHE . . 169
7.4.4 Interaction between cosmic rays and the air. . . ... ... 169
Airglow, sprites and elxesit g e, 10, AUSROGMON Diend, S0l . 170
A historical note on the aurora: theory and observations . . . .. 171
7.6.1 . .Early,scientific. documentationi.i . essgan 91, . L.L.C ., 171
7.6.2 The aurora and geomagnetic disturbances . . ........ 171
7.6.3  The discovery of day-side and night-side auroras. . . . . . 172
7.6.4 . .Charged patrticles:andithe auroraneiisisus: Auibons. | 1%
7.6.5 . The.northern lights-and:themyeatheri. ot . 16.E . . 172
7.6.6  The interplanctary magnetic field and the solar cycle . . . 172
The.aurora and solar astwitpst chsdisnSone hog. ~ax. . £0.L . . 173
7.7.1 . .The.theory of day-side aurorastsitihast Heaid. | $0.C . . 173
7.7.2 . .The.theory of night-sideaurbrast Jauistotnt. . S.0.6 . . 173
7.7.3 . .The. aurora.and thesgeomagnetic neldBneia 196t G0L, . 173
744t sloAmrora actiyityld AOEY aaler 30 Stuisie end . 2 . 175
Historical climate information from aurora observations. . . . .. 176
7.8.1 . . Aurora and the Maunder mminumumis SE¥ Ras. CEmis. il 176
7.8.2 | The “Little Ice Age’” and aurora. activity......<esouse. . | 176
7.8.3  The magnitude and extent of the “Little Ice Age”. . . . . 1d:7
The Maunder minimum and the quiet-Sun theory . . ........ 177
Magnetic fields, cosmic rays and cloud cover .. ........... 179
7.10.1 The cosmic ray and sulphate hypothesis . .......... 179
7.10.2 1'The ‘electrosfreezing hypothesis. (0. (vl wld. . G800 .. 179
7.10.3 The galactic cosmic rays and the climate. .......... 180
7.10.4:1 Lowiand bigh Clogdssi aowind. 200 & i yoas. sl . | 180
7.10.5 The hypothesis on cosmic rays and cloud droplet

formation. .. ............ . QB o Ban sfoipasd. . 0.0 182
7.10.6 Criticism of Svensmark’s hypothesis . . . . .......... 186
The:Maunder minimum. .. i oo oion o BGHDERONEEL . WFG0 191




viii

Contents

6.7
6.8

Solar

7
I

L.
7.6

7.9
7.10

711

6.6.2 A connection between solar activity and the AO. . . . .. 159
Criticism of solar—stratosphere hypotheses . ... ....... el o 108
Nolehmdess. 458000 L h v a nninaanaah R eRal), S50 161
magnetism and Earth’s climate . . . . .. ... .0............. 165
Synoepsis’. /. wiirialdanmite, (Risasin 3o aousaal). . A05 165
Narthern lightscand: the solap:byelesiq”, « Kb Q8RN . £.04 . 166
7.2.1 . Ifeoduction s .. o 280 TIReG BRI, DL . 166
Earth’s magnetic and electric fields. .. .. et Shgtmn saatl, | 166
7.3.1 . .Geomaphetic. storms:i. .. .. .. GOUSyIseRas. 2011, . L .. 166
7.3.2 The geomagnetic field and solar wind . . ... ........ 167
7.3:3:::iThe. magnetic:field oftothersplanstsauigaro . | £.L.5 . . 168
7.3.4 . .The Van‘AllensbeltsitSmisaatings o, eiutint, . >80 4 168
Charging mMechanismsiiy  DEirs ARaUSssRng DRy, . L0 168
Tl LIGHIBING . .o oiotonivimin seictevd ion RRIRIGE MOEEAIRD. &, HTTR. . 4 168
7:4:%: 1« The atmosphericielcotntificldia: af sptupnsy. . 1AL . | 168
14,3 . COSMIC TAYS ..« . o vioree HGUBICGHEE S TOBBNIEY . . 150 . . 169
7.4.4 Interaction between cosmic rays and the air. . .. ... .. 169
Airglow, sprites and eivests g iivesd. IO AIBSROGEHON Jiend, 50,1, | 170
A historical note on the aurora: theory and observations . . . .. 171
7.6.1 . .Early scientific. documentations.c.c.easson 981 . . S.L.5 . . 174
7.6.2 The aurora and geomagnetic disturbances . .. ....... 171
7.6.3  The discovery of day-side and night-side auroras. . . . . . 142
7.6.4 = .Charged particles:and the aurorasesiaizus Sadbant. | 13
7.6.5 . The northern lightsiand:themveathertl. «itaret, . 145 . . 172
7.6.6  The interplanetary magnetic field and the solar cycle . . . 172
The .aurora and solar activiteh GLEals-WoRE Do aut. . LA . . 174
7.7.1 . .The theory of day-side aurorasiaiatast DEGEY, . $.0.C . . 173
7.7.2 . .The.theory of night-side auntirast Janagsnint. . S0.6 . 173
7.7.3 . .The aurora,and ithesgeomagnetic fieldsaaie 1Oilo. Sa.tL, . . 173
774 slcAnrora activityid sEET SRleE 30 Suishgi ey . o AL 3
Historical climate information from aurora observations. . . . .. 176
7.8.1 . Aurora and the Maunder iminmmumis 558 GRS . CHrias. Wl 176
7.8.2 | .The “Little Ice Age” and aurora. activity . .. =asosse. . . 176
7.8.3 The magnitude and extent of the “Little Ice Age”. .. .. 177
The Maunder minimum and the quiet-Sun theory . . ... ... .. L
Magnetic fields, cosmic rays and cloud cover .. ........... 179
7.10.1 The cosmic ray and sulphate hypothesis .. ......... 179
7.10.2 5 The ielectrosfreezing hypothesis: 1o, (roadd. gdd. o d8.0 ., 179
7.10.3 The galactic cosmic rays and the climate. . ......... 180
T1.10.4tivowiand high Cloadsit aamwad. 260 &30 wioad). sy, . 180
7.10.5 The hypothesis on cosmic rays and cloud droplet

formation. . .. ... ... OHO 8dd Doy R0Genes 880 182
7.10.6 Criticism of Svensmark’s hypothesis . . ... ......... 186
e Maunder MIRIMUM. & o v wvcion oo MRG0 191




Contents ix

7.11.1 The weakness of comparisons with “Sun-like’” stars. . . . 193

BT he anfluence: of icorpusculat cloudsuaogocanding ol L LAE L 194

B2 1 Solaractivity. and: lightningerstomuisy Ietiday, . SAQ . . 195

(312:2. The:geomagnetic field and .oceanic curtentsil. . £.5.0, . . 196

7.12.3 The geomagnetic field and sea level pressure . ..... .. 196

8 A review of solar—terrestrial studies . . . . . ... ..... ... . ... . ... 197

T R TG R e SR e e i e A 197

BA brief historical note on solar—terrestrial links. . . . .. ... .." 199
8.2.1 Historical account of sunspots and hypothesised links

withBarthisielimplie el S manum . . - o 0o viv o v 199

B Recent statistics on solar—terrestrial hinks . . . . . ........... 208

iRl . A renaissance for.solar-terrestrial links ........ ... cuiia 208

B et work and DYPOTHESeS : . uiv v o ais v oviw ainls s min o sie als 209

BRI Taeic statistical ConCepIs .« s i il e Ve e 209

B e i aetands . L e e e el 212

IR A tiON . e s S B e S 213

@4 Correlation and de-trending the data, . . .ooooo o doie oo 215

e Correlation and filteting the data . . . 4 e o g o 216

8.4.6 Autocorrelation and lag-correlation . ............. 220

RN SN onite Carlorsimulations ' baca ol L i 223

8.4.8 The solar cycle length and terrestrial temperature . . . . . 226

#40  Considerations on solar cycle lengths ..., . . . .. ... . 230

RN orrelation studies and PItEalls o oo ol veriy oy 292

IR At O, OF DICAICHIONS. . i /' 6 ohe vptshoi antetoss o s o s win aisis s a s 234

BENE [ solar irradiance SEUGIES « . . . sisieivs oo oisinis & v s sivia s 240

BRI ile “‘LittleiTce:Ape andilBL o iic b s v 240

L Omparisons with stellar studies. . . oo v o0 v i v 245

R Bhie life cycle of @ stafs ool Ciraiidee it 245

8.7.2  Inferring the solar evolution from stellar studies . . . . . . 246

B ke showball. Eanth® eleet ¢ oo iaitin e diiimna by 247

8.8 Is there a relation between sunspots and rainfall? . ......... 248

8.9 Requirements of solar—terrestrial hypotheses . . . . ... ... .... 248

9 Solar activity and regional climate variations . . . . . . ... ....... .. 251

IR bt e S e T 251

9.2 El Nifio Southern Oscillation and solar activity. . . ......... 202

9.2.1 How solar activity may physically affect ENSO . ... .. 260

9.3 The role of solar activity in the south Asian monsoon system .. 265

R R oo EoTeTe o (SSRGS B e 00 [l s UL O B ) 8 Bl 265

B Relation: torsunspots: i Uit Dol s e 266

9.4 The North Atlantic Oscillation and sunspots. . . ... ........ 266

9.4.1 How may the NAO be affected by solar activity? . . . . . 267

e Gulf Stream and sunspots. . .. .. . on e T e e 269

BIbN Pacific Decadal Oscillation and solar activity .. ........... 271

IR G S 08 CONLIASLS « oo oo obs i ori sl i il s o e g 273




x Contents
9.8 . Otheriexterhainglimateforcingsiiitiz ta iAoy ST L ELT < o 274
9.8.1 The anthropogenic perturbation to the natural balance. . 274
9.8.2" |Orbital parametersaataitdgy Haugtyiyios. wlod. LELY L . 275
9.8.3 . . Thedviopn akessos. his. Bigik offosgamiaey odl. JLLE L. 276
9:8.4 . Melconiearaphetss fite . hialk snomsmaoyg ol . 8L L 276
10! Synthesis ..., . i diie amnib dasmsiine- bz Iginesmai-welos do wsiio 278
Ll A D i L A e 281
Bibliograplivei Dussseinerat Dog atogeny: Ja fnuooas, esnosakl, o JSE L 285
SO e e L S R S S R 299




=

# 1 ,;t! ,"».é ;_ % »» T "”9 3 \ 51, ‘r ’;',/ ‘7,:\’ ? 5 9

This question has been a focus of scientific debate since the
existence of sunspots was established in the early 17th
century. Even today, however, the answer is not
forthcoming; while there are valid reasons to believe that
solar activity has some impact on the Earth’s climate, the
history of the subject shows that there have been many
unsupported statements that over-estimate the effect of
sunspots on climatic variations.

This updated and revised edition of Solar Activity and Earth’s
Climate introduces the reader to the subject of solar activity
and the connection with the Earth’s climate. It focuses on
how knowledge about the solar cycle and Earth’s climate is
obtained, and provides an in-depth discussion of
observations, methods and the physics involved, together
with the necessary statistics and analysis.
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