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Abstract

In order to evaluate how much Total Solar Irradiance (TSI) has influenced Northern

Hemisphere surface air temperature trends, it is important to have reliablatestohboth

guantities. Sixteen different estimates of thengjes in Total Solar Irradiance (TSI) since at

leastthe 19cent ury were compiled from the |iterature. Hal f of
variabilityo and hal f divedargélyindepdndent methodslior | i t yo. Meanwhi l e
estimating Northern Hemphere temperature trends were evaluatgdg 1) only rural

weather stations; 2) all available stations whether urban or rural (the standard approach); 3)

only sea surface temperatures; 4etring widths as temperature proxies; 5) glacier length

recordsas temperature proxiebhe standarcestimateshatuse urbanas well agural stations

were somewhat anomaloas theyimplied a much greater warming in recent decades than

the other estimates, suggesting that urbanization bias stiljfiite a problenin current

global temperature dataseksspite the conclusions afrmeearlier studies. Nonethelesd, a

five estimategonfirm that it is currently warmer than the laté"t@ntury, i.e., there has been

somefigl obal war mi"pegtary.Ferieashcokthe tiivie estimiags of Northern

Hemisphere temperatures, the contribufimm directsolar forcingfor all sixteen estimates

of TSI wasevaluatedising simple linear leasiquares fitting. Theole of human activity on

recent warmingvas thencaldat ed by fitting the residuals to the UN | PC
i a mopdgenidorcings time seriesFor all five NortherrHemisphere temperature series,

different TSI estimatesuggeseverything fromno role for the Sun in recedecades

(implying that reentglobalwarming is mostly humaoauseglto most of theecentglobal

warmingbeingdue to changes in solar activiiyat is, tkat recent globalvarming ismostly

natura). It appears that previous studiggluding the most recent IPCC repotisathad

prematurely concluded ¢iformer haddone so because th&jled toadequatelyonsider all

the relevanestimates of TSandbr to satisfactorily address the uncertainties still associated

with Northern Hemisphere temperature trend estimatesrefae, several recommendations

on how the scientific community can more satisfactorily resolve these issues\ddeg.

Keywords:global warming, solar variability, detection and attribution of climate change, urbanization bias
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_ Indeed over this period, there have also been several well
1. Introduction cited reviews and articles reaching the same conclusion. For
. . example:Crowley (2000)[5]; Stott et al. (2001]6]; Laut
g o b o st o003 1 Hah (2009}, Daon and Laut (2000
Benestad (2005)10]; Foukal et al. (2006]11]; Bard and

(5™ Assessment Repdit] tha: _ o )
fiEach of the last three decades has been successi{flﬁ?k (2006)[12]; Lockwood and Fahlich (Zogz)n[els?;g

war mer at the Earthds sur € egeetal(%ogé[m];L%aHamR;{i?ncri%Oé)S 1]3“ nk\% dge cad
since 185(0¢é ] In the Northern Hemisphere, 192812 Schmidt ( 3516]; ra)yet - (2010p17]; Lockwoo

was likely the warmest 36year period of the last 1400 (2012)[18]; J(_)nes eal. (2013)[19]; Sloan and Wolfendale
year®s IPCC Wor ki n g GrSummary foro £2013)[20]; Gil-Alana et al. (2014)21]; Lean (2017)22].

. X o On the other hand, there have also been many reviews and
Policymakers2013, p3i emphasisn origina) [2]. articles published over the same period that reached the

And that opposite conclusion, i.e., that much of the global warmin
filt is extremely likelythat human influence has been th§PPOs! usion, 1.€., u g warming

dominant cause of thebserved warming since the ng" Since tke mid-20" century and earlier could kexplained in

century[ & It is extremely likelythat more than half of the terms ofsolar variability. For example: Soon et al. (19 3];

. . Hoyt and Schatten (1997)24]; Svensmark and Friis
observed increase in global averageafage temperature

from 1951 to 2010 was caused by the anthropoger%t(r:]”Ttenzsoegl(lgsg ‘./[)2\'/5\/].;”800n et daIM(Z?jm@ [2262073]; B;g d
increase in greenhouse gas concentrations and ot)@;a' ( )[28]; Willson an ordvinov ( ) [29];

. . . aasch et al. (2005)30]; Soon (2005)[31]; Scafetta and
anthropogenic forcings together. The best estimate of {i2 = > 062 175009 [32135] Svensmark (2007)36];
humaninduced contribution to warming is similar to the . :

. ) N Courtillot et al. (2007)37,38]; Singer and Avery (2008§39];
observed warming ovethis periodo ( | Wakihg . -
Gr oup Summasy for Policymakers, 2013, pi5 Shaviv (2008)40]; Scafeta (2009,2011J41,42] Le Mouwd

' ' et al. (2008,2010,2011%3i 46]; Humlum et al. (2011)47];

emphasisn original) [2]. L . .
. ._Ziskin and Shaviv (2012[48]; Solheim et al. (2012}49];
In other words, the IPCC'5Assessment Report essentlth{:Ourtillot et al. (2013J50]: Solheim (2013]51]; Scafetta and

answered the question we raised in the title of our articlée. i e
fiHow much has the Sun influenced Northern Hemisph(iei/rﬁéIllson (2014) [52]; Harde (2014)[53]; Luning and

temperature trends? with: G@lmost nothingat least since the ahrenholt (2015,2016}54,55} Soo-n et al (2015156]5
mid-20" centun  ( araphrage the above statemeiftis Svensmark et al. (2016,2017)7,58] Harde (2017)[59];

. . Scafetta et al. (20 93%0%; L %I 8l et _al. (20192020
h

fReO !)rtl(z%ov;ﬁ d a similar cassessment [ bl Mﬁrrneoré‘(t‘a&( ooej]; L%?cl?esétaé(zozqysq.

P . . : Meanwhile, other reviews and articles over this period have

fiMost d the observed increase in global average. . R
temperatures since the madth century isvery likely due to either ben undecided, or else argued for significant but subtle

P . . y yIKely effects of solar variability omrlimate change. For example:
the observed increase in anthagenic greenhouse gasLabitzke and van Loof65i 67]; Beer et al. (200068]; Reid
concentrationd8 (| W&Ck i ng GSummgy fot ) ! ) A [
Policymakers, 2007, piemphasis in arginais] 12000)[69]; Carslawet al. (2002]70]; Ruzmaikinet al.[71i

This in turn followed a similar conclusion from theif 3 ;5];‘]Salby zinoll C;gzi\ghg\r.] goolp)eu 18]; g'{kgé ?280;).[79];t
Assessment Report (2001): e Jager et al. (201080]; Tinsley et al[81i 85]; Dobrica e

al.5[86'|' 89]; Blanter et al. (212)[90]; van Loon et al[91i 93];

fi...most of the observed warming over the last 50 yearsR|0 et al[947 97]: Lopes et al. (2017[p8]: Pan et k (2020)
likely to have been due to the increase in greenhouse ?L?d ' 0P ' '
1

concentratimsd (I PCC Wor ki ng Gro
Policymakers, 2001, p1(}]

6s Summary for
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Why were these dissenting scientific opinions in the The coeauthors of this article each have quite different
literature not reflected in the various IPCC statements quotéelws on the Sun/climate debatend many of us @n on
above? There are probably many factors. One factor @ontinuing our research into thchallenging topicthrough
probably the fact that climate change and solaabdity are independent ways. However, we believe that it is timely to
both multifaceted concepts. Hence, as Pittock (1983) notednvey to the rest of the scientific community the existence of
historically, many of the studies of Sun/climate relationshigeveralunresolvecproblems, as well asstablish those points
have provided results that are ambiguous and openwtoere there is general agreement. Therefore, while not strictly

interpretationm either way100]. Anotherfactoristhatmany an mpér i c al adver saadescribéd beeogl, | a b
researcherargue that scientific results that migidtentially Refs. [107i 109], this review shares some of thsame
interfere with political goals are unwelcome. For examplp,hi | osophy i n that we have agr
Lockwood (20127he feeld pfuSmglimateh @t i, v efin 0 appr oaltoii106), fbut rather tol PCC
relatio n s [ ] i n recent y e a r eamphésiz wherebdessemting scientific ogintores eéxist asywell

unwdcome political and financial influence as climate changas where there is scientific agreement. As Bacon (1686§n
sceptics have seized upon putative solar effects as an ex€élise man will begin with certainties, he shall end in dsyb
for inaction on anthropogenic warmiog18]. but if he will be content to begin with doubts he shall end in
At any rate, one factor that we believe is highly relevantdsrtainties: - Francis Bacon, The Advancement of Learning,
the fact that a pr i mar ppeakoBadk 1, Cliaptdr b, 8ectiorP8QXBO5y eports is to
with one voice for climate scient§l01,102] This drive to In Section 2, we will prode a historical review of the
present a singhkesids oine n tis i Bue/clinaesdelgpte \aredna distussiminsome of the key
| PCC a r emar k aredutation as thesepisteamtcongom@gdebatdsVe will attempt to estimate how much of the
authority in matters of climate polidy ( Be c k e tlongaerm North@roHerisphere temperature trends since the
[101]). However, many researchers have noted that this 188 century (or earlier) can be explainedtermsof solar
been achieved byuppressing dissenting views on any issugariability assuming a simple linear relationship betwe
where there is still scientific disagreem¢h01i 106]. As a Northern Hemisphere surface air temperatures and Total Solar
result, an accurate knowledge of those issues where thederigliance (TSI).We will demonstrate that even this rather
ongoing scientifiadissensugand why)is often missing from simple hypothesibas not yet been satisfactordgdressed.
the IPCC eports. This is concerning for policy makers relying ThelPCC (2013jrgued that TSI has been decreasing since
on the IPCC reports becaysas van der Sluijs et al. (2010)thelate-1950s, and this seems to have been one of the primary
n o t Ehe corisensus approach deprives policy makers ofeasons why they concluded that the observed warming since
full view of the plurality of scientific opinions within and he 1950s was fAextr eme-taysed i ke
between the various sgitific disciplines that study thegreenhouseas emission§2]. However, Soon et al. (2015)
climate problem [103]. From our pespective as members of[56] and Scafetta et al. (201p90] have noted that thieCC
the scientific community, we aralso concerned that this(2013) reports had only considered a small subset of the TSI
suppression of opeminded scientific inquiry may be estimates available in the literature, and that other TSI
hindeing scientific  progress into improving our estimates imply different trends. Therefore, we compile and
understanding of these challenging issues consider a moreomplete set of 16 different estimates of TSI.
We argue thathe Sun/climatelebate i©ne of these issuesThis includes the 4 estimates considered by IPCC (22]1.3)
where the | BEGOstAtemeans aswel a thelargensettofBrestimates considered by Soon et
achieved through the suppression of dissenting scientdilc (2015)[56] and Scafetta atl. (2019)[60]. It alsoincludes
opinions. Indeed, van der Sluijs et al. (2010) specifidiftgd the new estimate which Matthes et al. (201¥}0] have
it asa prime example Ex@amples of such skent are disputes recommended for use in the upcoming IPCCA8sessment
over the role of man compared to thae of the sun in the Report.
observed and pr ojo@} ed c | i maAdde fromrthese debates over a didguear relationship
We agree with Sar ewi The vefy2betwekrn Tkandasurigae aieteniperatures, tve ndte that there
idea that science best expresses its authority througle many studies arguing that then/climate relationships are
consensus statements is at odds with a vibrant scientfiobably more subtle than that. For instanseme have
enterprise. Consensus is foxtieooks; real science dependsrgued thatthe relationship is nefinear, e.g., involving
for its progress on contiral challenges to the current state othresholds at which prevailing oceanic or atmospheric
alwaysimperfect knowledgeScience would provide bettercirculation patterns rght shift[63,111 113]. Others note that
value to politics if it articulated the broadest set of plausibkbae solar effect on the climashouldbe dampened on short
interpretations, options angerspectives, imagined by the begime scales due to thermal inertj82i 34,40,4]. Others
experts, rather than forcingoavergence to an allegedlysuggest thathe Sun/climate relationships might be more
unified voic® [105]. pronounced in some geographical regiofsant others
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[36,40,64,65,71,86,87,91,93,96,114,115r simplicity, the

increase in TSI should cause global warming (all else being

primary focus in this paper will be on evaluating the relativequal). Similarly, a multdecadal decrease in TSI should
simple hypothesis of a direct linear relationship betweein Téuse global cooling. For this reason, for centuries (and
and surface air temperatures. Howeve,encourage readerdonger), researchers havepeculated that changes in solar

to follow up on thedebates over theossibilitiesof more

activity could be a major driver of climate change

subtle sun/climate relationships. With that in mind, in Sectiof§17,18,24,39,56,124.27]. Howevera challengingjuestion

2.5-2.6, we briefly review some of these ongoing debates

associated with this theory s ,ow éx#ttly has TSI changed

In Section3, we will compile and generate several differemver time®

estimates of Northern Hemisphere temperature trevits.

One indirect metrion which muchresearch has focused is

will show that the standard estimates used by IPCC (32],3) the examiation of historical records of the numbers and

which include urban as well as rural statioinsply a much

typedsizeso f Asunspotsd that ar e

greater longerm warming than most other estimates. Th&urface over time [101,102,105110] Sunspots are
suggests that the standard estimates have not adequatédymittent magnetic phenomemas s oci at ed wi t h

corrected for urb@ization biag56,116 118].

photospher¢hat appear as dark blotches or blemishes on the

Our main analysis involves estimating the maximum sol@ru n 6 s . Fhesefhave been observed since dhdiest
contributin to Northern Hemisphere temperature trendslescopes were invented, and Galileo Galilei ahérs were
assuming a linear relationship between TSI and temperatweeording sunspots as far back as 1¢l%b,1289 131,134]
However, since IPCC (2013) concluded that the modthe Chinese even have intermittent wrttecordssince 165

important factor in recent temperature trends
Afant hropogenic forcingsos

B.C. of sunspots that were large enoughbe seen by the
faked eéy§l85|1§6]Mofeovernan examinatiam bf the surespot g a

emissions), a useful secondary question we will considerégords reveals significant changes on-dabadal to multi

how much of the trends unexplained by this assulimegr

decadal timescales. In particulaa,p r o n o uSuespad i

solar relationship can be explained in terms of anthropoge@ig ¢ | egisisover which the number of sunspots risesrfr
forcings. Thereforea second step of our analysis will involvezero during the Sunspot Minimum to a Sunspot Maximum
fitting the statistical residuals from the first step using thvthere many sunspots occlefore decreasinggainto the

anthropogenic forcings recommended by IPCC (201B)In

nextSunspot Mi ni mum. The | ength

Section4,wewil describe the | PCCobs 4drbtoH rac p oClyabbiuedl yaaos: it gapgvary a |

datasets.
In Section 5, we will calculate the best fits (usingeéin
leastsquars fitting) for each of theTSI and Northern

between8 and ¥ years. This 1llyear cycle in sunspot
behaviour is part of a 2gear cycle in magnetic behaviour
known as the Hale CycleAdditionally, multidecadal and

Hemisphere temperatureconstructionand then estimate theeven centennial trendse observed irnthe sunspohumbers
implied Sun/climate relationship from each combinatio@uring the periodrom 1645t0 1715, knownasthe Maund e r
along with the implied role of anthropogenic (i.e., humaMi n i m{L25328 130,134] sunspotswere very rardy

caused) factors.
Finally, we will offer some concluding remarkand
recommendations for future resear@t Section 6.We

observedat all
Clearly, trese changes in sy activity are capturing
some aspect of solar activiayd provide evidence that the Sun

emphasise that the main research questions of this papeiisanetaconstantstarbut onewhose activityshows significant
based on the debates over the role of the Sun in recent climat@bility on short and long time scaleTherefore, the

change. Although we contrasthis with the role of

sunspot records initig seem like a exciting source of

anthropogenic factors, we do not explicitly investigate tlweformation on changes in solar activitfowever, aswill be
possible role obther nonrsolar driven natural factors such asliscussed in more detail latet is still unclear how much of
internal changes in oceanic and/or atmospheric circulationtlas variability in TSI is captured by the sunspot nensbl he
this is beyond the scope of the paper. Howewerencourage fact that sunspatumbers ar@ot the only importanmeasure

further research into these possible facterg., Refs[119i
123]

2. Estimating Total Solar Irradiance changes

2.1. Challenges in estimating muitecadal changes in
Total Solar Irradiance

of solar activity (as many researchers oftaplicitly assume
e.g.,Gil-Alana et al. (2014)21]) can be reognized by the
simple realisation that TSI does not fall to zévo even to a
constant)every ~11 years duringunspot minima, even
though the sunspot numbers dodndeed, satellite
measurementgonfirm that sunspotsctually reduce solar
luminosity, yetparadoxicalljthe average TShcreaseduring

sunspotmaximaand decreaseduring sunspotminima [137

Because most of the enertjyat keeps the Earth Warmerl40]

than space comes from incoming solar radiatian, Tdal
Solar Irradiance (TS))it stands to reasdhat a multidecadal

(
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We will discuss the current explanations for the apparendigd aerosols from these eruptions had temporailyaed the
paradoxical relationship between sunspots and TSI in Sectibassmission of solar radiation through the atmosp[et&).
2.2 and 2.3In any case the fact that there is m®to solar
activity than suspot numbersvas recogried more than a 2.2. The debate ovechanges in Total Solar Irradiance
century ago by Maunder and Maunder (190&)] (forwhom  during the satellite era (197resent)

the mdMamu Mi ni muwhowio's named)

féf or-spatsuame butme sympt om o flt WAs, ot undil, pugh, later inthe 20" century that
activity, and, perhaps, not even the most importaﬁa[searchersvercamelh|sgrounelbased limitation through the

symptor - Maunder and Maunder (1908), ppi890 useof rocketborne[144], ba}lloonborne[145] and spacecraft
[124] measurements[146]. Ultimately, when Hoyt (1979)
and, systematically relewed the entire ~60 ye#ong SAO solar
FA[ 6 g rspailikedttat bFebruary, 1892 is enormousconstant project, héound unfortunatelythat any potential
end in the solar constant over the record weobably less

of itself, but it is a very small object compared to the suff
n the accuracy of the measurements (~0.3%4)3].

and spots of such size do not occur frequently, and last

a very short time. We have no right to estpherefore, that HOWever,with the launchof the Nimbus 7 Earth Radiation
a time of may sunspots should mean argppreciable Budget (ERB) satellite mission in 1978 and the Solar

falling off in the light and heat we have from the suff@Ximum Mission (SMM) Active Cavity Radiometer

Indeed, since the surface round the spots is generally bri ﬁ?diance Monitor 1 _(ACRIMl) s_atellite mission in 198(_)’ it
beyond ordinary, it may well be that a time of many sp {Qally became possible to continuously and systematically

means o falling off, but rather the neerseo- Maunder and monitor the incoming TSI for long periods from above the
Maunder(1908), p183124] Earthos H3/M0I47A48F e
At the start of the 2Dcentury, Langley, Abbott and others Although each satellite ission typically provides TSI data
at the Smithsonian Astrbgsical Observatory (SAO) for only 10to _15 yee_lrs, and the_ data can be affected by gradual
recognzed that a more direct estate of the variability in TSI long-termorbital drifts and/or instrumental errattsatcan be

was needefll41i 143]. From 1902 until 1962, they carried oupard_ b identify _and quantif;[;49_], there h_a bee_nan almost
a fairly continuous serie gontl%u?ug %r@sdcg _E?Woéumréng _:ﬁagelllteotqlsenst_sm(ée i s
costanto, i.e., the aver ag dnoSevpidial Y.z missippsingluding Eyrgpeag missigns.; ¢
is recei ve davesage distanee frEna thet Shrd =€ 9" SO\{AP/P|cgr{1150] and Chllnese mission$51,152]as
1 Astranomical Unit (AU). The fact they explicitly considet Well as internationalcollaborations, e.g., VIRGO/SOHO
the sobr constant tainderstand climate change is appare[‘l][53]’ and further U.S. missions, e.g., ACRIMSAT/ACRIM3

from thetitle of one of the first papers describing this projeck,154] gnd SORCE/TIM[155]. Thergbre, in principlg, F’y
Langley (1904)[141], i Orea. ppssibiie variation of the rescaling the measurements from different parallel missions so

solar radiation and its probable effect on terrestria}hatthey have the same values during the periods of overlap,

temperatures . However, they reofahe el SPISYPE t0£oNgIrucky continyqps;time series of TSI from

inherent challenges in trying to estimate changesaiar the Iate1970s_ tah_epresent.
radiationfromt he Earthos surface: Therefore it might seem reasonable &ssume that we

fiThe determinatio of the solar radiation towards theS0uld at least have a fairly reliable and otjee
Earth, as it might be nidestandingpf thg ehangss jp ISI quing the satellite gray o
at mosphere (call ed tlth be an '€ Jr_gggFO p_rqlsqpih IgoeN%\_/ﬁr,teg W'th'%%etﬁate”'te era,
comparatively easy task were it not for the almogfere is co_nS|derabIe ongoing comieosy over.what exactly
insuperable difficulties introduced by tlaetual existence the trends in TSI have be¢#2,52,56,60,68,15658] There

of such an atmosphere, above which we cannot rise, thoudJff 2 number ofrival composite datasets, each iyipy

we may attempt to calculate what would be the result if {Wi€rent trends in TSI since the 1at®@70s.All composites

couldd (L a n@y)[e 19 agree thaT S| exhibitsa roughly 11year cycle that matches

The true extent of this problem of estimating the changeé"fﬁ" W'tr_‘ the sunspot cyel d'SCUSS?d earller..However, the
TSI from beneathhe atmosphere became apparent iatéhe composites differ in whether additional multidecadal trends
program. Initially,by comparing the first few years of data, it'¢ 2¢CUNg

looked like chages in TSI of the order of 10% were occurring%. The composite of th? ACR,”VI group that was in charge of
However, it waslater realzed that coincidentally, major he three ACRIM satellite rasions (ACRIM1, ACRIM2 and

(stratosphergeaching) volcanic eruptions occurraedar the ACRIM3) suggests that TSI generallycreased during the

start of the programat Mt. Pelée and L&oufriere(1902) and 1980s and 1990s but has slightly declined since then

Santa Maria (198). Hence the resulting stratospheric dust [52’60’15_4’159] The Royal M?teorologica! Institut_e of )
Bel gium (RMIB) 6s c addp oreni thee i

sunspot cycle, TSI has remained fairly stamt since at least

(o]

n
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the 1980s [160]. Meamwhile, the Physikalisch We appreciate thaomereaders may share the sentiments
Meteorologisches Observatorium DavodM(BD) composite of Lean and Zacharias and others and may be tempted to use
implies that TSI has been steadily decreasing since at leastlilese political arguments for helping them to decider thei
late-1970s [157,161] Additional TSI satellite compositesopinion on this ongoing scientific debatie this context,
have been produced by Scafettal(P0[42]; de Wit et al. readers will find platy of articles to use as apparent scientific
(2017)[156] and Gueymard (2018).58]. justification, e.g., Refs[22,150,156157,160162,164 166]

The two main rival TSI satellite composites are ACRINt may also be worth noting that the IPCC appears to have
and PMOD. As we will discuss in Section3, global taken the side of the PMOD group in their most recéht 5
temperatures steadily increased during the 1980s and 1989€sessment Repditsee Section 8.4.1 of IPCC (2013) for
but seemed to slow down since the end of th& @htury the key disussionsHowever, we would encourage all readers
Therefore the debate over these three rival TSI datasets forcarefully consider the countearguments offered by the
the satellite era is quite important. If the ACRIM dataset ACRIM group, e.g.Refs.[29,52,60,154,159]n ouropinion,
corred, then it suggests that much of the global temperatuhés was not satisfactorily done by the authors of the relevant
trends during the satellite era colldve been due tthangs section in thenfluential IPCC reports, i.eSection 8.4.1 of
in TSI [29,35,41,42,52,60,154,159%owever, if the PMOD IPCC (2013)1].Matt hes et al . (2017) 06:¢
dataset is correctand we assume for simplicity a lineatheir new estimate (which will be discussed below) should be
relationship between TSI and global temperatutiesn the the only solar activity dataset considerbg the CMIP6
implied global temperature trends from changes in TSI wouttbdelling groups[110] f o r t he | PCC®Hs up
exhibit long-term global cooling since at least the {4&70s. Assessment Report is even more unwlige to the substantial
Therefore, the PMOD dataset implies that none of tdéferences between viaus piblished TSI estimated his is
observed warming since the lat870scould bedue to solar aside from the fact that Scafetta et al. (24&9)] have argued
variability, and that the warming must be due to other factothat the TSI proxy reconstructions preferred in Matthes et al.
e.g., increasing gredouse gas concentrations. Moreover, (2017) (i.e., NRLTSI2 and SATIRE) caadict important
implies that the changes in TSI have been partially reduciiegtures observed in the ACRIM 1 and ACRIM 2 satellite
the warmingthatwould have otherwise occurreifl this TSI measurement$Ve would also encourage readers to carefully
trend reverses ih at er decades, i t madghé furthes discussioe of this debaté ig Soorbeadl. (2015)
war mi[l61g161,162] [56].

The PMOD dataset is one politically advantageous to
justify the ongoingconsiderable political and social efforts t@.3. Implications of the satellite era debate for pre
reduce greenhouse gas emissions under the assumptionsitgllite era estimates
the observed global waing since the latd9" century is ) ) o
mostlydue to greenhouse gases. Indeedlisaussed in Soon The debate over which satellite composite is most accurate

et al. (2015)[56], Dr. Judith Lean (of the PMOD group)also has implications for assessing TSI trends in the pre

acknowledged in a 2@Dinterview that this was one of thesatellite eraln particular, tlere isongoing debate over how

motivations for the PMOD group to devplarival dataseto closely the variability in TSI corresponds to the variability in
the ACRIM one by stating the sunspot records. This is important, because if the match is

fThe fact that some [paRbp IVEY COFhenytimpliestheginpppt segopds gan be a reliable
dataset] results as an excuse to do nothing aboﬁ‘f"ar proxy for the prsatellte era(after suitable scaling and
greenhouse gas emission®ige reason we felt we neede&alibration has been carried out), but if not other solar proxies

to look at the data ourselvi@$ Dr. Judith Leaninterview MY need to be considered.

for NASA Earth Observatory, August 2001353] In the 1980s and early 1990s, dat‘? fr.om. the
Similarly, Zacharias (204) argued that it was politically NIMBUS7/ERB and ACRIMSAT/ACRIM1 satellite missions

important to rule out the possibility of a solar rd¢e any sgggesteda cyclical componerto theTS| Va”at?'“ty thawas
recent global warming, highly correlated to the sunspot cycle. That is, when sunspot

fiA conclusive TSI time series is not only desirable frow.‘lmbersmcreased sodid TSI, and when sunspot numbers

the perspective of the scientific community, but also Wh%%creasedso did TSI[137i140,147,167,168]This was not

considering the risig interest of the public in questioné‘nown n afj\;ance, kand I'trb Wf'ish;)lsod umnt:gwre] because
related to climate change issues, thus preventing climdtgispots ar@ d ar k e r b mightibe expested that more

skeptics from taking adwtage of these discrepancie§ unspots woul _d ma ke the Sun fil
within the TSI community by, e.g., putting forth a presum%a lower TSI._ Inde_edz the first six months qf daFa from the
solar effect as an excuse for inaction on zaffogenic ACRIM1 satellite mission suggegteq thgt this might be the
warmingoi Zacharias (2014)L64] c as e bwvelargedeccases in irradiace of up to 0.2

percent lasting about 1 week [weldphly correlated with the

development of sunspot groopisWillson et al. (1981)148].
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However, coincidentally, it appears thhe sunspot cycle is extend the satellite record back to th& &ntury.This would
also highly correlated wi t make things gieck simpter. it Wwoald meamthat, effectively,ii f a
and inthefimagneticn et wor k 0, wh i @ds ofaevenGatileoGalieicoeldhave begable todetermine almost
intermittent magnetic phenomena that are also associated veithmuch about the changesTSI of his time with his arly
the Sunb6és photospher e, exc &6ftenturnyhtalescope rmnodern(vdryehigio bndgatBuna p p e ¢
Abri ght o s pdtissmowaertayried tha thel Sue manitoring satellite mission of today. All that he would have
is currentdloyniamaffeac sltae 0. béehmissingwas the apprepniatetsdaling fgnisttorapply to
sunspots themselge seem to reduce TSI, when sunspthesunspot numbert® determinerl S.
numbers increase, the number of faculae and other brightf the PMOD orsimilar satellte composites are correct,
features also tend to increase, increasing TSI, and swethethen it does seem that, at least for the satellite(E9&8
result is an increase in TSlhat is theincrease in brightnesspresent) the sunspot cycle is the main variability in TSI and
from the faculae wtweighs the deease from sunspotthat therelationships betweediaculag sunspas and TShave
dimming (i.e., the faculae:sunspot ratio of contributions to TEBImained failly constant.This is becausé¢he trends of the
is greater than 1)For younger and more active stars, theMOD composite are highly correlated to the trends in
relative contribution is believed to be usually rever§iesl, sunspot numbers over the entire satellite record. However,
the ratio is less than 1jith the changes in stek irradiance while the ACRIM composite also has a component that is
bei ng-damp o HaidddlD highly correlated to the sunspot cy¢éad the faculae cycle)

At any rate, it is now welestablished that TSdlightly it implies that there are also additional multidecadal trémds
increases and decreases over the sunspot cycle in tandemtiittsolar luminosityhat are not captured keylinear relation
the rise and fall in sunspots (which coithes with a roughly betweensunspotand faculaerecords. Recent modelling by
parallel rise and fall in faculae and magnetic network featur@&gmpel (2020) is consistent with this in thas fanalysis
[1371140,147,167,168Many of the current preatellite era suggests even &% change in the quigun field strength
TSI reconstructionsre based on thisbservation. That is, a between solar cycles could lead to an additional TSI variation
common approach to estimating past TSI trends includes toenparable in magnitude to that over a solar cytks8].
following threesteps: Therefore, if the ACRIM composite is correct, then it would

1. Estimatea function to describthe interrelationships be necessary to consider additional proxies of solar activity

between sunspots, faculae and TSI during the sateltitat are capable of capturing these 4sanspot number

era related multidecadal trends.
2. Assume these relationships remained reasonablyOver the years, several rasehers have identdd several
constant over the last few centuries at least. time seiesfrom the records of solar observénat seem to be

3. Apply these relationships te or moe ofthesunspot capturingdifferent aspects of solar variabilithan the basic
datasetsand therebyextend the TSI reconstructionsunspot numbef24,179 185]. Examples include #haverage
back to 1874 (for sunspot ardd89,172); 1700 (for umbral/penumbral ratio of sunspof&81], the length of
sunspot numberg132,133] or 1610 (for group sunspot cycle$49,68,182,183,186.89], solar rotation rates
sunspot numberd28,129). [184],t h e Tfipeendv ed fo s u n[48p]ovariabilityimb er s

Although there are sometimes additional calculatiotise 10.7cm solar microwave emissid68,190] solarplage

and/or shorterm solar proxiesnvolved, this is the basic areas (e.gfrom Call K spectroheliogams)[190i 193], polar
approach adopted byeg., Foukal and Lean (199()39]; faculae[61,62,194] andwhite-light faculae areafl 95,196]

Lean (2@0) [173]; Solanki et al. (2000,2002)174,175] Another related sunspot proxy that might be useful is the
Wang et al. (2005)[172]; Krivova et al. (2007,2010) sunspot decay rate. Hoyt and Schatten (1993) have noted that
[176,177] Soon et al(2015) notedhat this heavy reliamcon a fast decarate suggests an enhada®lar convection, and

the sunspot datasetseems to bea key reason for the hencea brighter Sun, while a slower rate indicates the opposite
similarities between many of the TSI reconstructioj$79]. Indeed, indications suggest that the decay rate during
published in the literatur®6]. the Maunder Miimum was very slo179], hence implying

However,does therelationship betweefaculag sunspas  a dimmer Sun in the mitb-late 17" century Owens et al.

and TSlremain fairly constant over multidecadal and eveg2017)developed a reconstruction of the solar wind back to
centennial timescaleg¥dso, wouldthesec a | | e d i q 16l7eHatsuggests thersoland/speed was lower by a factor

region remain perfectly constant despite multidecadal aoftwo during the Maunder Minimuifi97]. Researchers have
secular vaability observed in the sispot and faculae cycles?also considered records of various aspects of geomagnetic

Is it reasonable to assume that there are no other aspecssoft i vi t y, since t hest&hestordglys ma
solar activity that contribute to variability in TSI? the influenced by solar activitj194,198 202].

answes to all these questions ayes then we could use the There are many other solar proxigsat might also be

sunspot record as proxy for TSI, scale itaordingly, and capturingdifferent aspects of the lortgrm solar variability,
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e.g., see Livingston (1994)80], Soon et al. (2014p03]and in TSI from the 19 certury to the mid20" century, followed
Soon et al. (201966]. In particulay it is worth highlighting by a general decline to present. However, there are two key
the use of cosmogenic isotope records, sucH@sr 1Be differences between them. First, the Wang et 200%)
[204], since they are used by several of the TSI reconstructioesonstruction implies a slightly larger increase in TSI from
we will consider. Cosmogenic isotope records have been usieel 19" century to the 20 century. O the other hand, while

as longterm proxies of solar activity since the 198851 Foukal (2012) and Wang et al. (2005) imply the maximum TSI
209]. Cosmogenic isotopes such48 or1%Be are produced occurred in 1958, the Foukal (2015) reconstruciioplies a

in the atmosphere via galactic cosmic rays. However, whetaively low TSI in 1958 and suggested two™@entury
solar activity increase¢he solar wind reaching the Eadlso peaks in TSI one in the latd 930s and another in 19, i.e.,
increasesThis tends to reduce the flux of incoming cosmithe start of the satellite era. All three reconstructions imply
rays,thusreducing the ratef production othese isotopeand that none of the global warming since at least 1979 could be
their quantity These isotopes can then get incorporated irdae to incredng TSI, and in the case of the Foukal (2012) and
various longterm records, sth as tree rings throughWang et al. (2005) reconstructions, since at least 1958.
photosynthesis. Therefore, by dying the changes in the Meanwhile, all three of those reconstructions were based
relative concentrations of these isotopes over time.in, tree on the PMOD satellite composite rather than the ACRIM
rings, it is possible to construct an estimate of multideeadabmposite. Therefore, in Figure 1(bnch (d), we have
to-centennial and even millennial changesawerage solar modified the Foukal (2012) and (2015) reconstructions using
activity. Because the atmosphere is faidkell-mixed, the the ACRIM series for the 1982012 period instead of PMOD.
concentration of these isotopes only slowly changes oWe did this by rescaling the ACRIM time series to have the
several years, and so thel8 year sunspot cycle can besame mean TSI over the common period of overlap, i.e.-1980
partially reduced in these solar proxies. Howe®&tefani et 2009.

al. (2020)still found a very good match betwe&g& or °Be Because the ACRIM composite implies a general increase
sdar proxies and Scho@e$1955) [131] estimates of solar in TSI from 1980 to 2000 followed by a generakcdease to
activity maxima which were based on historicalurora present, while the PMOD composite implies a general
borealisobservations back to 240 A.[210]. Moreover the decrease in TSI over the entire period, this significantly alters
records can cover much longer periods, and so are particuléry longterm trends The modified version of Foukal (2012)
intriguing for studying multi-decadal, centennial and[193] implies that the 1958 peak in TSI was followed by an

millennial variability. equivalent seand peak in 2000. This suggests that at least
We note that several studies have tended to emphasizesihime of the global warming from the 1970s to 2060Qla
similarities between various solar proxiehave been due to increasing TSI, i.e., contradicting a key

[13,17,18,22,158,190We agree that this is important, but wamplication of Foukal (2012). The modified Foukal (2015)
argue that it is also important to contrast as well as compdi®6] reconstruction is even more distinittimplies that TSI
To provide some idea of the effects that solar proxy chag&e reached an initial peak in the 1dt830s, before declining until
well as TSI satellite composite chojcean have on the 1958, and then increasing to a maximum in 2000. As we will
resulting TSI reconstruction, we plan Figure 1several discuss in Section 3, this is broadly similar to many of the
different plausible TSI reconstructions taken from thdorthern Hemisphere temperature estimates. Theegfine
literature and/or agded from the literature. All 9 modified Foukal (2015)is at least consistent with the
reconstructions are provided in the Supplementary Materigigssibility of TSI as a primary driver of global temperatures
Foukal (2012]193] and Foukal (2019)196] used a similar over the entire Z0century.
approach to the Wang et al. (20Q2Y2] reconstruction but  That said, while these plausible modifications can alter the
used slightly different solar proxider the 20" century pre relative magnitudes and timings of tharious peaks and
satellite era. Foukal (2012) used 10.7cm solar microwaweughs in TSI, all these reconstructions would still be what
emissions for the 1947979 period and solar plage areaSoon et al. (2019p6] and Scafetta et al. (201f0] refer to
(from Call K spectroheliograms) for the 191846 period. as Al ow variabilityo r-gecadah st
Foukal (2015) used the faculae areas (from white lighg@gsp trends in TSI appear to be relatively modest compared to the
for the 19161976 period. In contrast, Wang et al. (2005)sing and falling over the ~1fear Solar Cycle component.
predominantly relied on the group sunspot number series A we will discuss in Section 2.6, many resdsrs have
the presatellite era (aéir scaling to account for theidentified evidence for a significant ~d/®ar temperature
sunspot/faculae/TSI relationships during the satellite eradriability in the climate of the mittoposphere to
These three diffrent reconstructions are plotted as Figustratosphere[65i 67,76 78,91,211216], which has been
1(a), (c) and (i) respectively. All three reconstructions havdiaked to the more pronounced ~3ear variability in
lot in common, e.g., they all have ayg@ronounced ~11 yearincoming solar ultraviolet irradiand8,217 225]. However,
Solar Cycle component, and they all imply a general increaseterms & surface temperatures, the ~{§dar component

r
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seems to be dy of the order of 0.00.2°C over the course of [1])

relying

on fA

ow

var

iabi I

a cycle[40,226 230]. Some researchers have argued that tbannot explain more than a few tenth&6€ of the observed
relatively largeheat capacity of the oceans could act assarface warming since the "%9century, e.g.,[1,5,7
ical or i negtate thedincaning TSI over decadal tim@,11,12,16 18,21,22] We will discuss thesecompeting
scales, implying that the multidecadal trends are more releviappotheses andngoing debates (which severatlagthors of
this paper are actively involved) in Section 2.6, as these
233], and others have argued that these relatively smtadicome particularly important if the true TSI reconstruction is
fbi b wt waa,r i a. e.

for climate change than annual variabili®0,48,69,231

temperature variations couldfiuence the climat@ndirectly
through e.g.,

[92,93,95,96,111,234However, this observation appears to
have convinced many researchers (including the IPCC reports
Effects of varying solar proxies and satellite composite choices

Total Solar Irradiance (W/m?) relative to 1901-2000
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(f) Solanki & Fligge (1998) using "Solar Cycle Lengths" and ACRIM
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Figurel. Examples of different TSI reconstructions that can be created by varying the choice of solar proxies used {feattikt@era
and the choice of TSI composite usarttlie satellite eraThe Foukal (2012, 201H)93,196]series using PMOD were downloaded from
http://heliophysics.com/solardata.shtm|Accessed 20/06/2020)he equivalent ACRIM series were rescaled using the annual means of

the ACRIM TSI compositéich was downloaded froittp://www.acrim.com/Data%20Products.htnjAccessed 01/07/2020f he two
Solanki & Fligge (1998) series were digitized from Figure 3 of that fe&§8}and extended up to 2012 with thupdated ACRIM annual
means The Hoyt and Schatten (1998Y9] series was updated to 2018 by Scafetta et al. (208®) The Wang et al.2005)[172] and
Lean et al. (1999)185] series were taken from the Supplementary Materials of Soon et al. (P8B]5)
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On the other hand, let us consider the possibility that tfeconstruction, e.g., Bhlich and Lean (2002) mistakenly
true TSI reconstruction shoeapdr be Hdyttaidgbhatidré(i993) is based bnysolar | r
1(e}( h) , we consider f our cydelength wherfeds ihg dthers arausingdhk ¢ydlei amalghito
combinationsand we will discuss more in &#on 2.4. All [162]. Therefore, we should stress that, like Lean et al. (1995)
four of these reconstructions include a -yEhr solar cycle [185], the Hoyt and Schatt€h993) reconstruction did include
component | ike the Al ow v abothathei surisgoty iumbems @uodntkset envelope i ob susspot b
imply that this quastyclical component is accompanied byiumbers, but unlike most of the other reconstructiamsy t
substantial multidecadal tds. Typically, the ~1-year gcle also included multiple additional solar proxi€s79]. We
mostly arises from the solar proxy components derived frahould also emphasize that the Hoyt and Schatten (1P28)
the sunspot number datasets (as in the low variabilggper describing the widelysedfiGr oup Sunspot N
reconstructions), while the multidecadal trends mostly aridataset is a completely separate analysis, although it was
from other solar proxy components. partially motivated by Hoyt and Schatten (1993).

Solanki amdl Fligge (1998]183] considered two alternative The Lean et al. (1995)185] reconstruction of Figure 1(h)
proxies for their multidecadal component and treated takso implies a longerm increase in TSI since the@ntury
envelope described by the two individual components asred a mie20" century initial peaki this time at 1957, i.e.,
single reconstruction with error Isar Solanki and Fligge similar to Figure 1(e). The Lean et al995) reconstruction
(1999)[235] alsosuggested that this reconstruction could heas based on Foukal and Léafl990) reconstructiofiL39],
extended back to 1610 using theoGp Sunspot Number timeand itself evolved into Lean (200[1)73], which evolved into
series of Hoyt and Schatten (199828] as a solar proxy for Wang et al. (2005)172], which in turn has evolved into the
the prel874 period. Howeer, in Figure 1(e) and (f), we Coddington et al. (2@) [238] reconstructionwhich as we
treated both components as separate reconstructions, whidlhdiscuss in Section 2.4 is a major component of the recent
we digitized from Sol anki MatthesefFad. 201d140] recorstau@iondHoweker, $aom et 3,
extended up to 2012 with éhupdated ACRIM satellite al. (2015)[56] noted empirically(in their Figure 9)that the
composite. Both reconstructions are quite similat,amlike main net effect of the evolution from Lean et(aB95)[185]
the low variability estimates, imply a substantial increase tm Lean (2000J173] to Wang et al. (20091L72] has been to
TSI from the end of the 19century to the end of the 20 reduce the mgnitude of the multdecadal trends, i.e., to
century. They also both imply that this letegm increasewast r ansi ti on towards a fAl ow vari
interrupted by a decline in TSI from a ri2@" century peak that Coddington et al. (20138] and Matthes et al. (2017)
to the mid1960s. However, the reconstruction using CH Il [110] has continued this trend. Another change in this family
plage areas (Figure 1e) implies that the-@@ century peak of reconstructions is that the more recent ones have used the
occurred in 1957, while the reconstruction using SGlle PMOD satellite composite instead of ACRIM (which is
Lengths (Figure 1f) implies the m@0" century peak perhapsiot surprising given that Lean was one of the PMOD
occurred in thedte 1930s and that TSI was declining in thieam, as mentioned in Section 2.2, as well as beinepattmr
1940s up to 1965. In terms of the timing of the 2@ of all of that family of reconstructions).
century peak, it is worth noting that Scafetta (2012) found aTherefore, a lot of the debate over whetther high or low
minimum in midlatitude aurora frequencies in the riil40s, variability reconstructions are mouwgcuraterelates to the
which is indicative of increasesblar activity[236] 1 seealso question of whether or not there are mdkicadal trends that
Scafetta& Willson (2013]237]. are not captured by the ~yarsolar cycle described by the

Figure 1(g) plots the updated Hoyt and Schatten (19%8)nspot numbers. This overlaps somewhat with the MCRI
[179] TSI reconstruction. Although the original Hoyhda vs. PMOD debate since the PMOD implies that TSleg/v
Schatten (1993) reconstruction was calibrated tos#tellite highly correlated to the sunspot number records (via the
era using the NIMBUS7/ERB time series as compiled by Haytrrelation between sunspots and faculae over the satellite
et al. (1992)147], it has since been updated by Scafetta aath), whereas the ACRIM composite is consistent with the
Willson (2014) [52] and more recently by Scafetta et apossibility of additionh multidecadal trends between solar
(2019)[60] using the ACRIM composite until 2013 and theycles[42,52,56,60,156158].

VIRGO and SORCH M records up to present. The Hoytand This has been a surprisingly challenging problem to
Schatten (1993reconstruction is quite similar to the twaesolve.As explained earlier, the ~3/ar cyclicalvariations
Solanki and Fligge (1998) reconstructions, except thatintTSI over the satellite era are clearlglixcorrelated to the
implies a greater decrease in TSI from the-2 century to trends in the areas of faculae, plageswell as sunspots/er

the 1960s, and that the m@d" century peak occurred in similar timescales[137i 140,147,167,168] However, on
1947. shorter timescales, TSI is actually aotirrelated to sunspot

We note that there appdarbe some misunderstandings iarea[148,239] Therefore, the-11-yearrise and falin TSl in
the literature over the Hoyt and Schatten (1998ndem withsunspot numbersannot be due to the sunspot
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numbers themselves, but appears to be a consequence ahthkcations for food productigrhealth in the use of solar
rise and fall of suspot numbers beingpmmensallgorrelated dependent resourceand more broadly could affect many
to thoseof faculae and plages. However, Kuhn et al. (198Buman activitie$252].

ar gued soldraytle variétiéns in the spots and faculae

alone cannot account for the tofdlSI] variabilityd a n d 2#4.HSiteen diffrent estimates of changes in Total

fi é a third component is needed to account for the tot8olar Irradiance since thef8entury and earlier
variabilityo [240]. Therefore, while some researchers have ) - . .

assumed i ke Lean et al . (nked®®B) Sqorﬁ ae,tt alt 5281P)e 'd,qmg'edﬁ Qgnt, glerrent TSI
an additional component other than spots or facalgel1], reconstructlon$se§ Figure 8 in that papdbp]. Only four of ,
Kuhn et al. [242i246] continued instead to argue that these reconstrugtlons were used by.the CMIP5 modelling
fisunspots and active region faculae do fa their own] groups for the hindcasthatwere submitted to t'he IPCC'5
explain the observed irradiance variations over the Soléssessmarﬂeport: Wang et al. (200§)72] described above,

cycled [245] and that there is probabéyfithird componat of as well aS(ri\./o'va et al. (2007)176]; Stginhilber et al. (2009)
the irradiance variatioo  t h @nonfacukar aad nonsunspot[2°3): and Vieira et al. (2011p54]. Coincidentally all four

contributiord [242]. Work by Li, Xu et & is consistent with implied very littlesolar variability (and also a general decrease

Kuhn et al . 6s aPR4&250F imthat they 'rbTS s:in,ce tkﬁ el?Sgs) Howevé%pon et al. (2015) also

have shown: that TSI variability can be decomposed intbdentI 'ed_ ar'1'o'ther fgur TS reconsiructiotimtwere at least
multiple frequency componenf247]; that the relationships as plausible includng the Hoyt and Schatten (_199[3)79]

are differentoetween different solar activity indices and TSf”md Lean et al. (19954851 reconstructions descnbec_i ak_)gve.
[248,250] and that the relationship between sunspot numbggmarkably, all four mell.ednuch greater solar varlab|l'|ty. .
and TSI varies between cycl¢®49]. Indeed,in order to Thee t,WO set;are then_hJ g. h s O,I ar . va r. babil
accurately reproduce the observed TSI variability over the tfic? I ' @ teconstructipns discussed in Section, MBich

most recent solar cycles using solar disk images from grouHBth Som et al. (2015)56] and more recently Scafetta et al.
based astronomical observatoriEentenla and Landi (2018) (2019)[60] have referred to

[251] needed to considetine different solar featureather Since then_, ei_g_ht additional_estirea_ h_a}ve beeq proposed
than the simple sunspand faculae model described earlier.! four low variability and four high variality. Coddington et

In summary there are several keyblatesongoingbefore al. (2016)[238] ha\{e develomka new version of the W_ang_et
we can establish which TSI reconstructions are most accurgle.(ZOOS)[ﬂz]. estimatethathas reduced the solar variability
1. Which satellite composite is most accurate? /€N further (it uses a sunspot/faculae model based on
particular, is PMOD correct in implying that TSIshaPMOD)' Recently, Matthes et al. (201]2)10] took the mean

generally decreased over the satellite era, or isACRWI the Coddington et al. (2016p38] estimate and the

correct in implyng that TSI increased during the 1980gsimilarly low variability) Krivova et al. (2010J176,177]
and 1990s before decreasing? estimate, and proposed this as a new estimiioreover,

2. Is it more realistic to use a high variability or lowMatthes et al. (2017) recomr_ngnded that their_new estimate
variability reconstruction? Or, alternatively, has thahould be the _only solar activity dataset considered by the
TSI variability been dominated by the ~y&ar solar CMIP6 modelling gr_oups[llO]. Clearly, Matthes et zﬁ.s
cycle, or have there alsmen significant mukidecadal (2017) r.ecommendatlon tg the CMIP6 groups goes against the
trends between cycles? competing recommendation of Soon ét @015) [56] to

3. When did the mie20" century peak occur, and howconsider a more comprehensive range of TSI reconstructions

much and for how long did TSI decline after that peak? In F lgure 2, we pl ot the fo
The answers to thesaigstions can substantially alter OuFeCOHStI’UCtIOHS froEnISoon etal. (20¥593] as. Wle”_ as the\se
understanding of how TSI has variegeo time. For instance,t wo new filow variabi Ptyo est

estimates by Dr. Leif Svalgaard (Stanford University, USA)

Velasco Herrera et al. (20163edmachine learningndfour X o )
éﬁ@lch have not yet been describéd the peereviewed

different TSI reconstructions as training sets to extrapol i - I ¢ |
forward to 2100 AD and backwards 1000 AD [252]. The |terature. but are avaiabl e rom Sval gaa
results they obtained had much in comnbon also deperet [https://leif.org/research/downloathta.htm) last accessed

on whether they used PMOD or ACRIM as well as Whethg?/03/2020], and have been the subject of some discussion on
they used a higbr low variability reconstructionAs an aside, internet forums.
the forecasts from each of these combinations implied a ngv\ﬁgcently, Egorova et al. @28) [255] proposed four new

solar minimum starting in 2062004 and ending in 2063 Ahigh v aast_irimtestthhtbdiltbrythe earlier Shapiro et
2075. If these foreasts are correct, then addition to the al. (2011)[256] estimate. The Shapiro et al. (204256]

potential influence on futurdimate change, such a deficit irestimate generated some critical discusqlivi 259] (see

solar energy during the 2i1century could have seriousS_eCtion_zs"_l)' Egorova et al. (201855] have taken this
discussion into account and proposed four new estimates
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using a modified version of the Shapiro et al. (20[2b6]

met hodol

s ol
as

ar
we

the Supplementary Information. For interested readers, we

ogy. Therefore, i nhave ialgouproeided the foue additionalt TSItrdcenstriicbonsr 1
variabilityo r eco(b6]t discussed imFigsre I theSoppl&remtany Indfotmater. .  ( 2 0 .
| as these four new fihigh variabilityd estimates.

This provides us with a total of 16 different TSI
reconstructions. Further details are provided in Table 1 and in
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Figure2. Eight low variability estimates of Total Solar Irradiance changes relative te2D@01average.
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Figure3. Eight high variability estimates of the Total Solar Irradiance changes relative to th2A@0hverageNote the yaxis scales
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Tablel. The sixteen different estimas of the changes in solar output, i.e., Total Solar Irradiance §n8lyzed in this study.

20t Century
IPCC AR5  Variability  Study Start End  mean TSI (W/H)
Yes Low Wang et al. (2005) 1610 2013 1361.06
Yes Low Krivova et al. (2007); updated by Krigast al. (2010) 1610 2005 1365.8
Yes Low Steinhilber et al. (2009) 7362 BCE 2007 1365.78
Yes Low Vieira et al. (2011) 1640 2007 1365.8
CMIP6 Low Matthes et al. (2017) 1850 2015 1361.05
N/A Low Coddington et al. (2016) 1610 2017 1360.94
N/A Low Svalgaed (2014) "LASP" estimate 1700 2014 1361.05
N/A Low Svalgaard (2014) "SSN" estimate 1700 2014 1361.15
No High Hoyt & Schatten (1993); updated by Scafetta et al. (2019) 1701 2018 1360.55
No High Bard et al. (2000); updated by Ammann et al. (2007) 843 198 1366.9
No High Shapiro et al. (2011); adapted by Schmidt et al. (2012) 850 2009 1365.13
No High Lean et al. (1995) 1610 1994 1367.15
N/A High Egorovaet al. (2018) "PHMC17" estimate 6000 BCE 2016 1360.20
N/A High Egorova et al. (2018) "PHIS16" emate 6000 BCE 2016 1360.43
N/A High Egorova et al. (2018) "PMU16" estimate 16 2016 1359.67
N/A High Egoroveet al. (2018) "SSR11" estimate 1600 2015 1360.38

o ~ The varios detatesthat we considern this subsection
2.5. Arguments for a significant role for solar variability2 5) can be broadly summarised as beimger whether
in past climate change variations insolar activity hae been a major climatic driver

in the pastWe stresshat a positive answer does not in itself

Theprimaryf()_cus of th_e new analysis _in this paper _(Secti.q@” us how much of a roleokar activity has played in recent
5_) IS on eva]uatm_g the simple hypoth_e5|s that there is a d'ra%ate change. For instance, several researchers have argued
Imea_r relationship bt_atween Incoming TS' and Northegp. .+ <ojar activity was a major climatic driver until relatively
H¢m|_sphere surfacc_a air temperatures. _AS will be seen, eve%%rently, but that antbpogenic factors (chiefly anthropogenic
this simple hypothess, a remarkably wide range of answergq, emissions) have come to mimate in recent decades

are still plausible. However, before we discu_ss in Sec'[iop[B?l&'17,22,68,80,185]However,others counter that if solar
what we currently know about Northern Hemisphere Surfa8(‘?tivity was a major climatic driver in the past, then it is

: ) n ) .
air temperature trends since the"Xntury (and earlier), it . isibje that it has also been a major climatic driver in recent
m.ak)]/. be hﬁ!pLUI to brleflz rewer\]/v ate d the other frgmeworks climate change. Moreover, if thiele of solaractivity in past

within which researchers have been debating pment@fmate change has been substantially underestimated, then it

Sun/climate relatior_nship_s. ) _ follows that its role in recent climate change nadso have
The gamut of scientific literaturevhich encompasses thebee underestimated [28,33,36

debates summarised in the following subsections (2.5 and %’@,)54,55,63,182,186,187,21&59].

can be quite intimidatingesspegally since many of the articles

cited often come to diametrically opposed conclustbatare 2 5 1. Evidence for lorAtgrm variability in both solar
often stated with striking certaintWith that in mind,n these activity and climate

two subsectionsye havemerely tried to summarise the main Over the years, numerous studies hasported on the

competing hypotheses in theteraure, so that readers . ~ "~ . - .
peting hyp similarities between the timings and magnitudes of the peaks

interested in one particular aspect can tlsgas a starting : . .

) and toughs of various climate proxy records and equivalent
point for further research. Also, several of theaedhors of )
proxy records [28,3037

this paper have been active participants in each of the debégelagr4 55,80,182,186,189,200,263.2709] Most climate

we will be reviewing. Hence, there igiak that our personal roxv records areaken to be representative of regional
assessments of these debates might be subjective. Therefarg” P 9

. . ) - ...~ climates, and so these studies are often criticised for only
we haveespeciallyendeavoured tavoid forming definitive . : .
. o representing regionalised trendsid/or that there may be
conclusions, although many of us hasteong opinions on

several of the debates we will discuss here. reliability issues wih the records in questidf2,18,100,280]
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(see also Section 2.6.3). Howevethers note that similar adding a contribution for increasing greenhouse gases did not
relationships can be found at multiple sites around the woslgbstantially improve the statistidits [56].
[30,38,39,54,55,189,263,277,27And, it has been argued On the othe hand using different TSI reconstructions, a
that some global or hemispheric patemperature number of studies have come to the opposite conclus@n
reconstructions tow similar trends d certain solar that solar variability cannot explainuoh (if any) of the
reconstruction§39,54,55,263] temperature trends since the {a@" century[5,13 16,19,21]

These studies aroften supplemented lagditionalstudies For instance, Lean and Rind (2008) could only expldi$o
presenting further evidence for substantial past climat€the temperature variability over 182806 in terms of solar
variability (with the underlying but not explicitly text variability [15], while Benestad and Schmi@@009) could
assumption that this ay have been sokairiven) only explain 21%of the global warming over the 2@entury
[30,39,54,55,263]0ther studiespresent further evidence forin terms of solar foreig [16].
substantial past solar variability (with the underlying but not Meanwhile, other studies (again using different TSI
explicitly tested assumption that this contributedclionate reconstructions) obtained intermediate results, suggesting that
changes]112,262,281,282] solar variability could explain about half of the global

Studies which suggest considerable variability in the pasarming since the 19 century [32,68,199] and earlier
for either solar activityor climate provide evidence that i933,185]
consistent withthe idea thathtere has been a significant role
for solar variability in past climate change. However, if th.5.2. Similarity in frequencies of solar activity metrics
study only considers the variability of one of the two (soland climate changes
versus climate) in isolation fro the other, then this is mostly  Another popular approach to evaluating possible
qualitative in nature. Sun/climate relationships has been to use frequency analysis

For that eason,ii a t t r ishudigs which attempt t0 to compare and contrast solar activity metrics wiimate
quantitatively comparespecific estimates of past climatgecords. The rationale of this approach is that if solar activity
change to specific solar activity reconstructions and othetords show periodiar quasiperiodic patterns and if climate
potential climatic drives can often seem more compellingecords show similar periodicities, it suggests that the
argumentdor or against a majosolar role. Indeed, thig/pe periodic/quasperiodic climate changesnight have a solar
of analysis will be the primary focus of Section 5. HOWEVQBrigin_ Given that the increase in greenhouse gas
in the meantime, we note that the results of these attributi@hcentrations since the"®entury has beemore continual
studies can vary substantially depgég on which in nature, and that the contributions from stratospheric
reconstructions are used for past climate changTi#, and volcanic eruptions appear to be more sporauicature(and
any other potential climatic drivers that are considere@mporaryi with aerosol coolig effects typically lasting only
Indeed, Stott et al. (2001) explicitly noted that the amount 283 years), solar variability seems a much more plausible
the 20" century warming they were able to simulatéerms candidate for explaining periodic/qugsériodic patterns in
of solar variability depended on which TSI reconstructioy thelimate records than either greenhouse gases or volcanic
used[6] activity.

For instance, Hoyt and Satterd s (1993) TSI  Hence, much of the literature inviggtting potential
reconstruction was able fiexplain~71%of the [temperature] Sun/climate relationships has focused identifying and
variance during the past 100 years and ~50% of the variagéghparing periodidgties (or quasperiodicities) in climatg
si nce [1I9] Bddroet al. (1996) confirmed this resulsplar activity and/or geomagneticactivity records e.g.,Le
using a more comprehensive climate meloded aalysis Moudl et al. [50,61,6290,98194,194,201,284,285]
They added that if increases in greenhouse gases were @g@maikin and Feynman et al[73i 75]; Scafetta et al.
included, the percentage of the letegm temperature [126,127,260262,286,287]White et al[226,27]; Baliunas
variance over the period 188893 that could be explainedet al. (1997288]; Lohmann et al. (200f289]; Dobrica et al.
increased from 71% 182% [23]. That saidCubasch et &@. s [86i 89]; Mufti and Shah (@11)]290]; Humlum etal. [47,63]
(1997) equivalentlimate modebased analysis wasly able |aurenz Liideckeet al.[64,291} Pan et al. (202(99]; Zhao
to explain about 40% of the temperature variabitither the et al. (2020]268].
same periodn terms of solar activitf283]. More recently,  Although the exact frequencies of each ofpleeiodicities
Soon et al. (2015) argued that Morthern Hemisphere and their relative dominance vary slightly from dataset to
temperature trends are estimated using mostly rural statigagaset, thee studiesargue that the periodicities are similar
(instead of using both uaim and rural stations), then almost abbnough (within the uncertaintie$ the frequency analyses) to
of the longterm warming since 188tould be explained in suggest a significant role for solar and/or geomagaetizity
terms of solar variabilityusing Scafetta and Webn( 2 0 1 4jj gas climate change, albeit without explicitly quantifying
update to 2013 of the same TSI reconstrudii®j), and that
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the exact magnitude of this role or the exact mechanisms byAnother criticism is the debate over whether the
which this solar influence manifests. periodicities identifiedn each of the datasets are genuire

Again, it should be stresseldat identifying a significant merely statistical artefacts of applyirfgequency analysis
solar role in past climatehange does not in itself rule outthe e c hni ques t oOn&problero ik that dvénevith d at
possibility of other climate drivers and therefore does nibterelatively well-defined ~11 year Schwabe cycle, the cycle
necessarily imply thatecentclimate change is mostly solar.is notstrictly periodic, but quagieriodic, i.e., the exact period
Indeed, the authors often explicitly state that thelative f or each HfAcycl ed rs Meanwhiertheref r on
contributions of solaand anhropogenc factors as well as are clearly nofperiodic components to both climate and solar
other natural factors in recent climate change may need tcab#vity daasets.
separately assessefl7,62,126,260,289] However, they Indeed, some argue thatmmany of the apparent
typically add that the solar role is probably larger thahp e r i o dn thesda damsetdre not actually periodic
otherwise assued [47,62,126,26Q] In particular Scafetta patterns, but rather arissporadically through stochastic
(2013) notes that current climate models appear to be unabitecesseq292,293] e.g., Cameron and Sadsler (2019)

to satisfactorily simulate the periodicities presentintheglotar gue t hat al | fiperiodicities
temperatre estimates, suggesting that the current climatei t h random forcingo in the \
models are substantially underestimating the sol@93]. Others argue that we should not be expecting strict
contribution in recent climate chang@60]. periodicities but rather quaperiodic patterns, and therefore

One immediate objeain to this approach is that one of thave shoulduse frequecy analysis techniquélsataredesigned
most striking quasperiodic patterns in many solar activityto distinguish between pseugeriodic components and
records is the ~11 year solar cydeometimes callk the genuinely periodic (or quagieriodic) componen{$1,62,99]

i Sc h wa b alescriped In prévious sections, gath ~11 In any casgin recent years, several groups have begun
year cycles are either absent orbast modest within mostrevisiting an old hypothesis that, if valid, could explain
climate record§21]. We will discuss the various debates ovegenuine multidecaddb-centennial periodipatterns in solar
this apparent paradox in Sectio2.6. However, severalactivity. We will briefly review this hypothesis in Section
researchers have countered thate are multiple periodicities 2.5.3.

other than the ~11 year Schwabe cycle present in dm#n

acivity and climate datasets 2.5.3. SunPlanegry Interactions as a plausible
[62,73,88,99,126,182,194,260,286)oreover, many studies mechanism for longerm solar variability

have suggested there are indleelimatic periodicities  From studying the variabilitf sunspot cycles in the
associated with the ~11 year cycle [62,64,73,88 sunspot record and appatesimilarities to estimates of past
88,90,95,96,99,126,194,260,286,291] climate changes over the last millennium, Dicke (1978) was

A common imitation of these analysestlsat the longerthe p r o mpt ed t o ask, fils there a

period of the proposed frequency being evaluated, the longeli n [2@4]. That is, he wondered whether the variability
a time series is required. The datasets with high resolutipe t ween sol ar cycles might not
typically only cover a relatively short timescale (of the ordgarious periodic butongterm processethat could lead to
of decades to centies), meaning that they canrm ugdfor various periodicities in solar activity on timescalgreater
evaluating multicentennial cycleg62,99,126,194] while than the ~11 year cyclé.Dicke was right, then this would be
studies using the longer paleoclimate records tend to Ry consistent with many of the studies described in the
focused on longer periodicitieR262,263] although some previous section. It would imply that many of the quasi
studiescombine the analysis of long paleoclimate records wigleriodicities idenfied by those studies could be genuine
shorter instrumental recordf260]. However, there are periodiciies (not necessarily linear in naturend not just
recordsthatcan be used for studying both mudeecadal and statistical aiifacts as their critics argued. It would also imply
centennial timescales. For instance, Ruzmaikin et al. {20@&at, in principle, it should be possible to reliably predict
analysed annual records of the water level of the Nile Riv@ture solar activity as @ll as retrospectively determine past
spanning the period 622470 AD. They faund periodicities solar acwity. Over the years, some researchers have even
of ~88 years and one exceeding 200 years and noted $igfgested that lorgrm processes internal to the Sun might
similar timescales were present in contemporaneous aurgel on a longenough timescale to offer an alternative
records, suggestinga geomagnetic/solar 1ink [73]. explanation to the prevailing orbitdtiven ice age theory
Interestingly, although they also detected the/éar cycle, it (which we will briefly discussri Section 2.6.5)295,296]
was not as pronounced as their two radétadal/centennial D ¢ khgpétisesis has been disputed by others who argue
cyclesi this is casistentwith the 1tyear cycle being lessthat the variability in solar activity between solar cycles is
climatically relevant than other cyclgz3]. strictly due to stochastic processé®., that there areon
longerterm cyclical periodicitiesother thanthe ~1lyear
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cycle [292,293] However, in recent years, seveabups in recent yearsHowever, studies considering these theories
have begun revisiting an old hypothesis to explain{@mm have also gesraed a lot of criticism[313/ 316], although
solar variability that Wolf had originally proposed in the midthese critiques have in turn besidressefll27,287,305,317]
19" century which would prove that Dickeavas correct  Evenamongproponents of the theory, there is considerable
[63,126,210,260262,297 308]. This is the hypothesithat ongoing debate over which combinations of orbitals are most
the gravitational effects ohe planets orbiting the Sun can irrelevant For instanceif the 21002 50 0 vy e-blallstafi Br a y
some manner (variousnechanisms have been proposed)s ci | | at i ond i s mdrerebvaetrtte 2818 S P I
interact with some of the mechanisms driving solar activityear periodicity involving Jupiter, Saturn, Uranus and
Note that ve will discuss the related, but distinct, issue of tiéeptung261,262]or the 2139%ear periodidy involving just
influence that the other planets haveloret E a r t h & s Jupiterland Satunf803]2 h e
Sun[309,310]in Section 2.6.5. Heraye arereferring to the At any rate, any discussion of the theory appears to be
possibility that the changes in the orbits of each of the plankighly controversialand often moves beyond the mabf
over time might have an influence on solar activity, includinmurdy scientific debate
TSI Mostof the researcherurrentlypublishing works that are
Although these Sulanetary Interactions (SPI) theoriegsonsidering SPI (which includes some of aigpear to bepen
can initially sound more astrologicalath scietific in nature, to the fact thatthe field is still somewhat speculative and
many groups have noted that many of the periodicities in sadagoing, and that the theory that SPIndigantly influences
activity (and climate) records discussed in the previous sectgmfiar activity has not yet been satisfactorily pravém
are intriguingly similar to the periodicities with which specifiparticular, most SPI researchers explicitly acknowledge that
planetary alignments occundeed, gen the~11 year cycle the direct vertical tides induced oretlSun by the planets are
might potentially be related to planetary alignmesush as very small (millimeters), and that a more compegllin
the 11.0%year Venus/Earth/Jupiter alignment cyclenechanism by which the planetary motions could
[210,306,311,311] or harmonics associated with thesignificantly influence solar activity (including TSI) needs to
interactions between JupiteBaturn and the Sun that havee established [63,126,210,260262,297,300307].
periodicities of about 222 yeard127,260,312] Nonetheless,several such mechanisms have now been
If any of these SPI theories transpire to be valid, lhenproposed in the literaturhat seem plausiblerad worthy of
could have important implications for our undersiagdf further investigation[261,304] For instance, perhaps the
pastsolar variability, as well as offering us the potential tochanges in the strength asplatial distributionof potential
predict future solar variability262,302 304,308] It could energy induced bthe planetary orbitsould influence solar
also be a powerful vindication of many of the studiedrradiance[300,302,304] Abreu etal. have proposed that the
described in the previous section. As a result, it is nihe-varying torque exerted by the planets on the a- non
surprising that the theories have generated significant intergstterical tachoagte could significantly influence solar

! This can be seen from some of the reactions that have occufvérner, has ab responded in Kiner (2015)318]. We note that the
when articles considering the concept are published. We give thgn@ i ng di r éon tb ermidate the purrialslid neesn o
examples to illustrate the contentiousness of this theory, and Hgvbased on any of the scientific evidence and arguments for SPI
nonscientific argumets often get invoked in a discussioh this Which were presented in the articles. Further, now that the journal has
theory. We provide the following examples not because we belidigen terminated, it is likelyhat many of those whanight have
the theory is beyond scientific critique (far from it), but rather ttherwisedebated for or against the scientifigunents presented in
emphasise that readers who are interested in theificiemlidity of any of those articles will simply dismiss the articles out of hand.
thetheory (or otherwise) should recogmitha much of the criticism ~ As another example, Zharkova et al. (20[2)9] was retracted
of the articles promoting SPI often moves beyond the realm of p{@éspite the objections of threéthe four authcs [320]) because, in
scientific debate. one of the subsections in the paper, the authors appear to have made

As a first example, in 2014, a special issue dedicated &dnistake in thir interpretatio of SPI theory. Spefitally, in their
investigations into SPtheay was publishedin a new journal, penultimate subsection, they appear to have mistakenly overlooked
APattern iRRCDIgns d.i olnn r es pons the fact thag as e hasyeenter gf the solaresgsters moves, the Earth
of Copernicus Publications terminated the entire journal for reason@stly moves in tandem with the Sun, i.e., the E8uh distane
that are still not entirely clear, but apparently included the facts tli@es not fluctate as much as theyhassumed. This was indeed a
one dthe editorsofthgo ur nal was a # c htitten amistake ak noted by, ©.§., Sgaietia (2qR6YL]. Also, much of the
concluding article in the special issue criticised some of thest of the article built on earlier analysis that has been separately
interpretations and concl usi eériiasedoefg., Wseskire (201g823]dalthpugle feterdedoby thee g a r
future climate change trends. Interested readers can find a@uéhors[322]). However, given that the mistake in question only
manag ng di rlistatémemt énsis deaision as welllmks to  really relatél to a subsectioof the paper and orgentence in their
an archive of the journal alittps://www.pattersrecognitionin-  conclusions, it is surprising that the reaction of the journal was to
physics.net/ One of the editors in question, the latesMikel retract the article rather than encourage the authors to issue a

corrigendum.
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activity [301,317] Scafetta (212) has proposed that the veryAZ, USA) and Lovell Obsrvatory (AZ, USA) to acquire
modest planetary tidal effects implied by classical physi&sromgrenb andy photometry(a different estimate of stellar
might be substantially amplified in modern physics byactivity using very broad wavelength bands) of a large sample
modulating the nuclear fusion raten the Sun and thereforeof stars to approximate the TSI variability
TSI. He calculates that planetary tiglecould theoretically [169,265,325,327330].
induceoscillating luminositychangesn TSI of between 0.05 In the context of our paper, one of the first points noted
and 1.63 W/rh i.e., a rangeconsistent with the observedfrom the Mount Wison HK project as theecords 6r eachstar
variations in TSI during the salié era[311]. Meanwhile, increasedo about a decade or longeas that many stars (but
Stefani et al. havdevelogd a solar dynamo model in whichnot all) appear to undergo cyclicariationsin thecombined
tidal synchronisation amplifies the weak individual effecttuxes of theH and K lines on timescales similar to those of
dur i ng Ab d4240,306B@8} Scadettas (8020) notest he Sunds R66/833BaAV}For csome btars, the
that the various hypotheseshould still be treated emission fluxesseemed to be mostly constant, while for
speculaively especially since often thproposed mechanismsothers, thefluxes seemed to be undergoing a letegm
are at least partially inconsistent with each otf@@#1], increase or decrease.
although he noted thaiften the proposed mechanisms are Initially, to compare these stellar measuentdo those of
complementary with each othéndeed Yndestad & Solheim the Sun, Wilson (1978) usexfjuivalent lunar measurements
(2017) poposed a hypothesis that comlarfeaturs of four of the reflected sunlight from the ModB23]. Others have
different mechanismig04]. used Ca llspectroscopic measurements frone tNational
Solar Observatory 8aament Peak ( NM, USA) c
2.5.4. Analogies of salaariability with the variabity  asas t aprogram [331i 333] Egeland etal. (2017) has
of othSNJ d AdaS¢ ail NE& recently compared both approaches and found good

Another approachhat several researchers hataken to agreement between thef826].
estimate the magnitude of past solar variability is by analogyTh e se HK measur ements of AtfhF
with variability dfi koetoh e(ra extiearesangesmthatcloselyespeuigqitie rise and fall in
loose term as will be discuss@dStellar variability does not sunspot numbers over a solar cy[266,326,328,331333]
directly tell us about thexact timings of historic solar activity Similarly, the variability inStromgrerb andy photometry also
trends. However, igen that the Sun istself a star,by Seems to capture much of the variapiitt TSI over a solar
comparing the behaviour of other stars to what we know of #cle, although surprisingly there is some controversy over
Sun, we an provide a better context foow we $iould expect Whether b+y)/2 is anticorrelated with TSI[334,335] or
the Sun to behave, including the range of variability in TSI v@@rrelated169,265,330,336,337The controversy appears to
should expect to see over mudcadal to multcentennial arise becausesolar observations from the Earth takenfrom
time-scales. Of particular relevance for our discussion is tAespecific angle betweethe eclipticand the solar agator
potential helpthese studiesould providein resohing the Planes (where the amplitude dhe 1tyear variability in TSI
debatew er whether the Al ow v aisElaively low)whetasstellarrphsprgaiocoylibe framp i | i
TSI reconstructions (Section 2234) are more reliable. any anglg330,336 338]

Thisfieldofi Sdri ke starso was | arAgany yatepseinlestudies dhave ysuggegted that the
astronomelin Wilson (19091994), working at the Mount Vvariability of sdar activity for the Sun dimg the satellite era
Wilson Observéory (CA, USAT the similarity in names washas been relatively low compared with othetars
coincidental) To determine which stars are most Silee and  [169,259,265,266,325,327,328,3380]. This would be
proper|yc0mpare thdong.term Variab”ity of the Sunwith consistent with hlgh solar Variability reconstructions
other stars, itis important to systematically recbr However, other studies have argued that the low solar
measurements of a large samgfigoert i a | I-lyi kieS uriabilitg gstimates are more plausible, e.g., |Hahd
over as long a period as possifilaerefore, in 1966, he begari-ockwood (2004) [329]; Judge and Saar (2007)341].

a spectroscopic program of regularly recording the relatiéeanwhile, Judge et al. (2020) using an analysis of a sample
fluxes of two frequency bands in the stellar emissions fron®h72 Sunlike stars calcul&d an upper boundor the solar

sampé of 91 mairsequence staf823]. The two frequency forcing since 1750 which was muchdae r t han t he
bands were those associ at dow vajabilithestimate of eptar variabilitfaifpughathed A K
emissionlines, as it was known that the ratio in the emissidnP CC 6 s  @s® feil withirt tike bounds of their analysis

from these twaarrow (i.e., about &) bands varies with solar [265]. As a result, their analysis compatible witteitherlow
magneticactivity. The progr am b e c a merhighyasiapiity recanstmations Mo un t

Wil son HK projecto and was Adaarchalengegwitigsing Sgriike star data & ewalyatea |
funding ran out in 2008169,266,324326]. A later program long-term solar variability isthe difference in timescales,
consisted of a collaboration betwefairban Observatory given that we have hundreds of years of sunspot records and
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proxies covering millennia of solar activity, while ongveral If Sunrlike star monitoring programs like the early Mount
decades at most for our Siike star data. Wilson, Lowell and Fairbor®bservatoryprograms could be

One approach has been to compheeranges of the midt expanded to include a larger sample of potentiatienstars
decadal variability in the HK and/@ry measurements of the(ideally a minimum of seval hundred candates), and these
stellar data to the equivalent measurements for the Sun dugnggrams were continued for multiple decades, theis
recent decades. Many thfese studies have suggested that plausible that we could identify samples of Sike stars
solar variability in recent decades has been relatively Idvansitioningfrom a cycling state to a neeycling state (or
comparedwith other Surike stars[169,187,258,259,265 vice versa).
267,325,328,33B32]. This would be consistent with high In the meantime, other studies have taken wiffe
solar variability reconstructions in that it would imphatlthe independentapproaches to using the Slike stars data to
solar variability could be greater over longer tiswales. distinguish between high and levariability reconstructions.
However other studies disagree and agthat the solar For instanceZhang ¢ al. (1994)estimated the relationship
variability in recent decades overlaps quite well with the rangetween stellar brightness (analogous to TSI) and stellar
of stellar variability for Surike stard170,329,341,342]This magnetic ativity (analogous to sunspot/faculae activity) by
would be consistentwith the low solar variability comparing the HK ant+y measuremen{267]. Importantly,
reconstructions. they found a reasonably linear relatibips By extrapolating

A major reason for the conflicting conclusions seems to thes relationship to zero magnetic activipd assuming that
due to the relatively sail samples of suitable stars with large¢his was similar to thMaunder Minimum, they calculated that
amounts of data and deci diTshhadoprobabhhincredsed byt samethingabetweemd®@% aand i S
l' i keo. For earlpandlysis af the data, Baliena®.6% since the Maunder Minimum. This would be caesis
and Jastrow (1990) identified 13 stars with relatively longith the high variability reconstructions. Soon et al. (1994)
records that appeared to be doléaSunlike stars. As part of also noted thatike solar activity the stellar activity of cyclic
their analysis, they noted that four of these stars (~30%) wstars seemed to be inversely proportional to the cycle length,
nontcycling and that these staimplied much lower activity andthis offered another metric for comparing solar atstito
[266]. Later studies with larger sample sizes have suggestieat of the Sutike starg187].
t hat-c§ oo tans onty regresent 105% of the Susike More recently, controversy over the high solar variability
stars[169,170,343,344]NonethelessBdiunas and Jastrow in the TSI reconstruction ddhapiro et al. (2011)256] in
specul at ed t hat -c ynalyibreg ot h<Rmare 3(8) mesitegl lbtsome interesting corguars with the
correspond to Suh i ke stars that h Suhlikes stat datg25%5,258259]fdigeven ad. €2012) argued
Mi n i mlikenstate.Lean et al. combined this hypothesis hat t he fomohde | i firAadi ance fr om
wi t h measur emendass tf aroan g rh@ghgtosaSerendsed for generating the Shapiro e{2al11)
estimate thathe TSI during the Maunder Minimum had beereconstruction led to certain unrealistic results, andubiaiy
0.24% lower than preseday[331,332]. Thisresultwaslatera r epl acement imodel Bo redu
used for calibrating the Lean et al. (1995) TSI ratarction reconstructiorby a factor of twd258]. This would still make
of Figure 3(d)185]. the reconstruction a high aviability reconstruction, but

However, since therseveral studies have suggested thabviously less high. However, they also noted that when they
identifying Sw-l i ke st ars i n -fikdstates dpitr the Mriginal macangiruction into a series of 15 year
is probably more challengin[329,341,344346]. Hall and segments (for comparison with the various2l0year stllar
Lockwood (2004)329] found that 17% of a larger sample ofrecords), the distribution of trends was wdly quite
57Sunl i ke st arcsy cwae rneg distribdiimntof ¢ohsestent with that implied by the Siike star datgd258].
stellar activities was not as neatly divided as Baliunas afkiis was later confirmed by Shapiro et al. (20%9] and
Jastr owds o Wihilgsomehave arguadpthatthigudge et al. (2020265], suggesting that perhaps the high
is an argument in favour of the lewvariability reconstructions, variability implied by the original reconstruction was
e.g., Schmidt et al. (2018957], others have noted that we stilcoincidentally correct. Egorova at. (2018)[255] developed
donotknowwhe her t lceycd ifnmgodon st ar anwegai gea h dhativas AhyedodreplicateBtiie rdisu
in a Maunder Minimum state, rather than being not as SwfiJudge et al. (2012), but they noted thavarying the choice
like as assume{B44,345] Therefore, there is some interesdf which solar modulation potential dataset to use, they could
[341,346] in using more nuanced methods for identifyinget four different TSI reconstructions Figure 3(e)(h).
genuinely Sudike stars that are currently in a Maunde€Coincidentally, oe of thes¢ i RMW1 6 0) i mpl i ed
Minimum-l i ke st ate t han sBnpléfirst rdiffesenca betiveed thes Maundewr Blisimum and presethe
approximation ofdividing stars mt o fi cycl i-ngriginal 8hapirofenab (2011) reconstruct{@55], suggesting
cycl.ingbo a possible explanation for the apparent contradictions between

the two separate analyses of Judge et al. (2@2}he other
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hand, Yeo et al. (2020) disputes whether any of the modelditefature vary from about 05°C to about 0.2°(41]. He also
the quiet solar photosphere considered by Bhapal. (2011) notes thatypical climate modelsre unable to simulate even
[256], Judge et al. (2012258] or Egorova et al. (2018255] this modest tempenate variability over a solar cycle, with
are reliable and argues for a different moghlch implies a some climate models predicting the solar cycle signature to be
rather modest difference beterethe Maunder Minimum andas low as 0.00.04°C[41]. Partly on this basis, he suggests
presenf347]. Although Rempel (2020¢larifies that Yeoett hat t heareeasame, tfo bel i eve tha
al . 8s mo canpletalyoule aut thre digh TSI changesmodels cannot faithfully reconstruct the solar signature on
implied by these recatructions, but rather suggests that theglimate and are significantly undesmating ib [41].
w o u | rejuirdi substantial changes in the quiin field In any casgif you assume that (a) the low variability TSI
strength (about a 50% reductian) b et we e n t dstimatdd are modeeetiable than tiigh-variability estimates,
Minimum and preseriiL78]. and (b) there is &near relationship between TSI and global

Unfortunately, carrying out mutdecadal monitoring of a (or hemispheric) surface air temperatures, these relatively low
large sample of Sulike stars requires considerable effort antll-year solar cycle signature estimates would initially appear
resources, and many of these projects have thseontinued to put a very modest upper bound one timaximum
due to lack of fundingdowever, some recent projesisch as contribution of solar variability tohe Northern Hemisphere
the Kepler space mission (262913) or the Chinese ground surface temperature trends since th&dgntury. In Section 5,
based Large Sky Area Mul@bject Fiber Spectroscopicwe will compare and contrast the linear fits using the high and
Telescope (LAMOST) survey@012presenthave provided low-variability TSI estimates, i.e., we will be implikgit
important aditional data for the sheterm varability of Sun  evaluating the first assumption. However, rthds also a
like stars [338/340,348351] The relatively short considerable body of literature critically evaluating the second
observational timespansf these projects mean th#tey assumption from several different avenues. Therefore, in this
cannot be used for studyinfpe multidecadal variability section, we will briefly review some of the main attempts to
However, the data can be used for comparing the-¢hiont resolvet hi s apyempamtadd kD .
variability of the Sun to other stars on timescales less than & he apparentgradox could indicate that the Sun affects the
few years[338i 340,348 351]. Additionally, the data canclimate by other covaryingaspects of solar variability
improve our understandingf the relationships between thgchanges in the ultraviolet (UV) component, galactic cosmic
faculae:starspot ratios which we discussed in Se&ib2.3. ray fluxes, etc.) rather than just TSI changes. Indeedhrof
E.g., why are -cdomen asttead & (filhalkeceatute eer the lafdw desades has suggested that we
currently) -dodi a HHLS3IVS849857p o should not be only looking for direct linear relationship

between TSI and global surface air temperatures, but rather
2.6. The apparent paradoxes from the 11 year considering the possibility of more indirect and/or subtle
G { OK g | 0 -Bytlcalpatnpaekt Sun/climate relationships. Some of the maypotheses are
i _ summarized schematically in Figure 4.

o If you consider all of the TSI reconstructions among th Schematic illustrating three distinct sets of current

Al ow variability?2), excdpi fora the g . . .
Steinhilberet al (2009) reconstruction which is based o eses forgn indiragt /Iat|onsh|p

cosmogenic isotope proxies, it could appear that the mf

significant feature is the shetrm maximurmminimum

Sunspot Cycle fluctuations which occur with a roughly kY S e e

year periodi(e.,t h e A Sc h w.dheefore, pitallygeito |

might be supposed thtie influence of solar variability on the Q‘Q g K
\

Earthoés climate should be Troposphere our se
each Sunspot Cycle. This applies even more so if you treat S ey
raw Sunspot Number (SSN) record as a primxyTSl, since R (b) Totar Solar < >

(c) Irradiance

the SSN falls to zero during every cy§¥].

This has been a puzzle for the community sinice t
beginning of modern research into possit8en/climate
connections, since théuctuations in global surface airgigyres. Schematic illustrating the domains of proposed action for
temperature (for instance) over a Sunspot Cycle are relativigle distinct sets of current hypotheses for how the iSdinectly
small at besf17,41]and often quite ambiguoyis00]. AYFidzSyO0Sa (KS @ howeditKaQthiereGigreater (G S @ ¢

Typically, the peako-trough variability in global surface variability in the ultraviolet region ofe incoming solar irradiance,
air temperatures over a spot cycle is estimategmpirically Put that this is mostly absorbed in the stratosphere. Therefore, itis
at about 0.9C [17,41], although Scafetta (2009) notes that tI,f'iﬂ‘rgued that the main Sun/climate relationships originate in the

estimateso f t h-jear sdial tycles i g n aib the est(«;atosphere but ray be propagated down to the troposphere and
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& dzNJF | (€= éxjydéﬂtﬁldy_sugg}éslséhatdhere are direct effectq76,213,215,220225] are in some way driven by UV
within the troposphere from variations in Total Solar Irradiance, jrradiance and therefore originate in the stratosphere, rather

S;Ettehat ;hes? o e”ﬂeff_“btt'ﬁ g, thfo“g_h hc*gsng‘?sdi_” Citrlcu'ﬁl‘t“QHan in the troposphef@6,213,217,219,22225]

rns), or involve heating the oceans which then indirectly alter - X - : :

thetrop2 & LIK S NR O Of-dzhoé 616 6amataoy yvod &S f OB o 7S by that the Sun/climate

variability reduces the flux of incoming galactic cosmic rays (GCF\r)gIa lonshlps identified in"the .troposphere or at the surface

when the solar wind is strong, and that suggests that BCR flux 0ccur indirectly through coupling of the stratosphere and

influences the climate in the troposphere and/or stratosphere. ~ troposphere. From this perspective, one solution to the
apparent ldyear paradox is that there are Sumiete

HOCc OMmRP2 @Y LD a-dzLI& 0 ¥ 8 O B IV y A rdlatichships, but they are mostly confined to the stratosphere,

As a surfacadwelling species, we are most interested in tleen d , by the time the #dAsol ar s
climate at or near ground level, e.g., the surface ainly a modest signal remains. Indeed, climate models that
temperature. Moreovemost of our climate records similarlya t t e mp t t o i ncodpwmat eme ¢ a3 i

describe climate at or near tlsarface. However, as Dinesgenerally simut e a relatively smal |
(1919) noted in the early 2Gentury from analysis of earlys i gnal 0 at [257 21922 ,225] Foreexample,
weather balloon measuremenit353], the variabilites in Hai gh and Bl ackburnés (2006)
temperatures and pressures at thefaser are somewhatsolar heating from increased UV irradiartoek at least 50
connected to those in the troposphere and stratospha@eed, days to heat the stratosphere but up to 500 days to reach the
the temperature variability throughout the troposphere tispospherd219]. Some tudies have found solar signals in
partially correlated to that at the surfamed boundary layer the troposphere, but argued that they are less pronounced than

and partially antcorrelated to that in the stratéepe[354]. i n t he stratosphere, -doengo C
With that in mind, severaksearchers looking for Sun/climateéhypothesig§213,215,216,224]
relationships have i-dl@wn 6 Qtherestudies pavetsefoundieadence faf a strpng solar

mechanisms whereby a relatively strong -y&ar solar cycle signal for temperature variability within th&oposphere
signature in the stratosphere mighh turn, propagate [27,78,89,91,356]In particular Soon et al. (2000) found
downwards to indirect influence surface climatpemaps in intriguing correlations between a specific measure of solar
a subtle and nuanced manner, that could explain the appa&etivity (the area of the Sun covered by coronal holes) and air
AlWwear paradoxo. temperatures in the lower troposphere (as derived from
Notably, Labitzke and van Loon (1988p5] noticed satellite measrements]27]. Their resultsuggested thahost
intriguing correlations between Northern Hemisphere wintef the temperature variability within the lower troposphere
temperatures (and algbe geopotential heightat particular (over the satellite era at least) could be explained in terms of
atmospheric pressure levetnd the 1dyear solar cycle in the solar variability, volcanic activity andEl Nifio/La Nifia
stratosphere, particularly in the polar regiontseyf found that periods[27]. As can be seen from the schematid=igure 4,
these correlationwere most apparemthen they split the datathe lower troposphere nominally includes the surface.
into two halves based on whether thecsa | | e dbiefiniplu Bherefore, the results of Soon et al. (2000) migfitially
osci | | at iviodwas in(itQ\Be€ ydise or east phaseappear to contradict the apparent-yEhr paradox[27].
The QBO is a stratospheric circulation pattern, wherble However, we note here an addital nuance in that the
prevailing stratospheric winds near the equator appears@ellitebas ed est i mates of @Al ower t
alternate from being mostly westerly to mostly easterliends mostly describe the temperatusbsve the boundary
roughly every two years. Later work by this group extendéayer, i.e., above the first few kilometers. Ongoing work by
the relationships to include the tropics, gutipics and both some of us (RC, MC and WS) suggests that the testyre
hemisphereas well as other seasojé,67,211] variability within the regiosof the troposphere that are above
Although some of threlationships identified by Labitzkethe boundary layer is more closely related to that of the
et al. also seem to be partially present within the troposphetgatosphere than within the lowest parts of the troposphere
the relationships appear to be most pronounced for tHesest to the surface. With that in mind, we suggest future
stratosphere. In that context, several researchers noted nggerch into possible Sun/climate retaishipsconsidering
most of the ultraviolet (UV) compent of the incoming solar the troposphershould distinguish between the boundary layer
irradiance is absorbed within the stratosphere, and tht of the troposphere and the tropospheric region above the
variability of this UV component over the ~ygar cycle boundary layer(as well as separately considering the
seems to be much greater than for T&lI7i 219,335,355] fit r o p 0 p a u sre detweerr ahe stioposphere and
This has led to one of the maes of current hypotheses for strabsphere)
an indirect Sun/climate relationshipllustrated schematically = Meanwhile, others have argued for a more nuanced solar
as Figure 4(a). That is, it is argued that the relationshipgnal at the surface/within the troposphere, whersblar
initially identified by Labitzke et al. and built upon by othergariability directly influences the surface and tropospheric
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climate, but in more subtle waykat become amplified via since the thermal inertia of the ocean is large enough to
positive feedbacks and/or changes in oceanic or atmosphed&@mpen an 1-ear cycle considerably Reid (2000)69] .
circulation patterng214,229] For instance, van Loonetal. Hence, Rei do6s soluyeéamn parad:
have argued fosolar signa that alter circulation patterns described above was that theat capacity of theceans
associated with, in turn: Hadley and Walker circulatioreffectively acs as a buffethatfilters out much of thehort
[234,357] El Nifio Southern Oscillation (ENS@)2,234,358] term cyclical solar variability of the incoming TSI over the 11
and the North Atlantic OscillatioNAQO) [93]. Changes in year cycle but captures much of the longer raditadal to
thesecirculation patterns themselvesutd alter regional and centennial trends and cycles in TSI. If the ocean temperatures
even hemispheric surface temparas.Similarly, Ruzmaikin are influenced by solar variability dhese longer timescales
et al. found evidence for a solar signal in the North Annuldnis could in turn influence oceanic and/or atmospheric
Mode (NAM), which in turn appears to filmence Northern circulation patterns, which in turn could influence land surface
Hemisphere surface emperatures[71,74. Many other temperatures.
relationships along #se lines have novbeen proposed If this hypothesis is valid, it would imply we need to
[111,359 363]. separately consider TSI variability onuttiple timescales

Thereby, t -b p Geehanisind Figure #(b)- (dovetailing with the types of analysis in Section 2.5.2 and
offer an aternative solution to the apparent-ydar paradox, 2.5.3)[41]. Indeed, Dima and Lohmar{2009) haveroposed
in which the 1iyear cycle only has awodest direct influence that solar variability on millennial time scales could combine
on surface temperatures but also indirectly influences thih variability in oceanic thermohaline circulations to create
climate (perhaps on multlecadal timescaled)y altering fia possible combined soliinermohaline circulation origin
prevailing circulation ptiernsi especially those associatedor the ~1,500year [climate changetycled [112]. Soon and
with kewys ficf[lldlct i ono Legates have proposed an analogous solar/thermohaline

In terms of Sa/climate relationships at the surface, sonmaechanismthat could also operate on multidecaeat
researchers have argued tivé difficult to establish whether centennial timescalg$13,233]
t h e -diotwnpo or-upmd o ime e maee miorke ms White et al. (1997; 1994p26,227]attempted to do such
important[78,212,214] Others have suggested that both seds assessment of the influence of TSI variability on ocean
of mechanims are importanf95i 97,364] with Roy et al. temperatures using the Lean et al. (1995) TSI reconstruction
proposinghata complex sees of interconnected mechanismsf Figure 3(d). White et al. (1997) used an SST dataset
from both sets could be involvd85i 97]. Meanwhile, Dima covering the period 19001991 and =& upperocean
and Voiculescu (2006 suggest t Hatwnho terhpatatures profilé dafaset covering the period 1B8HH
Abotupdn mechani sms mi ghtrda[R26]oln a secorddipaper, Whiteteh al. §1998) epeated the
mechanism involving soladtriven variability in cloud cover analysis using a time series of the deptfighted averge
[364]. They suggest this could bériven by one of the temperatures (DVT)fdhe upper oceans for 198®96[227].
proposed Galactic CosmiRay mechanismsvhich we will Both studies found that the solar influence on ocean
discus in Section 2.6.4In that case, their Sun/climatetemperatures was different on decadal toades (913 years)
relationships would involve alhree of the sets of mechanismsonpared with interdecadal timescales {28 years) and for
described in Figure 4. the longer dataset in the first paper, probably rddtadal to

. L _ centennial scales (although the dataset was only 92 years

26.2.0 ¢ KS 2 OS I y Odedn heat capdeityfas$ iydg) Mn principle, hi s i s consi sypothesis wi t
ad FAL S NdbadSd duffedhd mezHdiEism that the solainfluences on ocean temperatures are different

Reid (1987 1991; 2000) [69,231,232]noticed that the on different timescaledndeed, he first paper concluded that
global Sea Surface Temperature (SST) time series \g@&r variability could explain between €2 C (i.e., 56
intriguingly similar to the multdecadal trends of the Sunspot5%) of the 0.4C global SST warmingver thepreceding
Number (SSN) record once the -§&ar cycle hadbeen centurythathad occurredvhen the study was carried pue.,
removed by either smoothing botleries with an 1year their analysislargely agreed with ReidHowever, in the
running mearf231]or by wusing the i eeeondpaperpthetrified that thedpag-tegnangrease in TSI
record, i.e., the time series generated dpnnecting the in recent decades implied by the Lean et al. (19885] TSI
maxima from each solar cyd32]. He argued that variability reconstruction was insufficient to explain the rate of warming
in TSI was influencing ocean temperatures on rudtiadal and argued that a greenhouse gas component was needed. We
timescalesut not as much over the dyear cycle due to the note Lean waa ceauthor of both White et al. pase
relatively shorttime frame and the fact that it was (quasi) More recently, Scafetta (2009) has argued empiri¢ady
c y ¢ | iTheaclclical fature of the sl [11-year cycle] the global temperature trend estimates of the last 400 years are

forcing, however, substantially reduces its climatic impadiest fit in terms of solar variability by assuming that solar
forcing from changes in TSicaon both fast (less than 0.5
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