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Abstract

There is no means of mtieting when influenza pandemics could occur because risk factors are poorly
understood. Risk factor assessment utilized numerous statistical methods, i€entuly solar activity

and climate change datasets, and expert reviewed influenza outbreaksid®tedy coldest temperature

was compared with glacial cycle peak temperatures (n=16 ice cores). There was a grand mean 0.92
pandemics per t§ear sunspot number cycle (SE=0.15, n=25, 1)780d a higher pandemic probability

at cycle peaks and troughs-I§ear (logistic regression, Peaks: P=0.01, OR=4.2. Troughs: P=0.03,
OR=3.4). Multiple logistic regression confirmed peak+troughykar stages and positive cosmic ray
intensity anomalies relative to its 196990 mean as pandemic and epidemic predittmygers
respectively (Pr>|z|<0.05, 17Q0Simple logisticl and linear2 regression identified colder Greenland and
Northern Hemisphere temperatures, increased cosmic ray intensity, Arctic sea ice cover, and Greenland
ice accumulation rate relative to th&961-1990 means as outbreakl and annual outbreak rate2 predictors
(P<0.05, 111yr moving averagel and cycle mean2 anomalies,-1500001,2). Greenland was at its
coldest midstudy, 8kiloyears after the glacial cycle peak temperature (réahC, n=10 ice cores), of

21% of its prior Holocene interglacial increase. Four categories of risk factors were identified, including
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solar cycle extremes, low solar and geomagnetic activity, Arcticglaldation linked to glacial cycle

stage, and geographicki

Key words: influenzapandemi¢ zoonosis; risk factor; circadian system; cold stress; immunosuppression;
low solar activity; geomagnetism; cosmic ragsld climate change.

| ntroduction

The Little Ice Age(mid-13" to mid-19" centurie} was the coldest perio@fter the Holocene€limate
Optimum (HCO, peak glacial cycle temperature), whicbincidedwith five millennia of neoglacial
advanceghat peakedin size mid-study [1], [2]. This periodwas hallmarked by regional catastrophes
associated witrtold-glacial climate changeincluding famine, wars, an@pidemics[3], [4]. Dozens of
influenzapandemics andegionalepidemics, andother diseasesccurredduring this periodPandemics
could infect 3650% of the populationwithin 1-2 years and were associated withexplosive disease
spread and varying mortality rates andjeographicextens [5]E[11]. Some 28-21% centuryinfluenza

pandemianortality ratesvere estimated dif8% (1918),0.03% (1968)and0.0010.007% (2009[12].

Thereis no means of predicting whenfluenza pandemicsould occurbecause the risk fagwassociated
with pandemicsare not wellunderstood13]. To better preparéor future pandemic§H5N1, H7N9 etc.)
we must eploreif the spate ofzoonose and pandemisince 1994verethe result ofunknownmitigable
risk factors Three categories of risk factorputativelythematically implicating Oimmunological
susceptibility and induceinmunosuppressig®and one linked to the study pediOs stage of the glacial

cyclewereevident inthe literature

Firstly, timing risk has beetinked to the extremes of the /&arsunsponumber (SSNycle (seeHope
Simpsonparagraph Sunspots represent dark patches of intense magnetic fields thathtoogh the
surface of the sufjl4]. An 1l-year SSN peak and trough concentration ofitbreaks potentially
implicateschanges irsolar magnetic polarit{15] or heliospheric magnetic fluKL6], [17]. Theoreically,
circadian system cryptochrome repressomroteins whose photoreduction spin chemistry is
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magnetoreceptivéa radical-pair mechanism), interacting with circadian core molecular clockwar&uld
offer a means by whichkolar/geomagnetismmodulatedimmunaoinflammatorybiology [18]E[20]. The
circadian systemcore molecular clockwork controlsthe immune and inflammatory systens via
oscillatory transcriptional activatorCLOCKBEBMAL1) and repressors Gryptochromel/2, Period1y2
[21]. Coincidentally, he influenzaA virus (IAV) evolutionarily linked its replication gcle to the
circadian systenftime of day, winter)[22], [23]. Thus solar cycle extremesould havedysregulated
immuneresponss [24], [25] to aid viral entry and replicationin immunologically susceptibleanimals

(epizootics) people(zoonasis, family clustersandpopulationgepidemics, pandemics)

Secondly geographic risk reflectsthe prior citedexpertreviews [5]£{11]. Geographiaisk consides the
role ofinnate immunitysingle nucleotide polymohisms(SNPs)in creating immunological susceptibility
in people ofcertainethnicities(CaucasianChinese}o novelzoonotic IAV infection[26], [27], in regions
pertinent to outbreak originatidiicurope,North America, Russia, and Chjnancreased cosmic raynd
ionizing radiation have been linked tmmunosuppression and increasednfectious disease mortality
[28]8]30]. Peaklevels of cosmic ray induced ionizatioaccurredduring the Maundeminimum (mid-
study) associated withatitudinalandmagnetic dipolevariations implicating northernEuropearatitudes
and the Far Ea$81]. Regionalscaleimmunosuppressionould implicateincreaseccosmic raysdirectly
and indirectly via its climate changeimpact linked to sola’geomagnetism(low cloud cover)[32].

Equineand migratingavianviral reservoirs anécologymustalsobe consideredn geographiaisks

The literatureis devoid ofquantitativepandemic risk factor studies associated wgithar activity and/or
climate changepanningthe study period(1500), beyondtiming risk studieg1700). Thereforethirdly,
climate change risks reflect shorterterm cold weather influenceon seasonal influenzand avian
influenzaepizootics Firstly, the degree and duration ebld stress dysregulate immune respond@s],
[34], implicating key immuno-molecular pathwaysooptedby IAVs during infection(e.g.NuclearFactor
kappa B NF!B) [35], [36]. Secondlycold weather modulates the formation and dispersianfedtious

aerosols, their respiratory tradiRT) penetration, andrying outRT mucosg37]. Thus low temperature
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and relative humidityvereinversely correlated with influenzasgase burden during cooldrier winters
in temperate regiong88], [39]. A fourthrisk factorlinked to the midstudy periodOstage of theglacial

cycle (oldesticiestpostHolocene Climate Optimum peripdas evident in the literature (Discussion).

In 1978 Hope Simpsonpublished aNature correspondencguggesting20th century pandemics were
associated with sunspot number maxif@]. A few statisticalstudiessincereported pandemic timing
risk associated with the fear international sunspot number cycle peakd-ykear(Tapping)[41], and
troughs + 1-yearas well (Ertel, Qu)[42], [43], or sunspot humbers exading percentilehresholds
(Yeung) [44]. This sunspot cyclgiming risk was also demonstratedith SARSCoV-2 (2019 sunspot
number trough)and is claimedfor Ebola [45]. Pandemics have also been lidkeith grand solar

minimum periodg$46], [47].

Towers, an experbiostatistician, falsifiedthe Tappig, Ertel, and Yeungtudies after applying more
robust statistical methodologi¢s their correctedoutbreak lists48]. Qu more recentlyused YeungOs
pandemic listandlogistic regressioranalysisto showthat sunspohumbermaxima and minima # 1-
year were risk facter The influenza outbreakonsensudists usel by Tapping, Erteland Yeung (also
Qu) were derived from numerouspublicatiors (19271998 median 198p Thesepublicationsdetailed
different geographiesver different periodsising varyingpandemicdefinitionsand data sourcesvhich
likely resultedin incompletenessnaccuracyanduncertainty[5], [6]. Solarpandemic timing riskstudy
lists eitherutilized the historianlists as providedTapping)or criteria to derivesmallerconsensus list
(Ertel, Yeung, Qi meaningvaluableoutbreak datavasdiscarded No previoussolar activitypandemic

outbreakists detailedregional epidemicsg;oncurrent ejzootics or geographiorigin and extent.

Comprehendinghie high-level chain of biologicaleventscommon to all novetoonotic IAV infections,
irrespective of whether that IAV arose by mutation, recombination, or reassorfdtintaids an
immunologyorientationto this study Geographicallyexpansive outbreaks arose when a naesinotic
IAV emerged for which a susceptible population (broad demographics) lackexkigtiag protective

immunity (neutralizing antibody andf cellular immunity). At the same time, aliovelzoonotic IAVs
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102 overcameand/ordysregulatedmmunological defenses (innate aedrly adaptive immunity), physical
103 (mucosal surfacesand cellulabarriers(cell attachment and &y, intracellularrestriction factors[50]D
104 [52]. ThelAV thenreplicated in the respiratoryairt in sufficiently high titerand wastransmittedto a
105 second persoriThis biological journeywill be referred to as OBottlenetl, and my after this was

106  surmounted could geographically expangramsmission have occurre@BottlenecQ [53].

107 Influenza pandemics, regional epidemics, concurrent epizoatics their geographidetails were

108 compiled from seven expert reviews, and organized into five category grougudisreaks were
109 (re)classified according to WHO Phase 5 and 6 pandemic desospltiased on pooled geographic
110 information. Numerous regression another statistical methods were used to define risk factors,
111 probabilities, and predictors from among 10 séiggo-magnetic activity groxied by cosmic ray intensity,

112 10-Beryllium cosmogenic radionuclide, solar modulation function, sunspot numbers) and solar
113 electromagnetic activity froxied by total solar irradiance), and climate change variablesrdxied by

114  Northern Hemisphere and Greenland temperatures, Artic sea ice cover, Greenland ice accumulation

115 rate) spanning 35 centuries All data was geographically levant to outbreak origination and
116 dissemination and anim#AV reservoirs. Sixteen polar ice cores were used to benchmark the study

117 periodOs climate relative to the Holocene Climate Optimum peak glacial cycle temperature 8kyr ago.

118 Materials and methods

119 Pandemicand epidemicdatabase

120 Influenza pandemics,regional epidemics and concurrergnimal epizootics from 150@009 were
121 identified in sevenreviews (2001, 2008011) by six expertprofessorg5]E11]. Key information was
122 summarizedrom thesereviews andB2 pooledreview-cited souces andtabulatednto categoriesiefined
123 in S1 Figure A pandemicreflectedan expertreviewerOgxplicitly stateddescription ofan Oinfluenza®
124  outbreak, which was confirmed in the pooled literatime'2 WHO regions whereas an epidemic

125 reflectedexpertdescriptions ofin Qinfluenza@utbreakconfirmedin one WHO region"@ countries, or
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stated as regionalThis classificationwas consistent with WHO Phase 5 regional epidemic and Phase 6
pandemic descriptionfb4], thus enablingan objective (re)classificationof outbreaksbased orpooled
geographicalinformation This method avoided subjective disease severityydgments based on
incompleteinformation while reflectingthat not all outbreaksresuled in severe disease with high

mortality that left their mark in the global historical recpedpecially prel70Q

Pandemic and major regional epidemic (OepidemicO) data was pooled for combined and separate analysis,

androbustnessesting asfollows:

1) Category A pandemics (pandemigsepizootics/zoonosis plus epidemics wighizootics/zoonosis)
(epizootic/zoonosis= epizoo, category= Cat),

2) CatB epidemics (epidemics without epizoatfmoonosis),

3) Pandemics/-epizatics (pandemicst/-epizootics/zoonosis),

4) Epidemicst/-epizoatics (epidemicst/-epizootic/zoonosis).

Solar activity and climate change data

Annually resolvedublicly availabledatasetstartingbetween 1500 anti700and ending post994 were
obtained from the National Oceanic am&tmosphere Administration(NOAA), Laboratory for
Atmospheric & Space Physics Interactive Sdiaadiance Data Gder, International Association of
Geomagnetism and Aeronopgnd WDGSILSO Royal Observatory of Belgium websit&he following

datasets were collectéar analysisand benchmarking

Solar-/geo-magnetic activity related datasets: internationalsunspotnumbers (SSNlatg [55], and group
sunspot humbers3SSNdatg [56], cosmicray intensity (CRUdatg [57], solarmodulation functioMeV
datg [58], 10-Beryllium radionuclide(*°Be datg seemissing dataomment in the readme filekigsharé
[59]. Geomaynetic activity index datavas also downloaded for correlation analysiSNMA-AA data
1868) [60], given solar modulated geomagnetism (selggomagnetism) controls atmospheric cosmic

ray entry and ionizatiof61]. Solar electromagnetic activity dataset: total solar irradiance (TSlatg [62].
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150 Climate change datasets: Northertdemispheretemperature(NHT;{C datg [63], Greenlandice core
151 derivedtemperaturg GTC datg [64], Arctic algal growth anomaly (inverseea ice coveproxy, SIC
152 datd [65], and Greenlandce accumulation ratdAR data see'’Be missing data comment above, same
153 dataset [59]. All terrestriatderived datasets were geographicakyevant to influenza outbreslkand

154 animaltlAV reservoirs

155 Data was provided asr converted tanomaly data relative tothe climate reference periotiean (RPM)
156 generallythe 19611990 mean(exceptSIC and Me\), per the norms of the scientific community for
157 longterm climate change assessmdi6]. A negative NHT{C and GT{C anomaindicateda colcer
158 temperature than tHE961-1990RPM. A negativeSIC anomaly indicatedess crustal algal growth thaat
159 its RPM due to less sunlight reaching the sea floor rocks, camdgpywith an increase isea ice cover
160 [65]. A positive IAR indicatedincreasedGreenlandglaciationratesabove the RPM. A negative SSN,

161 GSSN, TSJandMeV anomaly, and positive CRI and®Beindicatel solar activitylowerthan the RPM

162 A glacial cycleperspective orpbutbreak riskswas obtained by benchmarkinbe 11400year GTiC

163 dataset against15 other Polar ice core, utilizing two-three immutable glacial cycle landmarksFor

164  analytical and graphical purposes, the glacial cycle peak temperature closest to the end girthenged

165 interglacial rise was termed the Holocene Climate Optimum (HCO); the Little Ice Age (LIA) temperature
166 nadir the lowest petHCO temperature trough during théA period (mid-13"-19" centuries) The Last

167 Glacial Maximum (LGM)corresponded with théowest temperature trouglof the last glacial cycle

168 immediatelyprior tothe sustained interglacial temperature rise. The Haldaterglacial was the period

169 between the LGM and HC@enchmarking datasets: Greenland; (Vinther datdp7], (Alley data)[68],

170 (Buizert, nine different Greenland ice core locatide8). Antarctica; (Jouzel data, EPICA Dome [@D],

171 (Uemura data, Dome Fujiy1], (Lorius data, Vostok)72], (Mulvaney data, James Ross Islaf#8].

172 Basic data analysis

173 Basic statisticabarameteravere assessedor eachindependentvariable (IV: number of years, mean,
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median, minimum, maximumstandard deviatio®D, confidence interva)s The normality of data
distribution wasassessed bykswnesqwithin +/-2), and kurtosigwithin +/-7) valuesbecausell datasets
exceededB00 yeard74]. Eleven correlation matricgdbl1-year SMA periods)were produced between
tensolar/geomagnetic and electromagnetitivity and climate change variablédSN,10Be, CRI, MeV,
TSI, GMA-AA, and NHT;C, GTjC, SICIAR). Collinearity was assessedliring multiple logistic
regressiormanalysisusing thevariance inflation factor (VIF)For this study, &/IF>10 was considered

problematic, a VIF>5 was highly correlated, and a VIF>2.5 was moderately cori&aled

Outbreak distribution by solar cycle stage(timing risk factor s)

Influenza outbreak distributigracross the 1year solar cyclesince 1700vere investigatedrigure 1A)
usingsimplelogistic regressionThis methodwas usedo derivethe probability ofan outbrealby solar
cycle stage groupirsgfor SSN, GSSN, and TSlcles[76]. Investigatory stage groupings comprised the
peak +f 1-year (P01), trough +/1-year (T01),andthe combined peak and trough tfyear (PO1+T01),

versusthe combined interpeakto-troughplus intertroughto-peakstagegP_T+T_B (Figure 1B).

(A) 1964 & 1984 = 30yr
SMA peak SSN =
300 Grand solar maximum

Maunder minimum Dalton minimum Gleissbergb
250 (1640-1720) 1790-1830 Gnevishev
minimum

b 189801923

200

150 7S

il

N 1961-1990 RPM

100

International sunspot numbers

50

o
A 4

T
D = M 1O N
D e I o B To B To ]
0 0O O 0 o©
L B

1700
1715
1730
1745
1760
1775
1790
1805
1820
1835: @
1850
1865
1880
1895
1910
1925
1940
1955
1970
1985
2000
2015
1841
1843
1845
1847

Figure 1: International sunspot number cycles and influenza outbreaks since 170@) Sunspot numbers from
17002018 depict solar cycles with varying periodicities, including theyddr Schwabe cycle and other
superimposed longgerm Ogrand solarO cycles that modulated the magnitude of-yearl$chwabe cycle SSN

peaks and troughs. Duog the Little Ice Ageand study periodthere werenumerouggrand solar minimum periods,
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192  includingthe Wolf (12701340), SpSrer (1390550), Maunder (164@720), Dalton (179@1.830), andGleissber®
193  Gnevishe18981923 minima[77]E[79]. Since the 1957 Solar Cyel® SSN peak, all Schwabe cycle peaks have
194  declined, indicating the sun entered a new grand solar miniparind (B) An extracted Schwabe cycle (1843
195 1856)is used to demonstratidhe solar cgle stage classification used to create binary variablesefgression

196 analysisData citationsOutbreak databaseviews[5]E[11]. Publicly availablesunspotnumberdata[55].

197 Logisticregressionsvere estimated according to the followiaguatiors:

198 ()1 1,1 131 poy ! by -1 gy (for POland TOL separatdly 1)

-1

199 WhereDpy; is a dummy variable: 1 for P01, and O for all other cycle stags;is a dummy variable: 1

200 for TO1, and O for all other cycle stagg;andbz areregressiorcoefficients.
201 " () = to+1y-!pr gy (for thecombinedP01+T0Y) )

202  WhereDpy;79; is a dummy variable (0 for P_T+T, Bnd 1 for TO1 and PO,lbo is theintercept,bl is the

203 dummy variablecoefficient. Theseformulas were used todeterminethe coefficients h or by and b,
204 enabling the determination die effectof the stage grouping on outbreakobability (increase, decrease,

205 no impact) Cycle shge probabilities an@dds ratios (OR)vere then derived

206 TheFisherOs exact tasitindependencevas used to assess differences in solar cycle stage distributions
207 betweenpandemict/-epizootics versus epidemid-epizootics for cycles defined by SSN, GSSN, TSI,

208 CRI, and MeV periodicitiesThis method compared the differences in the proportion of years with an
209 influenza outbreak over key stages of the solar cycle pi3d. Stage comparisons included PT0Q1,

210 andP01+T01 vesus T_P+P_Tand P+T andP+T (exact peak plus trough¢rsus AllstagegP+T). The

211 outbreak proportion was calculated as the number of years with outbreaks multiplied by 100 and divided

212 by the totaktageyears.

213 Logistic and linear regression analysignon-timing risk factors)

214  Three regression methode&re utilized to identifynorttiming outbreak risk factorsandunderstand what

9/47



215 factors increastor decreasdthe probability of an outbrealEirstly, a simplelogistic regressiorwas
216 usedto investigatethe impact of a singleindependentvariable (IV) or predictorin explairing the
217 variability of the dependent variabl@utbreak category)in case the outcome wabinary[80] [81].

218 Logistic regressions were estimated according to the folloegumtion82]:
219 () e, 3)

220 Wherep was the probability thatan outbreakexistedin a certain yeatXi is one of the IVs (SSN, GSSN,
221 TSI, CRI, MeV, 10Be, NHT|C, GT|C, SIC, and IARn (Ln) denoteghe natural logarithm!, andb are
222 regression coefficientsTen logistic regressiondased onmodel @) were estimated usinthe raw
223 anomalyanda 2b11-year SMA data(onesided moving averagd)om 1500 and 1706. Datasmoothing
224  wasusedto determine ifthe predictive utiliy wasimprovedby removing shorterm volatility, and to
225 reflect thesequentialncrease in Pearson correlation coefficients between 2 and 11 years witfgeolar

226 magnetic activity and electromagnetic actiwriablesversusclimate change variables.

227  Secondlyjt was investigatedf the meannumber of outbreakgersolarcycle yearcould be predicted by
228 thecycle meananomaly wherecycle timelinesveredefinedby SSN,GSSN, TSI, CRI, and MeYfough

229 to-troughperiods (T_T, from 170Q. Simplelinear regression wassed to checkor linear associations
230 betweenthesecontinuousvariables[83]. For each set of cycles defined by SSN, GSSN, TSI, CRI, and

231 MeV, 10linear regressions were estimatedading tothe followingequation80]:

232 L1 gl VT, (4

233  WhereY’; was the predictedneannumberof category outbreakper year for cycle number! ; is an
234 average of the independent variable (one of SS8ISN,TSI, CRI, MeV,°Be, NHT;C, GT;C, SIC,and

235 IAR) for cyclei, a,anda are corresponding regression coefficients.

236  Thirdly, multiple logistic regressiorwas conductedo investigate the sigitaneous impact afip toeight
237 IV predictors(assessedbl1-year SMA) plusa SSNP01+T0ldummy variable on the probability &ifre

238 different categories ahfluenza outbreak A stepwise $W) backward method was usedd 55 models
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were assessdohsed on mathematical criterian initial multiple logistic regressiorequationcontained

all IVs as follows(from 1700) [84] [85]:

" (1%) Dlby +10, LI 1y 1 by LTSI+ !5 1'% +1, -MeV+!, 1Bel0! !l o 11I"#$% !

- S A o TR = O IR (5)!
Where pis the probabilityan event existed in particularyear;In denoteshe natural logarithm; §
and hg are regression coefficient®redictors were then iteratively removed, and an interim
assessment made using the Akaike information criterion (AIGs was continuedntil the most
reduced model was identified comprising the lowest Aktlug with at least one significant

variable(Pr>|z|<0.05Pplusassociatednarginal predictors (Pr>|2)<20, but manly Pr>|z|<0.1%.

Outbreak distribution by variable anomaly quartile groupings

Chi-squared and Fisher's exact $ast independencavere used to assess anomaly magnitude and sign
guartile grouping proportionlifferencesin outbreaks (1500, 1700). Independent variablenamalies

were classified into six categoriegased on percentiletarge, mediumand small negativeand positive
quartiles An anomalybelow the 25th percentile was considered Olow,0 above the 75th percenti® Olarge
and betveen 25th and 75th percentiles OmediumO for both positive and negative an&makesh
outbreakcategory, the number of years with and without outbreaks was calguiatedwhich quartile
grouping proportions were calculablie R. Chi-square (usedwhen the expected frequency "5and
Fishets exacttests (sedwhen the expected frequency <8f independencewere used tacompare
differences between the observed frequency (Ao) and expected frequerdigt(ibefionsof outbreaks

(proportions) byquatile groupingg86].

General gatistical analysisconsiderations

This exploratory study involvethe use of multiple statisticahalysesachwith implicit subhypotheses
usingcontinuousdata andixed outbreaks, without any form of random sampling proceddoeP-value

corrections were made for multiple comparisons to ensure the risk of rejecting implistaveriesvas
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263 minimized given the catastrophitatureof pandemicsandthe exploratoryground breakingcope of this

264  study Subsequengmallerscaleconfirmatorystudies with preplanned hypotheses should be conducted to
265 confirm the observed associat®{B87], [88]. Statistical analyses wereonducted usingR statistical

266 programmig languagdversion4.0.2 and Microsoft Exce(Mac). For exploratoryscience purposea 2-

267 sidedP-value<0.050r Pr(>|zscore|)<0.05wasconsideredtatisticallyGignificantO

268 Results

269 Influenza outbreak databaseoverview

270 The outbreak databasketails49 regionally expansive influenza outbrea#tentified within the seven
271  expert reviews, which confirmegeographicextent = 49/49), origination if = 49/49), and concurrent
272  epizootics/zoonosis (n = 21/49)ext confirmationof geographicextent, and otherelevant information,
273 was provided by anedianof 3.0 expert reviewqrange = 17, mean = 3.2 and median of5.0 review
274  cited publications(range =1-9, mean = 4.Y per outbreak Three outbreaks were removed from the
275 provisionalpooledlist (n = 52) because geographéxtentwasunverifiable(1529, 1793, and 1843No
276 newoutbreaksrom outside the seven reviemgre addedDatabasesummaryresults argrovided inS1
277 Table The49 outbreaksvere split into31 pandemicscomprising 15concurrenepizodics (48%), and18
278 regionalepidemicscomprising 6concurrentepizootics(33%, Figure2A). Epizootic frequenciewerenot
279 significantly differentbetweenoutbreakcategories(Chi-square: X = 1.1, p= 0.30, df= 1). Equine

280 epizooticsaccountedor 76% (n = 16/21) of all concurreninfluenzaepizootic (Figure2B).
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Figure 2. Influenza pandemic and regional epidemic outbreaks between 1500 and 208 Database summary
of theinfluenza pandemic and major regional epidemiesoricurrent epizoats/zoonosisand Cat.A& outbreaks
from 1500 and 1700to 2018.(B) Summarizeshte btal number of pandemics and major regional epidemics ¢1500
2018) andthe number and percentageooftbreaksassociated with concurrent epizootanosigzoonosis proxy).
This summary information was derived frotime Table S1 (Supplementary material§igshare DO)J. Outbreak

databaseeviews[5]£[11].

Geographicorigination was confirmedfor 49 of 49 outbreaks either emphatically(n = 45) or
ambivalently (n = 4, Europeor Nth. America?). Where geographiorigination was specifiedit was
concentrated in EuropEUR n = 21, including Russia n =),5the Americas AMR, primarily North

America n=15), and Asia(n = 8WPR andSEAR,incl. China n = 4&ince 183D (Figure3).

100% . 2.0%(1 3.2% (1)
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80% - 33.3% (6)

0
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0

" Americas?

60% 7 /
50% 7 © Americas (AMR)
a0% |429% (21) 29.0% (9)

0

0,
30% 66.7% (12) / # Europe (EUR)
20%
0,
10% 25.8% (8) ¥ China, Asia (WPR,
16.3% (8) / SEAR)
0% - . . /
Pandemics & Epidemics (n = 49) Pandemics (n = 31) Epidemics (n = 18)
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Figure 3. The geographicorigination of influenza outbreaks +fconcurrent epizootics/zoonosisSummary of
the influenza outbreak dstase detailing the geographidgin of pandemics and major regional epidemics +/
concurrent epizootics/zoonogietween1500and 2018 This summary information was derived from the Table

(Supplementary materialgigshae DOI). Outbreak databaseviews[5]E[11].

All influenza pandemicdrom the 1918 Spanish fly including 1946, 1957, 1968, 1977, and 2009
pandemics, the 1976 swine flu epidemic (USA zoonagiafirmedhumanto-human transmissiongas
well asthefirst avian H5N1 (1997) and H7N9 (2013) zoongsi$ occurred withinone year othe SSN
peak or trough. ThiSSNpeak and trough association was shared by 76% of all outbreaks singg £700
26/34). Forty-one to 44% obutbreak categories comprisipgndemicoccurredat the SSN peak+/-1-

year and35-36% at theSSNtrough +£1-year.

Simple logistic regression analysis demonstrated the probability of a pandemic was significantly higher
within P01, TO1, and P01+T01l stages than P_T+T_P stages of theadXolar cycle (r= 24/27
comparisons P<0.@5n = 2/27with P = 0.051 and).056,and n = 1/27with P = 0.08for cycles defined

by SSN, GSSN, and TSI periodicities). These probabilities translated into a mean Od@3Rxtb2.9

(T01), 3.3 (P0O1), and 3.1 (PO1+T01) compared with the+H¥_P, averaged across all SSBISSN, and

TSI cycles and categories comprising pandem@sa mean OR = 3.1 for all SSN, GSSN, TSI, stages and
categoriescomprising pandemicsThe S2 Table contains a summary of the beta coefficientsjaRies,

stage probabilities (p)and Odds ratios (OR) an®5% confiderce intervals.The Figure 4 summary

information was derived fromZ34 Tables.
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Figure 4. Solar cycle stage grouping outbreak probabilities and Odds ratiogA) Odds ratiodor PO1 peak +/1
yeap, TO1 ¢rough +f1 yea), and combined PO1+TOtpmparedwith the interpeaktroughplusintertroughpeak
stages (P_T+T_PJor solar cycles defined by SSN, GSSN, and TST periodicities for different categories of
pandemics (Cat. AB, Cat A, and pandemics +¢oncurrent epizootics/zoonosighe Asterix above each P01, TQ1
and P01+T01 Odds ratio bar indicates a significant differenee BvT+T_P stage probabiliti¢p<0.0%). This
data was derived fronthe S2 Table which in turn was derived from S3 Tabi@) The number of influenza
outbreaks bySSNcycle stage grouping®r different categories of influenza outbreasd the number of years in
each stage grouping (far right bafjheseresults werederived fromthe S4 Tables (supplementary materials,
Figshare DO). Data citations:Outbreak databaseeviews[5]£[11]. Publicly availableindependent variable data

[55], [56], [62]

The Fisher's exact testsults showedhere were naignificantdifferencedn solar cycle stage frequency

distributionsbetweerpandemics and epidemig¢éepizodic (all P'0.20, except on€>=0.12,S5Table.

Simple logistic regressionanalysis revealedhon-timing risks factors

There was higherprobability of an outbreak during sustainedX1yr SMA) cooling (-GT;iC, -NHT;C
anomalie¥ and glaciatiorperiods(-SIC crustal algal growtkr increased sea ice coyeAR anomalie},
relative to th& respectiveRPM. Significant negative regression coefficients were obtaibetveen

GTiC and CatA&B outbreaks(all B = -0.6, all P<0.04, n= 48, 1b11-year SMA, 1500), and with
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330 NHT;C andepidemics +epizodic since 150Qall B =-2.8 to-3.1, all P=0.01, n= 18, 1b11-yearSMA)
331 and 1700(all B = -3.4 t0o-3.6, all P = 0.01, n= 9, 1Pll-year SMA. A significant negativecoefficient
332 indicates aeducedoutbreak probabilityasthe GT{C andor NHT;C increasedbove the RPMand vice
333 versaResultdn this section refer to Table 1 aBé Table(supplementary materialgjgshare DO).
334 Table 1. Coefficients osimple logistic regression andP-values by outbreak category
Outbreak | A&B | Epi* | Epi* | Epi* | Epi* | Epi* | A&B | A |Pan*|Epi* | A&B | Epi* | Epi* | Epi* | Epi* | Epi* | Epi* | Pan* | Epi* | Pan*
Start 1500 | 1500] 1700 1610 1700 | 1700 | 1700 [1700/1700[1500] 1700 1700| 1700 | 1700] 1610 1500| 1700 | 1610 | 1500 | 1500
Variable |GT{C [NHT; [NHT;i| TSI | CRI | MeV | SIC [sIC|SIC[IAR | CRI | TSI | SSN [GSSN/GSSN| Be10| Be10 | TSI | MeV | MeV
Raw |06 |28 |34 [-16 [61 |001 [-09 |[-0.9 |-08][125 0.3 0.8 0.002
Data  [(0.04) [(0.01) [(0.01) [(0.02) [(0.002)[(0.02) |(0.01) {(0.02[(0.04{(0.04 (0.04) (0.048) (0.02)
2yr 06 |29 |34 [14 |65 [-0.01 [-08 0.001
SMA  [(0.04) [(0.01) [(0.01) [(0.03) [(0.001)[(0.02) |(0.052) (0.04)
3yr 06 |29 [34 |14 [66 |001 1.8 11 |16
SMA  [(0.04) [(0.01) [(0.01) [(0.04) |(0.001)[(0.02) (0.04) (0.04) [(0.03)
4yr 06 |29 |34 [14 |66 [-0.01 [-1.0 20 |25
SMA  [(0.03) |(0.01) [(0.01) [(0.04) [(0.001)[(0.02) [(0.04) (0.02) [(0.05)
5yr 06 |30 |35 [-14 |67 [-0.01 |-1.0 22 |27 [002 [-04 |03
SMA  [(0.03) {(0.01) [(0.01) [(0.04) [(0.000){(0.02) [(0.03) (0.01)[(0.04) [(0.047)(0.04) |(0.049
Byr 06 |30 |35 [-15 [67 [-0.01 |-1.1 413[23 |29 [-003 |05 |03 17
SMA  [(0.03) {(0.01) [(0.01) [(0.03) [(0.000){(0.01) [(0.03) (0.02/(0.01)[(0.03) {(0.02) [(0.02) [(0.03) 0.051
7yr 06 |30 |35 [-15 [65 [-0.01 |-1.0 23 [32 [003 [-05 |03
SMA  [(0.03) {(0.01) [(0.01) [(0.03) [(0.000){(0.01) [(0.047) (0.01)[(0.02) [(0.01) [(0.02)|(0.04)
8yr 06 |30 |35 [-16 |65 [-0.01 |-L.0 23 |34 [004 [-06 |03
SMA  [(0.04) [(0.01) [(0.01) |(0.02) [(0.000)[(0.01) |(0.054) (0.02)[(0.02) [(0.01) {(0.02) {(0.03)
oyr 06 |30 |35 |16 |66 |0.01 22 |35 [004 [-06 |04
SMA  [(0.04) |(0.01) [(0.01) |(0.03) |(0.000)[(0.01) (0.02)[(0.02) [(0.01) {(0.01){(0.01)
10yr |06 |31 [35 [-1.6 [59 [001 38 [-004 |-07 |05 -0.003
SMA  [(0.04) [(0.01) [(0.01) [(0.03) [(0.002)[(0.01) (0.01) [(0.01) [(0.01) [(0.012) (0.049)
1lyr |06 |31 [36 |16 [62 |0.01 39 [004 [-07 |05 -0.003
SMA  [(0.04) |(0.01) [(0.01) [(0.02) |(0.001)[(0.005 (0.01) [(0.01) [(0.01)[(0.01) (0.049)
Years(n) [494 |501 [301 [409 [308 302 [311 [311 [311 |481 |308 [319 (319 [316 [406 [481 286 [409 [502 502
Outbreak [48 |18 |9 15 |9 9 34 |28 |25 |18 [33 |9 9 9 15 [18 |9 28 18 30
335  Coefficients ofsimplelogistic regression and-RPalues (bracketedelow) for an array of solar activity andimate
336 change variables (raw databll-year SMA), and different categories oinfluenzaoutbreaksbetween1500 or
337 1700 and up ta2018 This summaryesultstable was derived frorR resultsin S6 Table (supplementary materials,
338 Figshare DO). Data citations:Outbreak databaseviews[5]E{11]. Publicly availableindependent variabldata
339 [55]H59], [62]B65].
340 TheArctic crustal algagrowth anomalysea ice cover proxysIC) raw datayielded significantnegative
341 regression coefficient®or all categories comprisingandemis since 1700all B = -0.8 t0-0.9, all P =
342 0.01:0.04, CatA&B n = 34, CatA n = 28, pandemict/-epizodic n = 25), and withCat.A&B outbreaks
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and SIC4br-year SMAanomalieqall B =-1.0 to-1.1, all P=0.030.047, n= 34). A negative coefficient
indicates areducedoutbreak probability as the SIC crustal algal growtbreasedabove the RPM
(meaningless sea ice), and vice vergasignificant positive regression coefficiamas obtainedvith the

ice accumulation ratdAR) anomaly ancepidemics +epizoo since 150(B = 12.5 and41.3 P = 0.04
and 0.02 n = 18, raw data and-year SMA). A positive coefficient indicates an increased outbreak

probability as the IAR increasebove the RPMGreenland glacier growth), and vicersa.

There was a higher probability of autbreakduring periods of low solar activitySignificant negative
regression coefficients were obtaineih epidemics +epizooand TSI since 161Qall B = -1.4 to-1.6,

all P=0.020.04,1BP11-yearSMA, n= 15) and 1700 (B= -2.5 t0-3.9, P= 0.01-0.05,4Bb11-year SMA).
Significant negative regression coefficients were also obtained between epideepizot/and SSN (all

B =-0.02 t0-0.04, all P=0.01-0.047, 5B11-yearSMA, n=9, 1700), andwith GSSNsince 161qall B =
-0.3 t0-0.5, all P=0.01-0.049, 1-yearand5b11-yearSMA, n=15) and 1700 (all B=-0.4 t0-0.7, all P=
0.01-0.04, 511 year SMA n=9). Negative coefficientindicatea decreasing outbreak probability as the
TSI, SSN, and GSShhcreasedbove the RPMand vice versalheP-valuesignificancelevel increased

with data smoothindpr these solar activitgycle variablegfrom 5 to 11yrSMA).

Significant positive regression coefficients were yidlthetween CRI and CA& B (all B=1.8-2.3, all P
= 0.01:0.04, I0-year SMA, n= 33) and epidemics +¢pizootics (all B= 5.9-6.7, all P<0.01, il 1-year
SMA, n = 9) since 1700. Significant positive regression coeffisiamére also obtained for'°Be and
epidemics +epizoo since 1500 (B 1.1, P=0.04, 3year SMA n=18) and 1700 (B=1.6, P=0.03, n=
9, 3year SMA).A positive coefficient indicatedan increasing outbreak probability as the CRI Hie

increasedbove the RPMlow solar/gecmagnetic activity)and vice versa

Simplelinear regressionanalysisconfirmed outbreak risk factors

There was grandmean0.08-0.11 outbreaks pesolar cycleyear across all influenza outbreak categories

comprising pandemics $E = 0.01-0.02 years or approximately 16% of tlrerespectivemears, 1711
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385

2008). This equated to a mean outlraderval of 9 years (&.A&B), 10.7 years (C&) and 121 years
(pandemics +£pizoo), or 1.21.0,and 0.9 outbreaks respectivelgrpnean 1dyear solar cyclalefined

by SSN, GSSN, and TSI _T periodqFigures 5A and B) Datais detailedn S7 Table

2z

B)

" Cat. A&B 12 -
(@9.0-9.1yrs, or
1.2 per

SSN, GSSN, TSI

cycle) 10

Years

@cat. A

— (@10.5-10.8yrs, or

1.0 outbreak per

SSN, GSSN, TSI 6
cycle)

0.08

Cycle average outbreak number per year

| S Pandemics +/-
epizoo
(@11.9-12.3yrs, or
0.9 outbreaks per
| SSN,GSSN, TSI
cycle)

SSN (27 cycles) GSSN (27 cycles) TSI (27 cycles) CRI (26 cycles) MeV (24 cycles) 0

Figure 5. The mean number of influenza pandemics per year and solar cycle duratiod) The mean number
of influenza pandemics (different categoriggr solar cycle yeasince 1700for SSN, GSSN, and TSlycleT_T
periods with standarcerrorbars(mean of means)rhe reciprocal of thgearly outbreak ratevas the mean interval
between outbreaks (detailed in the legend, right of grapti)The mean solar cyclduration since 1700 derived
from SSN, GSSN,TSI, CRI, and MeVtroughtrough periodgyears) with standardieviationbars.These graphics
were derived from S7 Tablésupplementary material§igshare DO). Data citations:Outbreak databaseviews

[5]811]. Publicly availablesolar activity cycle dataused[55]5]58], [62].

Simplelinear regressioranalyss confirmedthe ability of cycle meanvariableanomaliesto predict the
meannumber ofoutbreaks pecycle yearsince 1700 Significant negativeregression coefficients were
obtained forcycle mearGT{C and mearCat.A&B outbreaks per yedall B = -0.05t0-0.06 allP=0.01-
0.03 n=26-27 SSN, GSSN, TSland CRIcycle T_T periods or cycleg, and mean pandensie/-epizoo
percycle year B = -0.04, P=0.04 n = 27 TSI cycles). Significant negative regression coefficients were
alsoyielded etweenmean cycleNHT{C and mearCat.A&B outbreaks peyear(B = -0.15and-0.16 and
P=0.03and0.02, n =27 and B TSI and CRI cyclesespectively, andmean epidemics +gpizootics per

year (B=-0.10,P = 0.03 n = 27 TSI cycles). This indicates cycles (esp. CRI, TSI) with a mean GT;C
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386 and NHT;{C anomalygreater than the RPMere associatedvith a lower pandemic and/or epidemic

387 outbreakper cycle yeaprobability, and vice versarhis section refers to Table 2 aB8 Table.

388 Table 2.Regressioncoefficients andP-values (mean cycle variable, mean outbreaks per cycle year).

Category A&B Pan* A& B Epi* A&B A Pan* Pan* Epi* Epi* A&B Epi* Pan* Epi*
Independent GTiC | GTIC | NHTiIC | NHTiC | sIC | sic | sic | IAR | IAR | Beto | CRI | CRI | Mev | TsI
Solar cycle defined by:

SSN (17112008, -0.05 -0.11 0.07

27 T_T cycles) (0.03) (0.01) (0.03)

GSSN (17112008, | -0.06 -0.10 0.07

27 T_T cycles) (0.01) (0.01) (0.03)

TSI (17122008, 27 | -0.05 | -0.04 | -0.15 010 | -0.11 -1.97 | 0.09 -0.09
T_T cycles) (0.03) | (0.04) | (0.03) (0.03) | (0.01) (0.04) | (0.02) (0.05)
CRI (17212000, 26| -0.05 -0.16 -0.09 | -0.08 | -0.07 0.23 | 013

T_T cycles) (0.02) (0.02) (0.01) | (0.03) | (0.04) (0.03) | (0.01)

MeV (17091997, 2.63 0.0002

24 T_T cycles) (0.04) (0.01)

389  Coefficients ofsimplelinear regression are summarized for an array of cycle nmependenvariablesandthe

390 cycle mean number of outbreaks per yiarcycles defined by SSN, GSSN, TSI, CBhd MeVtroughto-trough

391 (T_T) periodssince 1700Regression coefficients are placed abovebtlaeketedP-values. This data summary was
392  derived fromthe R results inS8 Table (supplementary materialgjgshare DO). Data citationsOutbreak database
393  reviews[5]E11]. Publicly availablendependent variabldatg55]£[59], [62[E{65].

394  Significant negative regression coefficients were obtained betamgde meanSIC and mean Cat.AR

395 outbreaks pecycleyear(all B =-0.09 to-0.11, all P=0.01,n=26-27 SSN, GSSN, TSI, and CR¥cles),

396 and withCatA and pandemics +épizoooutbreakgB = -0.08 and-0.07, P= 0.03 and 0.04espectively

397 n =26 CRIcycleg. A significant positive regression coefficiemtasobtained ltween cycle mean IAR
398 and mean pandemics-epizootics per cycle year (82.63, p= 0.04,n = 24 MeV cycles). By contrasta

399 significant regative regression coefficient wgielded between cycle mean IAR and mean epidemics +/
400 epizootics per cycle year (B-1,97, p=0.04, n= 27 TSI cycls).

401 A significant positive regression coefficient wasbtainedwith meanCRI cycle anomdies and mean

402 Cat.A&B outbreaks per cycle yeé® = 0.23,P = 0.03)andwith meanepidemics +epizoo percycleyear

403 (B = 0.13,P = 0.0]) for cycles defined byCRI T_T periods(n = 26). Significant positive regression
404  coefficients were yielded fanean'Be cycleanomaliesandmeanepidemics +epizoopercycleyear(all
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405 B =0.070.09 all P=0.020.03 n= 27 SSN, GSSN, and TSI cysJeA significant positive coefficient
406 meant there was an increasale outbreak ratéper yeay as the cycle mean value increased above the
407 RPM, and vice versa. Correspondingly, a significant negative coefficient meant there was a lower

408 outbreak ratéper yea) as the cycle mean value reasedhbovethe RPM, and vice versa.

409 Qutbreak distribution by quartile grouping highlights risk factors

410 The midstudy (1750 +) broadly coincided with theoldest and lowest solar activity period, while the
411 mid-RPM broadly coincided with the warmest and highest solar actpgtyod, during the study period
412  The NHT;C anomaly(15002000)wasat its deepesB0-year SMAtrough in1718 andat its tallest 30
413 year SMApeakin 1962 while the GTiCanomaly(15001993)was a its deepesBO-year SMAtrough in
414 1775 andpealedin 1955 (30year SMA. The *°Be anomaly (150994) reached its 3gear SMA peak
415 in 1721 ¢eriod oflowest solaf/gecmagnetic activity) andts deepest trough in 1964€riod ofhighest
416 solar/gecmagnetic activity), while the TSI anomaly (162018) reachedits deepest 3@ear SMA

417  trough in 1675 and reachéd 20" centurypeak in1964.

418 The percentage of negativindependent variabl@anomalies and outbreaks associated with tigya
419 anomalies ara@letailedin Figure 6, which summarizecco-plots d Cat.A&B outbreaks andll IVs (S9
420  Figure A-J, Supplementary materiglsThe majorityof the temperature (GT{C 74%, NHT;{C 90%) and
421  solar activityvariables(TSI 71%) were below or abo(ERI 81%,'%Be 68%) their respectivel 961-1990

422  RPM.Forty-five of 49 (92%) outbreakoccurred before tfRPM and three during the RPM (7.7%).
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Figure 6. Percentageof negative anomalies and outbreaks associated with negative anomaligis figureOs
data summarizes tHmear plots for each independent variable &ad.A&B outbreakswhich arecontained in S
Figure A-J (supplementary materialgjgshare DO). For perspectivethe 19611990RPM, by whichmostvariable
anomalieswverederived represented a periatkar the heend of amulti-centuryArctic and Northern Hemisphere
warming phase that started in the eanlyd 18th centuryin the depths of the Little Ice Agénid-study) Data

citations:Outbreak databaseviews[5]E{11]. Publicly availabldndependent variabata[55]E159], [62]E165].

Chi-square(X?) and FisherOs exact (Oddsio, OR) test valuesassociated with p<0.08a significantly
higher proprtionO) and their degrees of freedom?(¥ll df = 1. OR all df = not applicably are
summarized ir510 Tableand were derived from S11 Tabiehich applies to this sectior significantly
higher proportion ofcategoriescomprising CafA outbreaks $IC, 1500, 1700) and epidemics +/
epizodics (GSSN, 1500) occurred with @1 negative versus all positiveO anomaly quartidgroupings
Significant test values were yielded fdufe negative versus all positiveO quartilegrouping proportions
for epidemics #epizootics and NHT;C (1709 TSI (1500), and MeV (1706). At the other extreme, a
significantly higher proportion of outbreaks occurred withv€2 positive versus all negativeO quartile
groupingsbetweenepidemics +fpizootics ad IAR (1500) and CRI (1509 1700), and with MeV and

pandemics +£pizootics (1504).

A significantly higher proportion of outbreaks occurred withrg2 plus medium negative versus all
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positiveO quartilegroupings forcategoriesomprising pandemicéSIC, 1500, 1706 andwith epidemics
+/-epizootics (GSSN, 300-). At the otherextreme, significant test values were obtained forgd plus
medium positive versus all negativeO quartilegroupings for categories comprising pandemics (GT;C, SIC
IAR, SSN, Mé/, 1500 and/or 1706). A significantly higher proportion obutbreaksoccurred with
Qarge plus medium negative versus large plus medium positiveQ anomaly quartigroupings for
Cat.A&B and GT{C(1500, 1700), epidemics +epizodics with GT;{C (1500-) and MeV (@700), and

with Cat.A&B andCat.AandSIC (1700).

Multiple logistic regressionconfirmed outbreak predictors

This section reviews the begepwisemodels(best models)andall best andshortlisted modelswith "1

P<0.05 predictofAll-modelg across all outbreak categori@his section refers tdable 3andS1213
Tables Solar/geamagnetic and electromagnetctivity-related variables accountéar the majority of
significant and marginal predictofsr All-models Each categorpestmodel withthe lowest AlCvalue

wasachieved whelitVs were smoothed between 9 ahtlyears

Table 3.Multiple logistic regression best modednd variance inflation factor summary results.

(A) Lowest AIC, | _%timate Cat. Cat. A | Pan* | Cat. Epi* (B) Variance | Cat. | Cat. | Pan* | Cat. | Epi | Avg
Outbreak category | Sign: +ve | A&B B Inflation Factor | A&B | A B * .
Pr(>|z|)<0.05, and | or Eve (VIF) VIF
<0.16
SA MAV period 11 9 10 11 11
Intercept -ve
10Be anom. -ve 0.12 | 0.07 | 10Be anom. 3.7 29 |30 93 22 25
CRI anom. +ve 0.04 CRI anom. 12 7 8 634 |30 138
MeV anom. -ve 0.03 | MeV anom. 3.0 25 |27 159 |8 35
TSI anom. +ve 0.10 | 0.04 | TSl anom. 3.7 33 |35 30 9 10
NHT;{C anom. +ve NHT;{C anom. 15 10 11 35 32 20
GT;C anom. -ve 0.10 | GTiC anom. 5.2 43 |49 61 8 17
SIC anom. -ve 0.16 SIC anom. 3.0 3.2 |32 11 45 |5.0
IAR anom. +ve 0.06 | 0.10 | IAR anom. 1.3 14 |14 11 22 |34
SSN_dummy_P+T +ve 0.04 | 0.049 | 0.04 SSN_dummy_P | 1.0 10 |10 21 12 |13
AIC 150.8 | 135.4 | 124. | 315 | 52.5 | Avg. VIF 5.3 40 (44 115 |13 28
Cox Snell pseudo 0.03 0.02 0.02 | 0.08 | 0.06
Number 219 229 224 | 219 219

(A) Multiple logistic regression best model summarieseach outbreak category (all stepwise, backward method).
Each best modelummarizes significant and marginal model predictmmsyides the sign of thi estimate (positive

or negative impact on outbreak probabibity the variable increases, and wees3, andrepresentethe lowestAIC
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458 valuein its category (B) The variance inflation factofVIF) was used to assess muttollinearity. Best model
459  summaries from R are provided in the S12 Table and amédlel summary in S13 Tab{supplementary matials,
460 Figshare DO), which summarize all 55 shdisted models with "1 significant variabl®ata citationsOutbreak

461  databaseeviews[5]E[11]. Publicly availabléndependent variabkata[55]E]59], [62]E]65].

462  Solar/geomagnetic and electromagnetic activity related predictacsounted for étween 100%

463  (Pr(>|z[)<0.056/6 1Vs, n=5 models)and69% (Pr(>|z|)<0.16, 9/13 IVs,:n5 modeld of all best model

464  predictorsand between 78% (Pr(>|z|)<0.05:A3/55)and67% (Pr(>|z|)<0.2n = 80/120) ofAll-modes.

465 The SSN T01+P01 dummy variable wasignificantpredictorin all threebest modelsandin 31 of 33

466  potential All-model occurrences over the three categories comprising panden{Rr(>|z[)<0.2) In

467 contrastithe SSN T01+P01 dummy variable was not a significant or marginal predictor for Cat.B and
468 epidemict/-epizootic categories iAll-models Contrastingly, CRfeatured in20/22 All-model potential

469 occurrenceswith CatB and epidemics +epizootics(Pr(>|z|)<0.05. All three significant best model

470 epidemicpredictorswere ®lar-/geomagnetic and electromagneitivity related (CRIMeV and TS).

471 Climate changeredictorsdid not featureto the same degree as solar activity related prediators! -
472  models There were naignificantbest modetlimate changgredictors(all Pr(>|z|)= 0.060.16, n= 4 of
473 13 1Vs), while three of the four marginatlimate changepredictors wee associated with categories
474  comprising epidemicsHowever, climate change variables aaoted for 22% (all Pr(>|z|)<0.050 =
475  12/55)and 33%of All-model predictors&]l Pr(>|z[)<0.2n = 40/120) including SIC (n = 14), NHT;C
476 and IAR (n = 10), andGT;C (n = 6) anomalies Best model and Aimodel variance inflaibn factors
477  (VIF) highlighted acomplexissueof multi-collinearity with solaractivity (CRI, MeV, 10Be,TSI) and

478 climate change predictors (NHT, GTSIC, and IAR), especiallywith epidemic catgories(see next).

479  Multi -collinearity implicated solar activity correlated climate change

480 Basic analysis confirmed normal data distributions (skewness with#t) ahd peakedness (kurtosis

481  within +/-7) for all independentvariables (S14Table Supplementary materidlsPearson correlation
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482  coefficientsbetween egression model Vs (plus GMAA) are summarized iRigure7A and 7B. @ 495
483  correlationpermutationsassesse®63 (73%)were P<0.001, 40 wergp>0.001 anc0.05 (8.1%)and 92
484  were nonsigrificant (19%). Thiscorrelationanalysishighlighted mediumto-high correlationsnvolving
485 solar/geomagnetism (espCRI, °Be) and solar electromagnetis(fSI), with climate change variables:
486 NHT{C with CRI, *°Be, GMA andTSI anomalies GT;C with CRI, *°Be, GMA, NHT, SIC andSSN
487 anomaliesSIC with GMA anomaliesThese correlationscreased with data smoothifigegative r: avg.
488 r =-0.45increasedo r = -0.70, n = 9 comparatorspositive r: avg. r= 0.43increasedo r=0.65 n=9

489 comparatorsl to11lyr SMA (Figure7A and 7B,S15Table Supplementary materigls
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491  Figure 7. Pearson correlation coefficients betweesolar activity and climate changeoutbreak predictors.

492  Graphically displayed Pearson correlation coefficients for &elar/gecmagnetic variables versus selgec

493 magnetic, solar electromagnetic, and climate change variables, and climate change versus climate change variables
494  (1Bll-year SMA, both variables). Correlatiocoefficientsand associated datee provided to the right of each

495  figure (A) and(B) legendandin the S15Table (supplementary materialgjgshare DOJ. A linear and scatteplot

496  of an 18year SMA'%Be versus NHT;C raw data anaiies (14061994) is provided in S1Bigure (supplementary

497  materialsFigshare DO). This figuredemonstrates thail Little Ice Age grand solar minimum periods paralleled a

498 sustained NHT;C coolingwhile these variablesountertracked each otherOs large volatilities over decadal to

499 centennial time scalag to the posRPM period Data citationsPublicly availableéndependent variablgata[55],

500  [57]E[60], [62]E165].

24/ 47



501

502

503

504

505

506

507

508

509

510

511

512

513

514

515

516

517

518

519

520

The best modéland All-modef mean variance inflation factors for CRI (V#138', 41%), MeV (VIF =
35", 17), 10Be (VIF= 25", 69, NHT;C (VIF = 20", 13), GTiC (VIF = 17", 7%, and overal{meanVIF =
28', 107) are provided in Table 3Band S13Tabl€ (B). Multi-collinearity was most evident witBat.B
outbreakgmean VIF= 115, 3%) andepidemis +~epizodic (meanVIF = 13", 79, two-thirds of which
originated in Europe. T level of multicollinearity indicates potential suppressoteraction &ects
between model predictar§his high VIF data (>10) reflects the highincreasingPearsoncorrelation
coefficients (from 1 tdl1-year SMA) betweerthe solaf/geomagneticproxies especiallyCRI (assessed
at earthOs orbignd 10Be (Greenlandice core derived)with the terrestrialerived climate change

proxiesNHTC (Greenland ice core derivedIC (Arctic), and GTjC(Greenland ice core)

Re-calibrating outbreak risks relative to the Climate Optimum

This section refers tBigure8, and S17 Table and SEgure (16 annotated ice core temperature plots).
The Little Ice Age (LIA)GT;C temperature nadir wagachedby mid-studyin 1761, which occurred
7,771 years afteandwas-5.9{C belowthe Holocene Climate OptimunmHCO) peaktemperature (6010
BCE) [64]. The Vinther1l1,700year Grealand ice corellA temperature nadir was reached in 1700
which occurred,680 yess afterandwas-4.9;C belowthe HCO (5980 BCE)67]. Similarly, the meanof
nine Greenland ice coréBuizert) showthe LIA temperature nadir was reache80D2 (SD= 72 years),
which occurreda mean 7,30%earsafter (SD= 920) and was a meah.0;jC (SD= 1.0;C) below the
HCO peak temperatureThis mean5.0;C declire represented 24 of the prior Holocene interglacial
increase in absolute termBuring theHoloceneinterglacialperiodthe temperature increed by a mean

23.1iC in a mearB,844years(meanLGM 15,349 BCEand HCO 5,508CE) [69].
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Figure 8. The GT{C mid-study climate benchmarked against 15 polar ice cores (A) Temperature changes
between glacial cycle landmarks are provided for 16 polar ice cores, including fi@dafa used in this outbreak
risk factor study. Interlandmarkperiods include (i) the Holoceneriterglacial periodbetweenthe Last Glacial
Maximum (LGM) and Holocene Climate Optimum (HCO), or tlweldestglacial cycle (GC) temperature to the
hottesttemperaturgor anomaly, iC) (ii) the HCO to Little Ice Ag€LIA) temperature nadir, or peak glacial cycle
temperature to lowest temperatuafter the HCO during the LIA period (B) The ice age entry percentage
correspondswith the temperature decline between the HCO and (WA mid-study) divided by theHolocene
interdacial temperature increase between the LGM and H&¥@.S17 Tabléor the data table underpinning these
graphics(supplementary materialgjgshare DO). Data citationsPublicly availablepolarice core @ta[64], [67]D

[73].

From the LIA temperature nadir (176tb)mid-RPM (1975)the GT;C then increasedd5;C in 214 years,
andthe Vinther Greenland écore temperature increasg@;C in 260 years from 1700. This means that

by 1975 and 1960 Greenlansas still 4.4iC and B;C colder than at the HCO7.8kyr and 7.7kyr
beforehandrespectively The Buizert Greenland ice cores showed a mean 2.4{C increase in 178 years
from the LIA tempeature nadir to the mi&®PM (SD= 0.3;C, n = 9). Despite thisvarmingoscillation
BuizertOs nine Greenlaia® core werestill a mean %jC lower (SD= 1.0;C) than at the HCO peak

temperatur&.5kyr prior, or 11% ofther mean Holocene interglacial increase in absolute terms.

In Antarctica the temperature declines betwebe HCO peak temperature and LIA temperature nadir at
DomeC (Jouzel), Vostok (Lorius), Dome Fuji (Uemura) represented 36%, 19% and 15% respectively of

their respective Holocene interglacial increases in absolute terms.
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Discussion

In general, across adlnalyticalmethods(1500, 16106, 1700), pandemicswith aSSN P0O1+TO01 trigger)
and epidemicswith a +CRI anomalytrigger) were associated with periodssostained (411 years]11-
year cycle meangsand/or extremer/-medium quartile periodsof: (1) low solar/geomagneticactivity
(proxied by+CRI, +10Be-MeV, -SSN,and-GSSNanomalie¥ and electromagnetiactivity (proxied by
BrSl anomalie¥, and(2) cold-glaciating climate change implicating Greenlaptbkied by-GTjC, -SIC-

algal growth and+IAR ananalie§ and Northern Hemisphere regiompsdxied by-NHT;;C anomaliek

Four categories of outbreak risk factors putativiehplicating Oimmunological susceptibility and induced
immunosuppressionO e identified. These included dkar solar cycle extremes, lowsolar and
geomagnetic activity, Arctic cold and glaciatibnid-study was the coldest-iciest period 8-kiloyears after
the glacial cycle peak temperature) and geographicrisk (Europe, North America, Russia, China). The
databasend eachisk factorarereviewedandcomparedwith prior studiesandgivenrelevantcontextvia
the literature. Th@utativemeansby whichrisk factorswerelinked to @mmunological susceptilily and

regionatscaleinduced immunosuppressiOarealsoreviewed

Influenza outbreak databasereview

On a comparable basis since 1700, giisdyOslatabasenethodconfirmed geographical extent for 25
pandemics and nine regional epidemics, dethiled15 concurrent epizootitoonosis(seven reviews)

This compared withTapping®s 181 pandemics (two reviews), Ertel®s 25 pandemics (10 reviews),
YeungOs 15 pandemics and possible pandemics (five reviews), while Qu utilized YeungOs uncertain list.
This methodologyresolvedexpert review differences in outbreaklassifications ¢ instances), while
eliminating uncertainty foR1 instances ofp@ssibl®pandemicsn 157 pooledoutbreakassignationsin

line with all priorstudiesand historical recordstated outbreaks may ralt have een influenzaA, but

could have been other pathogens behaving like and described as infligrigapathogeftiology

uncertainty was more likelypefore 1700due to heterogeneous disease terminologies ancklative
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paucity ofdetailedrecordsby physiciansThis inherentuncertainy directedthe dual analysis fron150G

and 1700 (3/5 analytical methods started from 1700 anyhow).

A surprisediscovery was that since 1500both pandemicsind regional epidemicavere frequently
associated with concurrent influenza epizoofi¢6% equineassociatel] which was notsignificantly
different in frequencybetweenthese outbreak categoriebhis concurrertequivalent epizootic finding
between pandemics and epidengogs againstonventional wisdomin whichepidemicswvere said to be
associatedvith viral mutation of season&ndemic IAV subtypes (antigenic drifivhile pandemics were
said to beassociated with zoonosis andl&V reassortment (antigenic shif§], [10], [89]. This finding
indicates some regional epidemicst/-epizootics were different from seasonaéndemic influenza
Alternatively, theycould haverepresenteautbreaks whose global spread whwarted,or represented
EuropeOs special case wétidemics(seediscussion ormulti-collinearity), or epidemics beford 825

were pandemics incompletely recorded in the global re@oild outbreak}, or combinations thereof

Outbreak timing risk factor s (solar cycle peaks and troughs)

Pandemics were periodically inescapable on aryebt solar cycle basis, while solar cycles were
relatively predictable. There was roughly one pandemic pgreat solar cycle since 1700, with three
guarters of these occurring within one year of the cpelekand trough. There wasgood agreement
betweersimpleandmultiple logistic regressiotin identifying sunspot number PO1 and/or TO1 solar cycle
stages as timing risk factomslultiple regressioranalysisconfirmed the SSN P01+T01 dummy variable
as asignificant pandemigredictor in altthreebestmodelsand31/33shortlistedmodels, suggesting SSN
cycle extremes+/- 1-year were apandemicerigger. By contrast, significance was not achievied
P01+TO1 stagewith epidemics(all 22 modek), potentiallyreflecting the smaller numbedd epidemics
compared with pandemics &9 -v- 25, 1700) andor having different triggersGRI, seegeographic
risks). These resultsonfirm Hope SimpsonOs original observation on pandgaaktiming, and study

conclusiondy Tapping, Ertel, Yeung, and @laiming a link between SSNkeemes and pandemic risk
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The theoretical case for solayeomagneic modulation of circadiammmuncinflammatory biology
merits consideran in explaining this timing riskdata As introduced,an 11-year SSN P01+T01
concentratiorof outbreakspotentially implicatechanges irsolar magneticpolarity andor heliospheric
magnetic flux [14], [17], [61] Theoretically, nagnetoreceptive cryptochrome regulatory proteins
(repressorsjnteracting withcircadiancore molecular clockworKCLOCK-BMALL1) offer a means by
which geomagnetisntould modify immuncinflammatory biology [18]. Cryptochromes arenighly
conserved ancientubiquitous photoreceptor flavoproteins contaig two non-covalently bound
chromophores: a redeactive flavin adenine dinucleotide (FAD) and a lidjaivesing cofactor.
Cryptochromesignaling is tied to the photoreduction of FARhosespin chemistryis magnetoreceptive
in an effect known asa radical-pair mechanism. The feasibility science for magnetoreceptive
cryptochromeamodulationoperatingwithin weakgeamagnetic fieldasvasexpertlyreviewed in the context

of bird migrationand plant modelgL9], [20], which highlightsits potentialfor outbreak risk involvement

Geographical related outbreak risk factors

This studyshowedthat Europe,North America, Russia, an@hinaoriginated81% of all pandemicgn =
25/31,1500), while Europe (2/3% and North America1/3®) accountedfor all epidemics Historical
outbreak reviewerconstraintsbias and incomplete record coveragwe-1700 cannot be ruled out
However, ¢her potential causealso exist that implicateNorthern Hemisphere ¥30-40iN) and Arctic
latitudes and possibly bird migration cruising altitudeger these latitude Prior solar activitypandemic

risk factor studiesnd the seven expert reviedisin®quantitativelyassesgeographical risks

Single nucleotide polymorphisms(SNP). One hypothesiss that certain raceethnicities (Caucasian,
Chinese)with innate/early adaptiveimmunity SNP(s)[26], [27], [90], [91] and devoid of preexisting
protecitve-adaptive immunity (Bcell and/or Tcell) were doubly susceptible to novelzoonotic IAV
infections Suchpeople if in contactwith horsespoultry-migrating birdgs, animal marketandprocessing
[13], [92], could have represented the primary zoonosis doorammy early humaitio-human IAV

transmissiorObreederO populati®NRfamily clustes) [93], [94]. In suchpeoplefamilies, Bottleneck
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1Osbiology could have been more readilysurmountedif they were renderedimmunosuppressetly
regionatscale stressors impacting theircadian (PO1+T01 solafgeamagnetic triggerJand immune
systens (cosmicrays, cold stressXConcurrent withsurmountingBottleneck1Os biologyregionalviral
transmissiorcould have beefacilitated in an immunologically susceptible populati@ottleneck?2), if

alsorenderedmmunosuppresse@eomagnetism, cosmic rays, caliless)

Regional modulation of atmospheric cosmic ray entry and ionization: Cosmic ray intensityas a
significant predictor(trigger) in 20/22 Alkmodel potential occurrences for Cat.B and epidemies +/
concurrent epizooticandin 24/55 significant predictors across file-outbreakcategoriesTwo-thirds
of epidemics originateth Europeandthe balance largely in Nth Americ&eographicalisk could have
arisenin theseregions associated withdifferentials in solar and/or gemagnetismand cosmic ray

ionization,in geographicalatitudesaltitudesrelevantto outbre&s and animatlAV reservoirs

Magnetic latitude defines a critical threshold (offtrigidity) below which cosmic rays @ lower energy

cannot enter the atmosphefgherefore more cosmic rays penetrate the atmosphere at higher magnetic
latitudes and with higher energiethus increasing northernregional cosmicray ionization [61].
Furthermore, variations in earthOs magnetic dipole axis were associated with substantial regional
differences in geomagnetic field strength and cosmieindyced ionization (CRII), with a maximum

CRII during the Maunder minimum in Europe (168020). Strog correlations between CRIl and low

cloud cover also exist (cooling link), limited to the northern Atlantic and Europe, Far East, and
Antarctica[31]. Thus, increase@RI/CRII could have impactedeographically relevaregional climate

change, irflight bird risks, andanimatlAV reservoirsand humarpopulations iinmunosuppressign

Regional scale osmic ray induced immunosuppressionThe literature highlights twdinks between
increasedcosmic rays and diseasebiology. Firstly, cosmic raysand ionizing radiation (IR) linked to
immunosuppression aredetailedin the space environmentadiotherapy, and environmental epidemiology
literature[28], [29]. Immune response effectyphocytes cytokines, cellular markers) were seetoat

chronic exposure rates almvand below 1mSv/yearm{lli-Sievert, international unit of radiation
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absorptiof, and with very low doses of radon gas radiotherapy (0.3 f25y) The global mean human
cosmic radiation doseasestimated at0.4 mSv/yeaf95]. This collectivelyindicatesa low threshold for
immunological sensitivity to cosmic radiatiodore generally, natural killer cells (innate immunity) and
lymphocytes (adaptive immunity) appear most sensitive to[96], [97]. Acute low doses alter
lymphocyte and cytokine responsf38], [99], while therapeutic IRmodulatesimportantimmuno

molecularcontrolpathwayq100], which are als@oopted byAV sduring infection(NF-!B ).

Secondly there isevidence ofincreased disease mortality in magnetic anomalyegions. Significant
correlatiors exist between annuaCRIl flux (0.2 mSv/yearand mortality rates in Sao Paulmcluding
infectious disease mortalitppuring 11-year solar minimawhen CRIl was highthere was a significant
increase in mean mortality rat@9]. Sao Paulaesidesin the South Atlantic Anomaly760mabove sea

level, asl), or EarthOsveakestmagnetic fietl andlargestsink for cosmichigh-energy particle§l01].

For clarity, there is no need to invoke cosmagsas the cause dAV mutation underpinningandemics
[43], [46], [47] This is because I1AVs are inherently erpyone during replicatiofepizootics, zoonosis,
epidemics, pandemics, endemjoshile the selection pressure imposed by antibody immunityMAC
and HLA system polymorphismsafimal andhuman genetic diversity in-Gell immune responses)
naturallydrives viral evolution[25], [50], [102] The integration of faulty nucleotideoccurs atminnate
high rate yielding 28 nucleotide substitutions per replicated 1AV genoft@3], [104] Thus, the
opportunity forgeographically expansiveansmissioroptimizing viral evolution is evepresent once a
noveklzoonotic IAV replicates itself in sufficiertiters to infect another persdar family cluster)for the

first time (Bottleneckl).

Animal IAV reservoirs. The source of novetoonotic IAVscould alsohaverepreserdd a geographical
risk linked toequine and/oavianecology.First IAV source: Forty-three percentn = 21/49)of influenza
outbreaks since 1500ere associated with contant epizooticgn = 16/21equing (Figure2B). Morens
and Taubenbergeell us, Oregardless of geographic locale, equine influenza typically appeared about

threeweeks before human influer2g8]. This high concurrencef equine and human outbreakses not
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prove zoonosisHowever,it does indicatehe presence of novelinfluenzalike pathogenundergoing
epizootic transmission (implying MHC-driven mutatioarecombinatioh in a speciesplaced under
physiological stress in proximity to humangtransport, workand waj. Human challenge studies with
equine influenza virus (EIV)105], [106] and a review (plus others)confirm thezoonosispotential of

EIVs [107].

Mongolia spotlights a potential historical geographic hotspot for seeding other horse popualatibns
IAV zoonosisA largehorse and wild ass population still exist in Mongolia with preexisting immuaity
avian H1, H3, H5, H7, H&nd H10lAVs introduced during bird migration staprers[108], [109]. This
indicates crosspecies IAV transmission occurtdikely enabled byabundantvianlike $-2,3-sialic acid
receptors in the equingoperrespiratory tractlt wassuggested horseould havehistoricallyrepresented
an IAV intermediate hos{110]. Such geographichotspos could have beemeplicated across Europe,

North America and Eurasiauring the Little Ice Agewhen horses were more abundtran today

Second IAV source: Even thogh migrating birds did not featuréike horsesin the concurrentepizootic
data their potentialcontribution toequineintermediate hostbeforezoonosis (IAV mammalianization)
anddirectzoonosispre-1900cannotbe ignoredAfter all, avian 1AVs contributed froni-8 genes to each
20thcentury pandemic since 1918, abdth avian H5NL and H7MN zoonosig8]. Migratory birds are
also natural hosts tanostIAV straing making them alynamicinterchangingviral gene pool reservoir
with regionatglobal reachMillions of migratory birdsbiannuallyflew overnorthern temperatand high
geomagneticArctic latitudes (mean altitude0.5-1.5km, maximum 3Eb6km asl.) [111], [112] Thus
physiologically stressed birdsrrying 1AV strainsspenthundreds of hourflying their geomagnetically
sensitivephysiologiesand annuallyvarying immune system§l13J{115] throughincreasd cosmic ray
levels varying geomagnetic fieldand stormsandmuch colder temperatureshanterrestrial 1AV hosts

Bird migration thereforejncreasedheir circadiarimmune systenexposure tall outbreakrisk factors

Recent avian epizootics with highly pathogenic H5&l4o highlight how Arctic cold winter weather

breakoutsmpactedwild bird migration and ovewintering epidemics in Europe and Eurgsandhow
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these diseased birds posé&k to intensively(stressedjarmed animal$116]E/118].

Indirect outbreak risk factors mediated bysolar activity

The same solafgecmagnetic activity (proxied by CRI, 10Be, MeV,SSN and GSSN and solar
electromagnetic activitfproxied by TSl)variable anomaliesdentified as outbreak risk factgrplus
GMA-AA, were also significantly correlated witthe Greenland and Northern Hemisphere climate
changeoutbreakrisk factors(proxied byNHT;C, GT;C, SIG IAR), which increased with data smoothing
A strong correlatiorbetween the NHT{C raw data and-§8ar SMA°Be concentration anomaly risk
factors(1406:1994)indicatesthe NHT;C followed sustainedcchanges irsolar/geomagnetic activity In
fact, all extendedooling phases during the LIA coincided with grand solar minimum pe(®téFigure

supplementary materialgjgshare DO.

Multiple regressiommodelshighlighted an issue with multollinearity, whichlike the correlation data
increased with data smoothing (11yr SMA > raw data). Mudtiinearity stronglyimplicated sola¥gec
magnetism (CRI >> MeV >> 10Be)over climate change variables (NHT{C > GT;@&nd mainly with
epidemic categorie§Cat.B > epidemics) which prelominated in Europe North America Potential
modelCRI suppressor interactions anglicatedby this high multicollinearity, which is supportecby all
best modetlimate change variabldseing nonsignificant(all Pr>|z|= 0.051-0.2). This contrasted with

GT;iC, NHT|C, SIC, and IAR being significant predictors in simple logiatid linearegression analyses

The abovepoints to a statistical confirmation that solaf/gecmagnetic activitywas also an indirect
outbreakrisk factorvia its correlatedmpact onclimate changeexplaining the high muklgollinearity.

This putativeclimate changdink duringthe study periods well supported by théterature

A body of scienceoromulgatesa planetargravitational and inertiahfluenceon the sun(solar dynamaq)
which control cycles ofsolar magnetized wind andradiance emissionsThis planetarnyinfluencealso
modulatesthe EartlbMoon systemwhich is theorized as @oupledorbitalrotationatenergyexchange

system(Pattern Recognition in Physi§$19]). Magnetized solar wind modulat&RI (at earthOs orhit)
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and magnetospheric shieldinfjatmospheric cosmic ray entfgroxied byterrestrial*®BeandC), which
in turn modulates low cloudover (climate changé [32]. Magnetized solar win@lso modulatesearthOs
rate of rotation which impacts atmosphericirculations (weathersystems climate changeand ocean
circulations fieatenergy transferclimate change geomagnésm (cosmic ray entronization dipole

axis movement andperiodictectoric-volcanic activity (climate forcing volcanisnid20]E{124].

In addition to theabove describedliimatechangemechanismgsthe literaturealsodescribeshe solar/gec
magnetic modulation of regional climatdhangeduring thelittle Ice Age and study period Strong
cooling with +£extremes of precipitation was observed in the North Atlantic and northern latitudes of
Europe[125]5127], China[128]E[131], andNorth America[126] [127], plus other regionsThisregional
climate change impactvas mainly correlated with solar/gecomagnetically modulated cosmogenic
radionuclide data'{Be, **C) andchanges imtmospheriaveathercirculations (location, phase, intensity).
Likewise, Arctic drift ice changes over the last 11,000 years, including the lasiAigdvance, were

also correlated witltosmogenic radionuclide dafdBe, *'C) [134]. Sustained Arctic sea ice expansion

during the LIAalsoimplicatedperiodicclimateforcing volcanisn{135[E137].

Therefore, in addition to soldgeomagnetic activity and cosmic rays ptikaly impacting circadian
immunoinflammatorybiology (direct outbreak risk factors), solar activity correlated climate change also
impacted IAVhost biology indirectly via its control over regional weather systems and climate change
(indirect outbreak risk factors). Periods of colder NHT{C and GTiEve anomaliesland Greenland
glaciatin (-SIC-algal growth +IAR anomalie} are assumed to have been reflectezfjionally in
European, Eurasian, and North American weather systantsin modifying migrating bird habitats
overwintering, and migration. In so doing regionaiscale cold streswould have immunosuppressed
animal and human populations, whiteld climate change njodulatingtemperaturénumidity) would

have assistedegionatscaleinfectious aerosol transmissiamd dried outinimal andhumanrespiratory

mucosal surface® aidviral entryand replication

Outbreak risks linked to the gacial cyclestage
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A fourth risk factoris comprehensiblevhen thestudy periods given aglacial cycle contextelative to
the Holocene Climate OptimurtHCO), versusan arbitrary1961-1990RPM (per scientific norms)at the

hot end of a multicentury warmingoscillation initiated midstudy By mid-study Greenlandwas at its
coldest posHCO temperaturen nearly 8kiloyears(mean-4.8iC, n=10 ice cores), 6R1% of its prior
Holocene interglaciaincrease (mean +23.3i(p8], [69]. These postHCO Greenlandtemperature
declines wereomparabldo the shorterKobashi GTjC(-5.9{C) and Vinther(-4.9;C) ice coreq11.5kyr
and 11.7kyr respectivel\{64], [67]. This devolvingoscillatory temperature declinen Greenlandpost

HCO as a percentage of tipeior interglacialincreasavas similarto Antarctica(-15%to -36%). After the
LIA temperature nadir Greenlartden entereda multicentury warmingpscillation which parallekd an

unprecedented (in 8Kyrincrease insolar activity [138]. However, even bymid-RPM Greenland
temperatures werstill 2.5jC-4.4;C colder than at tha&rctic HCO, meaning the hottegieriodon record

washistory.

The literatureconfirmedthe above data and show#te warmestArctic period since the Last Glacial
Maximum (approx. 18yr agd occurred from &kyr ago, with temperatures-£&C hotter than today
[139]8/141]. The Greenlandtemperature declinafter the HCOparalleled asustained40-50 Watt/nf
decline in precession modified solar ingma at 60-65iN [142]E[144], or circal5-times thetheoretical
radiativeforcing impact ofcarbon dioxideat todayOsutput level(3 Watts/nf) [145]. Abruptperiodic
Arctic neoglacial advancealso started aboubkyr ago, with northeast Greenland perennially-lmeked
from 3kyr ago[146], [147]. Five millennia ofArctic glacieradvances peaked in sizethemiddie of this
study period [1], [2]. In Antarcticg the HQO period took place from 11-8kyr ago, with a secondary
optimum 8-5kyr aga Periodic postHCO glacieradvances als@ccurredin Antarctica[141], [148]
including the Antarctic Peninsula[149], [150] Much of this neoglacialice melted after the LIA
temperature nadir antMaunder minimum 1685 = degest SSN troughin 7.2kyr), along with an

unparalleled increada solar magnetisrim 8kyr (C** derived SSNJ13§].

The abovéndicatesearthentered a new ice age after the Holocene Climate Optimym@and the Polewere
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near the peak of aolar and geomagnetic activity controllatllti-century warming oscillation at the
RPM. Sncethe HCOpeak temperatur@kyr agq all temperatur@scillationsswitched to a cooling phase
indicating a postRPM ice age re-entry has acertain probability. This probabilityis supported by solar
activity-climate expers who predicted a grand solar minimuntrough between2040 and2060 and a
return toa Little Ice Agelike climate [123], [151F[155]. This has implications founmitigated21®

century pandemic influenza risks.

Conclusion

This environmental immunology studsddressed a crucial knowledge gap in influenza pandemic risk
factor understanding. Influenza pandemics were triggered byedf schr cycle extremes, potentially
implicating solaf/gecomagnetic activity repression of magnetoreceptive circadian core molecular
clockwork (immune and inflammatory system controller), concomitant with influenza virus replication
that evolutionarily cooptedhe circadian system. Influenza pandemics and regional epidemics were
associated with periods of sustained and/or extreme low solar and geomagnetic activity and cold
glaciating climate change (Arctic, Northern Hemisphere), potentially implicating regioakd cosmic

ray and colestress induced immunosuppression, and enhanced infectious aerosol transmission and
respiratory mucosal drying. Eurdp@orth Americd, Russia, and China originated most pandemics and
all regional epidemids potentially implicatig latitudinatdipole-altitudinal differentials in cosmic ray
induced ionization (immunosuppressiamld climate change), ethnicigelated host immungenetics
(immunological susceptibilityinnate, and equinevian viral reservoirs and ecology. This leotively

aided viral entry and replication in immunologically susceptible anineplizgoticdrivenlAV variants,

people (zoonosjs family clustes), and populations g@ndemics, epidemits Solar/geamagnetic
mechanisms of influenza pandemic risk (irddimate change), and our stage of the glacial cycle are not
currently anticipatedmitigated Prepandemic immunizatiofil56]8J159] utilizing approved influenza
vaccine technologieso generatebroadly crosgeactive antibody herd immunitjfl60[E{162]) could

mitigate immunological susceptibility and induced immunosuppreggoH5N1, H7N9 etc.furing this
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high-risk grand solar minimum period.

Back matter

Supplementary materials

All study results are contained within the manictand supplementary materials5(tables and 3

figures, which isavailable aFigsharglAV Risk Factor study Supplemenyavlaterials_202408-15):

S1 Table. Influenza pandemic, regional epidemic, and epizootic database summa30U500

S2 Table. Logistic regression summary results comparing solar cycle stage groupings of outbreaks.
S3 Table. Logistic regression resuttamparing solar cycle stage groupings of outbreaks (R output).

S4 Table. Number, proportion, and percentage of influenza outbreaks by solar cycle stage grouping.
S5 Table. Solar cycle stage grouping comparisons between pandemics and epidemics.

S6 TableSimple logistic regression results{2yr SMA, nontiming risk factors).

S7 Table. Solar cycle and influenza outbreak per cycle metrics.

S8 Table: Simple linear regression results (cycle mean variable anomaly, cycle mean outbreaks/year).
S9 Figure. Lineaplots of independent variables with Cat.A&B influenza outbreaks.

S10 Table. Outbreak proportion and variable anomaly quartile grouping comparisons.

S11 Table. Numbers of outbreak and +mantbreak years by +iariable quartiles.

S12 Table: Multiple logiét regression best model results (stepwise, backward method).

S13 Table. Multiple logistic regression and variance inflation factor results summamd@4éls).

S14 Table. Basic statistical analyses results for independent variables (outbreak risk factor

S15 Table. Correlation coefficients between solar activity and climate change outbreak predictors.
S16 Figure. Northern Hemisphere temperaturd 8yr SMA °Be conc. anomalies (14a894).

S17 Table. Realibratedrisk factormid-study period relativéo the Holocene Climate Optimum.

S18 Figure. Sixteen polar ice core temperature plots delineating key glacial cycle landmark dates.
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A detailedreadmedescription ofall database and analytical methods, links to2@gublicly available
datasetsused in this studythe preparation of datéor analysisthe data and results quality assurance and

controlproceduresand the R code and R output .txt files are available orffilgghare.
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